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SUMMARY

This thesis presents some new aspects of alkyne
chemistry on mono- or poly- nuclear transition metal
complexes.

Complexes containing unsaturated carbenes, such as
vinylidene, have received considerable attention over
the past decade. Chapter One describes addition of
halogen (Cl, , Br, or I, ) to ruthenium or osmium
o-acetylides to give cationic halovinylidene complexes,
such as [Ru{C=C(I)Ph} (PPhs), (n-CsH)1[I,] and [Ru{C=CBr-
(CquBr—4)HPPh3)2(n—CSHs)][Brg]*. Reactions of the
bromo- complex with nucleophiles resulted in formal
displacement of Br' and the formation of Ru(C,C.H,Br-4) -
(PPhy), (n-C H,) .

Isomerisation of terminal alkynes to vinylideneé_
on transition metal centres occurs readily. The use of
HC,SiMe,, in the presence of NH,PF_, has resulted in
the preparation of the sought-after parent vinylidene
complexes [Ru{C=CH,} (L), (n—-C;H )] [PF_ ][L= PPh; ,L,=dppe, .
L=PMe;]. The complexes [RuClz(PMes)Z(n—CsHs)][POze]
and [Ru{H,C, (SiMe,) ,HPMe,) (n-C H,) 1 [PF. ] have also been
isolated. The vinylidene complexes are readily depro-
tonated by either basic alumina or KOBut to give the
rather unstable ethynyl complexes Ru(C,H) (L), (n-CsH;s) .
Reaction of the CCH, complex (L=PPhj;) with water or
MeOH gave [Ru(CO) (PPhj3), (n-CsHs)] [PF¢] and [Ru{C (OMe) -
Me}(PPhs)z(n—CsHs)][PFG]*, respectively; the latter
complex was also obtained from reaction of [Ru(NCMe) -

(PPh3), (n-CsHs) ] [PF;] with HC,SiMe, in methanol. The



analogous dppe complex was obtained from the reaction of
ethyne with RuCl (dppe)(n-CsH;) in methanol in the presence

of NH,PFy;, but in the presence of AgPF, a complex tentatively
formulated as [Ru(n?-HC,H) (dppe) (n-CsH;s) ] [PF,] was obtained.
The Ru-C(sp) bond in the ethynyl complex Ru(C,H) (PPhj,),-
(n-CsHg;) does not exhibit the remarkable stability towards
halogens found in arylacetylides and is readily cleaved by
bromine giving RuBr (PPh,), (n-CsHs). Attempts to prepare
aryldiazovinylidenes are described.

Chapter Two deals with some chemistry of the electron
deficient alkyne, C,(CO,Me),. Reactions with RuCl (PPh,),-
(n-CsHs) in the presence of NH,PF, afforded
RuCl{n“-CH(CO,Me)=C (CO,Me)C(CO,Me)=CH(CO,Me) } (n-CsHs) ,
also obtained in much higher yield from the reaction between
RuCl (n*-C4H;,) (n-CsHs) and tetramethyl (z,z)-1,3-butadiene-
1,2,3,4-tetracarboxylate. The analogous iodo* complex
has also been obtained, from Rul (PPh,;), (n-CsHs). Two "
interesting cyclo-oligomerization products, Ru(n-CsH¢)-
{n5-C H(CO,Me) ¢} and Ru(n-CgHj) {nS-CgH(CO,Me),} ,
resulting from novel tri- and tetramerization of the
alkyne, were also isolated.

A re-investigation of the reaction between C, (CO,Me),
and RuH(PPh,), (n-CsHs;) is described. Other products

isolated from this reaction are the bis-insertion product,

Ru{C (CO,Me) =C (CO,Me) C (CO ,Me) =CH (CO,Me) } (PPh,) (n-CsH;) and
the 1/2 PPh,;/C, (CO,Me), adduct. Isomerisation of
Ru{C(CO,Me)C=CH(CO,Me) } (PPh,) , (n~C H;) from the original
cis configuration is followed by chelation of the ester
CO-group with concomitant displacement of one PPh,; ligand.
The resulting chelate reacts with CO to give the (z)-

*
Ru{C (CO:Me) C=CH (CO,Me) } (CO) (PPh;) (n-CsHs) . The complexes,



RuX (dppf) (n-CsHs) , {dppf=1,1" -bis-diphenylphosphinoferrocene;
X=H*, Cl and C(CO,Me)=CH(CO,Me)} are also described.

Chapter Three describes the reaction of AgC,Ph with
RuCl (PPh3); (n-CsHs) , which afforded the novel phenyl-
acetylide oligomers {Ru(PPhs)(n—CsHs)}z{p—CsPhq}* and
{Ru(PPhg)(ﬂ-CsHs)}z{u—CloPhq(CGHQ)}*; both contain unusual
diruthena polycyclic systems.

The synthesis and reactivity of some bimetallic
clusters is discussed in Chapter Four. Reactions between
Ir (C2Ph) (CO):2 (PPh3 ), and iron carbonyls [Fe(CO); or Fe, (CO)4 ]
gave the new iron-iridium clusters Fe, Ir (y;—n?-C, Ph) (CO), -
(PPhs )* (A) , FerIr(us—n?-C,Ph) (CO), (PPhy), and Felr, (y,-n2-
PhCZCZPh)(CO)7(PPh3)2*. Formation of the Felr, complex
involves a novel oxidative coupling of two phenylacetylide
units. The Fe,Rh cluster analogous to (A), has also been
prepared. Complex (A) reacted with hydride or sodium
amalgam to form an anion which could be protonated to'give
the hydrido- alkyne cluster, Fe,Ir (u-H) (y;-n2-HC,Ph) (CO), -
(PPhy) and the isomeric hydrido-vinylidene cluster
FezIr(u—H)(u3-n2-CCHPh)(CO)B(PPhs).* The same vinylidene
complex was obtained by addition of H, to (A) and by thermal
isomerisation of the alkyne cluster. Auration of the anion
gave AuFe,Ir (u;~n?-HC,Ph) (CO) 4 (PPh,), Au,Fe,Ir (y,-n2-C,Ph)-
(CO)7(PPh3)3* and Au;Fe,Ir (CCHPh) (CO) ,(PPh,),. The reaction
of (A) with [O{Au(PPhs)}s][BFH]/[ppn][Co(CO)u] resulted in
a much higher yield of the di-gold cluster; the analogous
rhodium complex was obtained similarly.

Reactions of complex (A) with tertiary phosphines or
phosphites resulted in either nucleophilic addition to the

a-carbon of the acetylide ligand to give the zwitterionic



complex FeZIr{ug—n?—PhCC(PEts)}(Co)e(PEt3)*(B) or simple
substitution at Ir to give the mono- or di-substituted
complexes [for PEt;, PMe,Ph and P(OMe),]. Complex (B)
rearranges, to form Fe,Ir (u3-n?-C,Ph) (CO), (PEt;) and

Fe2Ir (U3_n2_c2Ph) (CO) 7 (PEt3) 2 e

# The molecular structures of the complexes marked with
an asterisk have been determined by single crystal

X-ray studies.
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For Infrared Spectroscopy (i.r.)

br
cm !
m

S

sh

vs

vw

broad
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medium
strong
shoulder
very strong
very weak
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For X-ray crystallography

Dcalc
esd

F

Fo

Fc

Density calculated
estimated standard deviation
structure factor (s)
observed structure factor (s)

calculated structure factor(s)

For Mass spectrometry (MS)

EIMS

FAB MS

[M]

m/z

Electron Impact Mass Spectra
Fast Atom Bombardment Mass Spectra
molecular ion
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For Nuclear Magnetic Resonance Spectroscopy (NMR)

8
d
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NUMBERING OF COMPLEXES

The numbering of complexes applies only to the
chapter being discussed in the text as each chapter

is self-contained.
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INTRODUCTION

It is well known that transition metals stabilise

reactive organic species by complexation. Of these

vinylidene (:C=CH,), is the simplest unsaturated carbene

and is the tautomer of ethyne, HC,H. Recent kinetic and

trapping experiments?!?® with ethyne/benzene and ethyne/

toluene mixtures pyrolysed at > 820K have given evidence

for the fast ethyne/carbene equilibrium,

HC=CH -=—— H,C=C:

which precedes carbene addition to the aromatic ring. The

activation energy of this pyrolysis is 155(8)kJ mol™?

while the lifetime of the free vinylidene species!?

b has

been calculated at 1071!'! sec. The formation of transition

metal complexes containing unsaturated cationic carbenes

(vinylidenes) was described many years ago.? Rational routes

3—5

to these complexes were not found until some time later

leading to a rapid development of the area, which has been

reviewed. ®

Four general methods have been employed for the pre-

paration of mononuclear vinylidene complexes,®

(1)

(11)

from l-alkynes via a formal 1,2-hydrogen shift;

e.g. fac-W(CO) 3 (dppe) (thf) + HC,Ph —
mer-W(CCHPh)(CO) ; (dppe) ’

by addition of electrophiles to metal acetylide- complexes;

e.g. Rh(C,Ph) [N(CH,CH,PPh,) 3] + HW —

[Rh(CCHPh){N(CHZCHZPPhZ)g}]+ .



(iii) by deprotonation of carbyne complexes;
e.g. Mo(CCH,But) {P(OMe) s}, (n-CsHs) + LiBuRl S
Li [Mo (CCHBut) {P (OMe) 5}, (n=CsHs) ] °

(iv) by formal dehydration of acyl complexes;

e.g. Fe (COCHg) (CO) (PPhg) (n—C5H5) + (CFSSOZ) 20

[Fe (CCH,) (CO) (PPhj) (n-CsHs] [CF380,] '°

Of relevance to the present work are routes (i) and (ii).

The 1,2-hydrogen shift undergone by many l-alkynes on
reaction with certain transition metal complexes has proved
a useful entry into vinylidene complexes and the mechanism
for alkyne-vinylidene transformation has excited much
discussion.

Two possible pathways for this isomerisation on metal
centres have been considered.

(i) oxidative addition of the alkyne to the metal centre
to give a hydrido-alkynyl complex which then isomerises by
a 1,3-hydrogen shift from the metal to Cg

(ii) intra-molecular reaction of an initially formed
n?-complex leading to a formal 1,2-hydrogen shift which
involves the prior slippage of the alkyne to an n'-mode
of co-ordination.

Silvestre and Hoffmann performed Extended Hiickel
Molecular Orbital calculations to define the 1,2-hydrogen
shift and they concluded that the latter mechanism was most
likely as the alternative oxidative addition mechanism was
considered to require a prohibitively large amount of
energy to promote the migration of the H atom from the
metal to the B-carbon of the acetylide.!'!

The formation of the intermediate n?-complex, and



its rearrangement to the corresponding nlfvinylidene, has
been observed in the ruthenium series.lg Ethyne or propyne
reacted with RuCl (PMes) > (n-CsHs) in methanol to give
[Ru(nz—HCZR)(PMes)z(ﬂ—CsHs)]+ (R=H,Me). In the one case
(R=Me) the propyne intermediate underwent first-order
rearrangement in MeOH or MeCN to the vinylidene [Ru(CCHMe) -
(PMes) 2 (n-CsHs) 1" with a half life of 5.5 min at 40°C in
MeCN; at higher temperatures in MeCN the free alkyne is
regenerated in high yield with the formation of [Ru(MeCN)-
(PMeﬁz(ﬂ—CsHs)]+. The n’-ethyne complex is more stable,
with a half-life > 5 h at 60°C.12

Werner and co-workers have isolated hydrido-alkynyl
complexes which are intermediates in the conversion of Rh
and Ir n’-alkynes to vinylidene complexes.!?® The transform-
ations observed, however, required considerable lengths of
time at elevated reaction temperatures. -

Kosti¢ and Fenskel!* have explained many of the
physical, structural and chemical properties of mononuclear
acetylide complexes. Co-ordination of acetylide anion to
a metal centre has the effect of localizing the electron
density in the Highest Occupied Molecular Orbital on the R-
carbon. The addition of electrophiles to the electron-rich
B-carbon of metal acetylides has been described on many
occasions® and is perhaps the best entry into mononuclear
vinylidene complexes.

Iron and ruthenium acetylide complexes are remarkably
strong carbon-centred bases. For example Ru(C,Me)(PMes) » (n=CsHs)
is protonated by MH (CO) 3 (n-CsHs) (M=Cr ,Mo,W) to give the

salts [Ru(CCHMe) (PMes) » (n-CsHs) ] [M(CO) 5 (Nn=CsHg)]. %"



Alkylation of iron or ruthenium acetylides with
alkyl halides has provided a powerful method for the
introduction of a wide variety of functional groups.16
Extension of this reaction to a variety of halogenated
organics has given many disubstituted vinylidene complexes
containing alkyl, alkenyl and alkynyl substituents. 17

Addition of the tropylium cation to a series of
acetylide complexes afforded orange cycloheptatrienyl-

18,15 [M{CCR(C,H,)} (L), (n-CsHs)1"

vinylidene derivatives
(M=Fe,Ru,0s) . Their reactions were characterised by

ready displacement of the C7H7+ group and formation of

the metal acetylide. Thus, NaOMe gave C;H;OMe, and
K[HB(CHMeEt)s] gave CyHg as the organic products, while

in MeOH, the methoxy(benzyl)carbene complex was found.
Similar reaction of Fe(C,Ph) (CO), (n-C,H,) with C7H7+ gave
[Fe(CO)s(n—CsHs)]+ via the vinylidene complex (detected

by FAB MS) and thf cations.

Complexes containing azovinylidene ligands were
prepared by addition of aryldiazonium salts to iron,
ruthenium and osmium acetylides. In these complexes, the
azo group could be protonated and alkylated, and could enter
into cyclometallation reactions, e.g. with Mn (CH,Ph) (CO)s.2872°
The aryldiazovinylidene complexes reactivity towards nucleo-
philes was analogous to that of the cycloheptatrienyl vinyl-
idenes and was characterised by cleavage of the aryldiazo
group.

The electrophilic addition of H+ to the B-carbon of

Fe (C,H) (dppe) (n-CsHs) allowed the preparation of the first

+
unsubstituted vinylidene complex [Fe (C=CH,) (dppe) (n-CsHs)] ,



over a decade ago.?! This complex was also obtained from
the reaction of FeCl (dppe) (n-CsHs) with C,H, or HC,SiMe,
in MeOH but under similar conditions the ruthenium complex,
RuCl (PPh3) , (n-CsHjs) gave 75% [Ru{C(OMe)Me} (PPh,) ,(n-CsHs) 1"
by rapid addition of MeOH to the intermediate vinylidene.!®
An extremely useful method for generating transition
metal acetylide complexes is the deprotonation of inter-
mediate monosubstituted vinylidene complexes.®,1¢
Recently pentamethylcyclopentadienyl iron and ruthenium
acetylides have been prepared by this route.?? Electro-
chemical studies on these complexes showed the ruthenium
complexes were more difficult to oxidize than the iron
analogueé. Permethylation of the cyclopentadienyl ring
depressed E° values and the nature of the alkynyl substituent
had little effect on E° values, although the bulkier
substituents, e.g. But, had a pronounced effect on the
chemical reversibility of the system. The E° values were
strongly dependent upon the degree of phosphine substitution
although comparison of data for Ru(C,Ph) (dppe) (n-CsHg) and
Ru (C,Ph) (PPhj) 2 (n-CsHs) suggest little effect on exchanging
dppe for two PPh; ligands. An adjunct to this work was the
isolation of stable radical cations, [Mo (C,R) (dppe) (n=-C,H,) ]-
[BF,]1,%° it is pertinent to note that the fragments Mo (n-C,H,)
and Ru(n-CsHs) are isoelectronic. Subsequently, these
radical cations were shown to undergo coupling at CB of
the alkynyl ligand to afford divinylidene-bridged dimers,
[Mo, (dppe) 2 (n=C7H; )z (4=CyRy) 1 2"
This chapter describes reactions of some ruthenium

and osmium o-acetylides with halogens and the reactions of

the resulting novel halo-vinylidenes.



Although iron complexes containing vinylidene,
:C=CH,, have been known for some time,
the analogous complexes of ruthenium were unknown. The
reaction of some ruthenium chloride complexes with

terminal acetylenes and the reactions of the resulting

unsubstituted vinylidene complexes are also described

herein.



RESULTS AND DISCUSSION

A. Preparation of halovinylidenes

(a) Reaction of iodine - Addition of iodine to a

tetrahydrofuran solution of M(C,R) (PPhj), (n-CsHs) resulted
in an immediate change in colour from bright yellow to
dark green. Suitable work-up procedures gave green
crystalline salts of the novel iodovinylidene complexes

[M{C=C(I) (R) } (PPhg) 2 (ﬂ"csHs)] [13] -

"—‘| |3‘ R M

M S (2) Me Ru
— = (3) CqF Ru
PhsP / C\R @ Ph Os

PhP

Elemental microanalysis indicated the presence of iodine,
although it was not possible to obtain reliable halogen
analyses for these complexes. Their infrared spectra
contain medium to strong bands between 1690-1638 cm™ '
assigned to the v (C=C) mode, these values being consistent
with those values found in other vinylidene complexes.25
The 'H NMR spectra contain little useful structural inform-
ation; the C.H; resonances are singlets between § 5.3-5.5
and the expected phenyl resonances are at ca § 7.3.
Complexes (1), (3) and (4) proved to be too insolublé in
the common NMR solvents to obtain informative !'3C{H}
spectra. Complex (2), however, exhibited a characteristic

low-field triplet at & 325.9, coupled to two *!P nuclei

(7 15Hz), and was assigned to Ca of the vinylidene unit.



The spectrum also contained resonances at §18.6 and
128.7-133.9 assigned to the methyl and phenyl groups,
respectively; the resonances associated with the B-carbon
probably lie under the phenyl resonances. The identity
of complex (1) was unambiguously determined by X-ray
structure analysis and will be discussed below in
comparison with a related bromovinylidene.

(b) Reactions of bromine - The addition of neat

bromine, in excess, to a tetrahydrofuran solution of
Ru(C,Ph) (PPhs) , (n-CsHs) produced a dark green solution,
work-up affording dark green crystals of [Ru{C=C (Br)-
(CeHyBr-4) } (PPhs) , (n-CsHs) ] [Bry] (5) in essentially
quantitative yield. 1In contrast, addition of bromine

(in CCl,) to Ru (C,Ph) (dppe) (n-CsHs) resulted in the

immediate precipitation of the related bromo (phenyl)vinylidene

complex [Ru{C=C(Br)Ph}(dppe)(H-CsHs)][Br](§)

P

Br
Br _h 2
St P OO
Ri—C— 2 //
s Ph
PhyP (5)
Br

Complexes (5) and (E) were identified by the usual
spectroscopic techniques and microanalyses. Their
infrared spectra contained strong v (C=C) bands (at 1638
and 1640 cm~!, respectively) consistent with those

observed in the iodo analogues (1) - (4) . Both complexes



10.

contained molecules of Et,0 of crystallisation; signals

for these were observed in the proton NMR spectra, obscuring
the methylene protons in (E), along with singlet resonances
at § 5.35 and 5.63, for (5) and (E) respectively, assigned

to the cyclopentadienyl groups. The phenyl protons were
found in the region betweend 6.5-8.0. The relatively low
solubility of (5) in the common NMR solvents allowed the
assignment of only the CsHs (897.2) and phenyl (6 128.0-
135.0) resonances in the proton decoupled '3C NMR spectrum
of (5). Subsequent structural analysis of (5) by a single
crystal X-ray study revealed the phenyl group originally
present on the phenylacetylide ligand had also been
brominated para to the C=C double bond (see below). A
deficiency of bromine in its reaction with Ru(C:Ph) (PPhj) 52—
(n-CsHs) also resulted in the formation of the 4-bromophenyl
complex, so that the ring substitution either precedes, or
is concurrent with, the addition of bromine to the f-carbon
of the acetylide ligand. In contrast, bromination of
Ru(C,Ph) (dppe) (n-CsHs) afforded only the bromo (phenyl)-
vinylidene possibly due to its relative insolubility under
the prevailing reaction conditions.

(c) Reaction of chlorine with Ru(C,Ph) (PPhj3){n-CsHs) -

Chlorine in diethyl ether reacts with Ru(C;Ph) (PPhs3) 2 (n-CsHs)
in tetrahydrofuran to give a green solution. After meta-
thesis of the counter ion, the chloro(phenyl)vinylidene
complex (7) was isolated, in moderate yield. The complex

was—tentatively—identified—by-miecroanalysis—and—infrared

spectroscopy [v(C=C) 1650 and v (PF) 840 cm~']. The
proton NMR contained signals, assigned to the cyclopenta-

dienyl and phenyl groups, at ¢ 5.63 and 7.10-7.73,



11.

— P
Cl

-+ /

Ru—C=——=C

PhSP// AN
Ph,P o

Ph

respectively. Subsequently a FAB mass spectrum confirmed

the identity of (7) and will be discussed below (see p.37)

Crystal structures of [Ru{C=C(I)Ph} (PPh;),(n-CsHs)] [I4] (1)

and [Ru{C=C(Br) (CquBr—4) } (PPhg) 2 (T]“C5H5) ] [Brs] (5)

It is convenient to compare the structures of the two
cations in (1) and (5) . These are shown in Figures 1 and
2, together with the numbering schemes used; Table 1-,
summaris es pertinent bond parameters determined for each
complex. Table 2 collects some structural parameters
Oobtained for the vinylidene linkage in some related ruthenium-
vinylidene complexes.

The cations in (1) and (5) contain the now familiar
ruthenium () atoms coordinated by the CsHs group and two
PPhj; ligands; nearly octahedral geometry is achieved by co-
ordination of the halovinylidene ligand in the sixth position.
The Ru-C(CsHs) distances lie within the ranges 2.250(5)—
2.284(5) and 2.226(1)—2.306(11)£ (parameters given for (1)
and (5),respectively), with the longest Ru-C separation
being approximately trans to the vinylidene ligand. The
two Ru-P distances [2.337(2) and 2.356(2); 2.366(5) and

2.366(5)A, respectively] are normal for this type of complex.



12.

Figure 1: PLUTO plot of the structure of the cation
in [Ru{C=C(I)Ph} (PPhj)a(n-CsHs)][I5] (1)
(by B.K. Nicholson)



13.

‘. Br(2)
() C(6)
c(5) 3
- C(7)
C(43) i
At
C(41) b (3)
C(22)
c@5) C(14)
(Y C(2)
< c(1)
C(11)
C(61) ) Br1)
C(52)

W P(2) c(62)
C(51)
C(71)
‘llliiii;)

Figure 2: PLUTO plot of the structure of the cation
in [Ru{C=C(Br) (C¢H,Br-4) } (PPhj) , (n-CsHs) ]-
[Br3] (5) (by B.K. Nicholson).
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Table 1

(]

o
Selected bond distances (A) and angles () for

complexes (1) and (5)

©__

1/ Ru—C——C

PhyP 2/ 1 2 ™\

CgH,Y-4
Ph,P

(1) (5)

X=I X=Br

Y= X=Br
Ru-C (1) 1.839(7) 1.85(1)
Cc(1)-C(2) 1.31(1) 1.31(2)
c(2)-x 2.124(7) 1.93(2)
C(2)~-C (Ar) 1.49(1) 1.49(2)
Ru-P (1) 2.337(2) 2.366(5)
Ru-P (2) 2.356(2) 2.366(5)
Ru~-C (CsHs) (Av) 2.26 2.26
P (1) -Ru-P (2) 97.0(1) 103.3(2)
P (1) -Ru-C (1) 89.6(2) 88.2(5)
P (2) -Ru-C (1) 97.4(2) 93.6(5)
Ru~-C (1) ~C (2) 171.0(7) 169.4(14)
Cc(1)-Cc(2)-X 115.7(6) 116.8(13)

C(1)-C(2)-CgHyY 129.4(7) 126.8(15)




Table 2

o

[+]
Bond distances (A) and angles ( ) of the vinylidene linkage in some ruthenium complexes

X
Ru c__c/
.

2 "\

R

R=Ph R=Me R=Me R=Ph R=Me

X=C7H7 X= X=Ph X=N,CgHsMe> X=Me
Ru-C (1) 1.848(9) 1.845(7) 1.863(10) 1.823(9) 1.88
C(1l)-C(2) 1.32(1) 1.313(10) 1.293(15) 1.34(1) 1.29
Ru-C(1)-C(2) 174.9(6) 180(2) 172.8(1) 169.9 168.1
C(1)-C(2)-R 121.1(6) 125.1(6) 117.0(11) 121.4(8) -
C(1l)-C(2)-Xx 118.1(7) - 125.1(12) 114.4(8) -
Ref. 18 51 27 18 6

ST
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The Ru-C(vinylidene) separations are 1.839(7) [(E)]
and 1.85(1)% [(E)], providing evidence for considerable
multiple bond-order and, hence, back-bonding into the
unsaturated ligand [cf Ru-CO l.869(2)£ in Ru(CO) (PPhj;) »-—-

26

(n-CsHs) T and Ru-Ca 1.86(1)A in Ru{C=CMePh} (PPh,) ,-

27
(n-CsHs)]. This experimental observation supports
theoretical arguments that extensive transfer of charge

14
onto the vinylidene ligand occurs via its p and m* orbitals.

This was also supported by studies of manganese complexes3
whose infrared spectra suggested that vinylidene ligands
are stronger T acceptors than CO.

The C(1) - C(2) bonds for (l) and (E) have lengths of
1.31(1) and l.31(2)£, respectively, both of which are short
for C=C bonds. The Ru-C=C moiety is slightly
bent at the a-carbon [angles Ru-C(1)-C(2) 171.0(7) and
169.4(14) 1, while angles at the @-carbon in (1) [C(1)-
C(2)-I(1) 115.7(6), C(1)-C(2)-C(3) 129.4(7), I(1)-C(2)-C(3)
114.9(5) | show bending of the C-I bond caused by the
mutual interaction of the I and metal atoms. The C(2)-I (1)
bond length [2.124(7)A] is similar to that in CH,=CHI
[2.002(5)A 1.

The geometry of the tri-iodide anion differs somewhat
from those that have been found previously, with I-I
separations of 2.896 (1) (4l), 2.923(1)£ (d?), and angle
I(3)-I(2)-TI(4) 174.7(1)0. A recent survey28b quotes ranges
of 2.794-2.850(d!) and 3.005—3.123£(d2), with angles. of
176.3—179.90; in the case of (1) the smaller difference

between d! and d? is no doubt a result of little interaction

between the anion and the complex cation.
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Reactions of [Ru{C=C(Br) (C¢H,Br-4) } (PPh;), (n-CsHs)] [PFs] (5)

Attempted elaboration of the vinylidene moiety by the
addition of H™ or OMe™, using K[BH(CHMeEt) ;] or NaOMe,
respectively, was unsuccessful. Treatment of a tetra-
hydrofuran solution or CH,Cl, solution of (E) with the above
reagents, respectively, resulted in the formal displacement
of Brt and the formation of Ru(C,CsHuyBr-4)(PPhs) . (n-CsHs) (8).
This compound was readily characterised by elemental micro-
analysis, and from its infrared and EI mass spectra. The
infrared spectrum was particularly informative, the strong
absorption at 2076 cm™ ! being assigned to v (C=C) of the

phenylacetylide ligand.

rR—c=c—( ))—sr
Ph3P//
PhyP ®

The resonances at § 4.32 and 7.14 in the proton NMR spectrum
are assigned to the cyclopentadienyl and phenyl protons,
respectively, the former being at characteristically
higher field than the analogous signals in the cationic
complexes (1) - (7). The EI mass spectrum contained a
molecular ion at m/z 872.

The reactivity shown by complex (E) is perhaps hot
surprising, since the formation of the halovinylidene
complexes occurs by formal addition of the electrophile x*

to the B-carbon of the acetylide. 1In this behaviour these
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18,19

complexes resemble the cycloheptatrienyl and
20

aryldiazovinylidene complexes.

Synthesis of unsubstituted vinylidene complexes

Reaction between RuCl (L), (n-CsHs) and HC,SiMej,

(a) L=PPh; or L,=dppe - Several years ago, Davies

16
and co-workers found that treatment of FeCl (dppe) -

(n-CsHs) in methanol in the presence of NH,PFg with
acetylene or trimethylsilylacetylene generated the
unsubstituted vinylidene complex.

Heating mixtures of RuCl (L), (n-CsHs) (L=PPh;,L,=dppe) ,
HC,SiMe; and NH,PF¢ in dichloromethane gave essentially
guantitative yields of the corresponding ruthenium

vinylidenes (9) and (10).

‘ i

@ | CH,Cl, @ . ;—I i
+ HCQSIMes = /
AN

Ru—Cl NH,PFg _—~Ru—C=—2C
L/ A =/ :
3 L

L = PPhg (9),Lo= dppe (10)

The synthesis of complex (19) requires more severe reaction
conditions (90°C, 48 h) than does (2)(oil bath at ca 60°C, 7 h)
necessitating the use of a closed vessel in the formation
of (19) to prevent the loss of HC,SiMegj.

The relative stability of the two complexes is differ-
ent, complex (lg) being more readily oxidized than (g) even

in the so0lid state. The presence of [Ru(CO)(dppe)(n—CsHs)]+
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was found in solid samples of (10) by infrared spectroscopy
[v(CO) 1990 cm~!] after exposure to air.

Spectral and microanalytical techniques were used to
characterise the complexes (9) and (10). Characteristic
v(C=C) bands were observed [(9) 1628; (10) 1641 cm '] in
the infrared spectra and the strong absorption at ca 840
cm~? confirmed the presence of PFg counter ion in both
complexes. Apart from the usual signals observed for the
phenyl and cyclopentadienyl moieties the 'H NMR spectra
of (9) and (10) contained triplets at§ 4.34 and 3.19,
respectively, assigned to the vinylidene protons, coupled
to two equivalent *'P nuclei with 75 1.5 and 2.0 Hz,
respectively. The '3C{'H} NMR spectra contain CsHs
resonances at § 95.0 and 93.4 for (9) and (l0), respectively,
which are characteristic of cationic complexes. Most
informative were the resonances of the o and B carbons;
the former appeared as triplets by coupling with the two
31p nuclei and their low field position is typical of
vinylidene complexes [(g):347.2, J(PC) 15Hz; (10): 343,
J(PC) 18Hz]. The B-carbons of (2) and (10) resonate as
singlets at 6 99.9 and 96.7, respectively, considerably
upfield from the analogous resonances in other substituted
vinylidene complexes. The CB resonance in CCR, complexes
is assumed to lie under the phenyl region at ea ¢ 130.

In the monosubstituted complex [Ru(C=CHMe) (PPh3), (n-CsHs)]-
25

[CF4CO,] the B-carbon was found at ¢ 109.0 while the analogous

resonance—in—[Ru-(C=CMePh)-(PPhy)(n=-CsHs)]-[PEs]—was—observed

25
at § 125.2 . These data suggest a higher electon density

at the p-carbon in complexes (9) and (19) than in mono- or
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disubstituted vinylidenes. The B-carbon of [Ru(C=CH,)-
12

(PMes) 2, (n-CsHs) ] [PF¢] was found at § 92.7, i.e. at higher

field, than (9) and (10), consistent with the presence of
the more electron donating PMej ligands. The solvent
signals of deuteroacetone (ca 6§ 30) are presumably

obscuring the expected dppe methylene resonances of (10).

L2 . PMe3
12
Recently, Bullock reported isolation of [Ru{C=CH;}-
(PMe3), (Nn-CsHs) ] [PFg] (l1l1) from the reaction between

HC,SiMe; and RuCl (PMes) . (n-CsHs) (12) in the presence of
NH4PF¢ in MeOH. Independently, a study of this reaction
in dichloromethane was undertaken in conjunction with the
preceding reactions.

Heating (12) in dichloromethane containing HC:;SiMes
in the presence of NHyPF¢ provided an excellent synthesis
of complex (11). The complex was readily identified by
microanalysis and spectral data.

The infrared spectrum contained the now familiar
v(C=C) band at 1625 cm~! and a v(PF) band at ca 840 cm !;
and the 'H NMR spectrum contained a multiplet at §1.62
and a singlet até 5.42 which were assigned to the PMe;
and CsHs protons, respectively. The vinylidene protons
appeared as a triplet [J(HP)2Hz] and ¢ 3.76. The identity
of this complex was confirmed from its FAB mass spectrum,
as discussed below

On one occasion a similar reaction of (lg) with
HC,SiMe, in dichloromethane was continued for 48 h
whereupon a dark suspension was obtained. Filtration

gave an unidentified paramagnetic solid (13).
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Microanalysis indicated a low carbon percentage and the
presence of nitrogen. Presumably this derives from

ammonium ion present in the reaction mixture. Qualitative
magnetic susceptibility measurements indicated that the
complex was paramagnetic but it did not prove possible

to obtain either ESR or NMR spectra. £

Concentration of the filtrate obtained from the experiment
above resulted in the crystallisation of another complex
formulated as [RuCl, (PMej), (n-CsHs)]1[PO2F,] (14) on the basis of
microanalytical and spectroscopic data. The presence of
the partially hydrolysed anion was confirmed by infrared
spectroscopy; there were strong bands at 1055 [v(PO)] and 840
[v(PF) ] cm‘l.nghe proton NMR spectrum indicated the
presence of CsHs and PMes; ligands with resonances at § 2.06
and 6.12, respectively. These data correspond closely with
those found for the known complex [RuCl, (PMe3) ., (n-CsHs)]-
[PFG]30 obtained from the reaction of chlorine with -(12),
which gave a precipitate of the hexafluorophosphate salt. The
identity of the cation in (li) was further confirmed by its
FAB mass spectrum which contained a base peak at m/z 389,
corresponding to the molecular cation which fragmented
by loss of Cl.

Preparative tlc of the supernatant liquid gave a major
mauve band which was crystallised to give [Ru(HC,SiMej) ,-
(PMe3) (n-CsHs) ] [PF¢] (15) in low yield. The formulation
of this complex followed from the analytical results, and
the proton NMR spectrum, which contained two signals at
§ 0.27 and 0.36 assigned to two inequivalent trimethylsilyl

groups. The signals for the PMej and CsHs ligands were

found at§ 1.38 [d, J(PH), 13Hz) and 5.40, respectively.
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The cyclopentadienyl resonance lies over a signal which
could not be resolved. The infrared spectrum confirmed
the presence of trimethylsilyl groups giving rise to a
strong absorption of 1250 cm™! assigned to the v (SiCHj;)
deformation. Theé expected stronag v(SiCH,;) stretch at
841 cm‘131 was not observed and probably lies under the
broad v (PF) band. In the FAB mass spectrum the molecular
cation is also the base peak fragmenting principally by
the loss of SiMe,;; at m/z 272 a peak corresponding to,
[Me,P (HC,SiMe,) ] T was found.

The structure shown below is postulated for (15).

SiMeg l PFg
N4
Ru l

MesP

This metallacyclopentatriene structure has precedent in
the structurally characterised complex RuBr (C,Ph,H,)-
(n—CsHs)(lﬁ)az formed by cyclodimerisation of two
molecules of phenylacetylene at the Ru(ld) centre in a
reaction with RuBr(n“-CyzHp) (n-CsH:). An alternative
ruthenium (IV) metallacyclopentadiene structure cannot be
entirely ruled out for (15) as the two SiMe; groups.

in (15) are found to be magnetically inequivalent while
complex (16) has crystallographic mirror symmetry and the

RuC,Ph,H, ruthenacycle is essentially planar, this symmetry

being reflected in the NMR spectra (!H and 1!3C).
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The reaction of RuCl(PMe;), (n-CsHs) with HC,SiMes; in
dichloromethane in the presence of NH,PFg gave, in the
strict absence of oxygen or moisture, the expected
vinylidene complex [Ru(C=CH;) (PMes3) » (mCsHs) ] [PFe] (11).
Presumably the presence of water or oxygen or both gave

rise to complexes (}3), (1&) and (li). It was not

possible to determine the mechanism operating in these
latter reactions but it is likely that either the vinylidene
or trimethylsilylvinylidene is formed initially. Partial
hydrolysis of the PF¢~ ion would explain the presence of

the PO,F,~ counter ion present in complex (ii). This

has been found in several other cases, one example being

the reaction of the phenyldiazovinylidene [Ru(C=CPhN=NPh) -
(PPhs3) 2 (n-CsHs) ] [PF¢] with HPF¢-0OEt,; giving [Ru(C=CPhN=NPh) -

(PPhy) , (N-CsHs) ] [POLF,].

Possible mechanism for the formation of the unsubstituted

vinylidene complexes

As mentioned previously, the formal 1,2-hydrogen shift
undergone by many l-alkynes on transition metal centres has
proved to be a useful entry into vinylidene complexes.

The mechanism suggested for the reaction of HC;SiMe
at the ruthenium centres studied is shown in Scheme 1.
Initially it is envisaged that the alkyne co-ordinates
in an n? fashion and then rearranges, by eithér of the routes
mentioned previously, to a coordinated trimethylsilylvinylidene
group. This has been shown in the reaction of RuCl (PMe ;) ,~-

(n-CsHs) with alkynes giving initially Ru(n?-alkyne) (PMe,) ,-

(n-CsHs) [alkyne = HC,Me or HC,H] which were found to
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?

H
NH4PF6 + /
Ru—CIl + HC=SiM Ru—C——C
L// M GH,C, A L// S
L L
(d) L = PPhg (9),
(a) .| L =PMe; (11),
H'1 L, = dppe (10)
_ - - =
O
I
+ @
L/R“—“l __~Ru—C=C—H
/ C L~/
L I
SiMe, L
- — L —
(b) (c)
£
© M
<E> ) 7 SiMes
/RU—C:C<
ol 4 H
L
Scheme 1. Possible mechanism of formation of the

unsubstituted vinylidene complexes.
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rearrange thermally to the corresponding vinylidene
complexes. The next step [Scheme 1(c)] postulates
cleavage of the C-Si bond with fluoride ion. The
affinity of the trimethylsilyl group for fluoride ion

is well known, and advantage of this fact is taken in
organic chemistry to remove the SiMe; moiety where it

is used to protect a functional group.33 Fluoride ion
required for this step is presumably present in the
hygroscopic NH,PF¢ salt used in this reaction, or by
partial hydrolysis of this salt despite precautions

taken to dry this material in vacuo before use.
Nucleophilic attack on halo-, cycloheptatrienyl—lgand
aryldiazcz)E vinylidenes has been shown to cleanly generate
o-acetylide complexes. Step (d) involves the protonation
of the parent acetylide complex at the B-carbon; i.e.
electrophilic addition to that electron-rich carbon.
Protonation of the related iron complex Fe (C=CH) (dppe) -
(n-CsHs) giving the spectroscopically characterised

21
parent vinylidene complex was reported over a decade ago.

Preparation of ethynyl complexes

Several methods have been described for the synthesis
of transition metal acetylides; one method is deprotonation
of Mono-substituted vinylidene complexesle,zf It was this
route that led to the parent acetylide complexes described

below. Two methods of deprotonating the unsubstituted

vinylidenes (9), (10) and (1l1) were used.
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FElution of a dichloromethane solution of
[Ru(C=CH,) (PPh;) , (n—-CsH;) ] [PF,] (2), though a column
of basic alumina gave a yellow solution from which
yellow Ru(C=zCH) (PPh,) , (n—C:Hj) (EZ) was obtained. A
more convenient preparation of the ethynyl complexes
involved treating tetrahydrofuran solutions of the

vinylidenes (9), (10) and (11) with KoBut.

@ o ©

Ru—&=—=c_" . KoBU —© Ru— C=C—H
L7/ Sy AT Ly
L L
L = PPhg (17),
L, = dppe (18)
L = PMe; (19)

These reactions could be followed by infrared spectro-
scopy, by disappearance of the medium intensity v (C=C) band
[at ca 1620 cm '] with concomitant appearance of a v (C=C)
band at ca 1940 cm ! in tetrahydrofuran.

Characterisation of the extremely air sensitive
ethynyl complexes relied principally on their spectroscopic
properties. Only complex (18) gave a reliable micro-
analysis. The infrared spectra of all the complexes
contained bands characteristic of the -C=CH moiety at ca
1940 cm™!; those of (EZ) and (l§) also have weak v (CH)
bands at 3295 and 3288 cm™!, respectively. The low value

for v(C=C) is found in other unsubstituted transition metal
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3y
acetylides which generally have v(C=C) below 2000 cm ! i

The alkynyl protons in the 'H NMR of complexes (17) - (19)
were found as triplets at § 1.95, 1.13 and 1.29, respect-
ively, all showing a ca 2Hz coupling to the two equivalent
*'P nuclei. The cyclopentadienyl resonances shifted to

low field with respect to the corresponding resonances in
the vinylidene complexes and were found at § 4.46, 4.74 and
4.55, respectively. The proton NMR of complexes (17) and
(18) contained . phenyl resonances in the usual region;

(18) also contained resonances associated with the dppe
methylene protons at § 2.33 and 2.75. The PMe, ligands of
complex (19) gave a multiplet at & 1.41. The '*C{!H} NMR
spectra contained signals for Coa and CB at § 107.1 and
108.0 (Ca), and 96.6 and 95.2 (CB) I[for (17) and (18),
respectively]. The a-carbon resonances were assigned by
virtue of the coupling they showed to the two equivalent
*!P nuclei [ca 20Hz], giving rise to a triplet signal. The
expected cyclopentadienyl, methylene and phenyl resonances
were found in the usual regions. The FAB mass spectra of
complexes (12) - (12) all showed pseudo molecular ions
corresponding to [M + H]+ at m/z 717, 591 and 345, respect-
ively. The principal fragmentation route was loss of the
acetylide ligand giving the base peaks: [Ru(PPh3)(C5H5)]+,

[Ru (dppe) (CsHs) 17 and [Ru(PMe,) (CqHg)] Y.

Reactions of ethynyl complexes

These ethynyl complexes provided an opportunity to

further functionalise the acetylide linkage by taking
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advantage of the nucleophilic Cg atom (Scheme 2).
Attack of one electrophile (E) would give a mono-
substituted vinylidene, which after depronation and
reaction with a second electrophile (E or E7) would

give the disubstituted vinylidene.

o
I

+
Rl —omo—n o £ —— (Rl

Base

Scheme 2 [RU] C=C E

El

E, E' = electrophiles _E

[F{UI—E:C\

EI

Attempted synthesis of aryldiazovinylidenes

Dichloromethane solutions of the ethynyl
complex (17) react readily with an equivalent amount of
[ArN,] [X] [X= BF,, PFy; Ar= Ph, (C¢H3Me-3,4), (C¢H3C1l,-2,3)]
to give highly coloured and air sensitive solutions.

On exposure to air these solutions rapidly become
yvellow and infrared spectroscopy indicated the presence
of [Ru(CO) (PPhj3) , (Nn-CsHs) 1 [PF] [v(CO) 1974 cm™ 1] *e ’

this complex is also formed from the reaction of (9) with

water in tetrahydrofuran.



29.

As this complex is the oxidation product of a large
number of vinvlidene complexes6 it is suggested that

an aryldiazovinylidene is initially formed which is
extremely unstable with respect to aerial oxidation.
Some confirmation of this was achieved from the reaction
of (17) with [PhN,][PFs¢] in dichloromethane. This gave
a maroon solution which was quickly filtered into excess
stirred diethyl ether giving a red-brown solid. FAB
mass spectrometry of this solid indicated the presence
of [Ru(CO) (PPhs) 2 (n-CsHsl  (m/z 719) and the spectrum also
contained a molecular ion at m/z 821 corresponding to
[Ru{C=C (H) ~-N=N-Ph} (PPhs) » (n-CsHs) ] which fragmented by
the loss of N».

It was, however, possible to deprotonate the inter-
mediate vinylidene formed from the reaction of (17) with
[3,4-CsH3Cl,N,][BF4] at low temperatures. The initially-
formed red dichloromethane solution was passed through a
short column of basic alumina giving neutral orange
product tentatively identified as the aryldiazoacetylide

complex (32)-

Ru—C=C—N=N o
PhsP//

PhsP (20) Cl

Characterisation is based on its spectroscopic

properties. The infrared spectrum has a characteristic
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strong V(C=C) band at 2002 cm™ ! and the FAB mass spectrum
contained a pseudo molecular ion at m/z 889 corresponding
to [ + H]+ which lost PPh,; to give [Ru(C,N,C¢H;Cl,) (PPhj)-
(C5H5)]+. Another fragment ion is formed by loss of the
aryldiazo moiety and the peak corresponding to [Ru(PPhj)-
(n—C5H5)]+ is the base peak. The formation of this
aryldiazoacetylide represents a facile synthesis of the

C=C-N=N system and the formation of a C-N bond.

Reaction of (17) with bromine

As was seen previously, arylacetylides react readily
with halogens to give halo-vinylidene complexes. However,
treatment of a tetrahydrofuran solution of (17) with a
solution of bromine in CCl, immediately gave a red-brown
solution from which was isolated the known compound
RuBr (PPh3) 2 (n-CsHs) (g;)?s This implies a facile cleavage of
the Ru-C(sp) bond giving the ruthenium bromide complex (21)
and presumably bromoethyne. In this reactivity
the ethynyl complexes do not resemble the substituted
acetylides discussed previously. The reason for this is
probably steric, the smaller hydrogen atom allowing attack
on the Ru-C(sp) bond.

The reactivity of Ru(C=CH) (PPhj) , (n-CsHs) (17) also
differs from that of the substituted acetylides insofar
as solutions of (17) rapidly attain a green colouration
if exposed to atmospheric oxygen. Green solutions are also
obtained from the reaction of (17) with the oxidants C7H7+
and MeI which NMR and FAB mass spectrometry indicate both

contain mixtures of products. The FAB mass spectrum,

however, contains a peak tentatively assigned to the binuclear
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ion [{Ru(PPh,), (n-C.H.)},C,H,12", possibly with a

structure similar to that of the structurally-characterised
diirondivinylidene, [Fe/(u-C,Me,) (dppe), (n-CsHs),]1[BF,1,,
reported recently 7 . This latter complex was formed

by oxidative coupling of the corresponding mononuclear
vinylidene. A mixture of products was obtained from

37
similar reactions of the analogous CCH, complex.

Complexes obtained from reactions in which vinylidene

complexes are implicated

The first reactions undertaken by the author in
attempts to prepare the parent vinylidene complex (9)
involved passing a stream of ethyne through refluxing
suspensions or solutions of RuCl(PPh;), (n-CsHs) in
MeOH, thf or CH,Cl, in the presence of NH,PF,. This
approach gave mixtures of solid products (as shown by
FAB MS and NMR) which were inseparable by chromatography.
The FAB mass spectra of these solids contained peaks at
m/z 717 assignable to [Ru(CCH,) (PPh,),(CsHs)]1'; higher
mass peaks related to the m/z 717 peak by sequential
addition of C,H, were also found indicating the presence
of up to four molecules of ethyne in the product. The
FAB MS spectrum also contained peaks related to these
ions by loss of PPh;. It was assumed that ethyne was
being oligomerised at the ruthenium centre. Similar
products were obtained from reactions between the
acetonitrile complex [Ru(NCMe)(PPhs)z(n—CSHS)][BPhq] and
ethyne.

The dppe complex RuCl (dppe) (n-C Hs) reacted

in acetonitrile in the presence of NH,PF,; or AgBF, to give
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the known complexes [Ru(NCMe) (dppe) (n-CsH;)1[X] (X=PF, or
BFH).asln dichloromethane, however, the chloro complex
reacts with AgPF, to give a red solution which lightens
considerably when ethyne is passed through it. After
suitable work-up a pale vellow precipitate of the complex
[Ru(n®-HC. H) (dppe) (N-CsHs) ] [PFs] (22) was obtained.
Tentative characterisation of this complex rests on its
spectroscopic properties. The infrared spectrum contained
a weak V(C=C) band at 1750 cm™! characteristic of a co-
ordinated acetylene together with a strong band Vv (PF)
band at 841 cm™!. The FAB mass spectrum contained a
molecular cation at m/z 591 and another (base) peak formed
by loss of HC;H. This fragmentation differs from that

of the unambiguously characterised vinylidene, [RulcC=CH.)-
(dppe) (n-C;H,) ] [PF,] (10), whose FAB mass spectrum has

the molecular cation as the base peak.

The chloro complex RuCl (dppe) (n-CsHs) reacts with
ethyne in methanol in the presence of NH,PF, to give a
moderate yield of the methoxy(methyl)carbene complex,
[Ru{C (OMe)Me} (dppe) (n-CsH;s) 1 [PF] (23), identified by
microanalysis and spectral properties. The infrared
spectrum contained strong v (C-0) and v (PF) bands at 1247
and 840 cm™!. A molecular cation was observed at m/z
623 in the FAB mass spectrum which was also the base peak.
Other fragmentations involved loss of -OMe and C(OMe)Me
fragments. There have been many reports describing the
formation of alkoxycarbene complexes from l-alkynes
in which vinylidene complexes were implicated as inter-

mediates. Subsequently, vinylidene complexes were shown
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Lo
to react with alcohols to give alkoxycarbene complexes,

A similar mechanism is thought to be operating in the

reaction cf the chloro complex with HC,H in methanol;

Me PFQ
© DT,

NH4PFG + S
Ru—Cl + HCH ———~ Ru—C=—=C
Ph,P~/ MeOH Ph,P~/ Ny

PPh, _PPh,

Scheme 3 [§§> __] PFe
/OMe

+

Ru—C
PhP™/ cH
\_PPh, 3

The analogous PPhj; complexes, [Ru{C (OMe) Me} (PPh3) , (n-CsHs) ]-
[X] [X=PF¢ (24), C1 (25))] were obtained from the reaction
of either [Ru(NCMe) (PPhs3)2 (Nn-CsHs) ] [PFe¢] or RuCl (PPhy) , -
(N-CsHs) with HC,SiMes; in methanol or from the reaction of
the vinylidene (9) with MeOH to give (24) . Complex (24)
has been obtained previously e ; from the reaction of
RuCl (PPh; ), (n-CsHs) with HC,SiMe; in MeOH although no
characterisation data was presented. The methoxy (methyl) -
carbene complexes (24) and (25) were characterised by
spectroscopic methods and microanalysis. The spectroscopic
data for the cations are essentially identical and only

that found for (gﬂ) will be discussed. A strong v (C-0)band
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was found at 1270 cm™~ ! for the C-OMe group together with

the usual v(PF) band. In the 'H NMR spectrum the methoxy
and methyl protons of the carbene ligands appear as sharp
singlets at § 3.28 and 3.03, respectively. Similarly, the
1°C NMR spectrum contains singlets atd 46.4 and 60.7,
assigned to Me and OMe, respectively. In the !3C NMR
spectrum of (24) the triplet signal at ¢ 309.21is assigned to the
electron deficient carbene carbon which shows

a 12Hz coupling to the two ?!P nuclei. Other resonances

in the 'H and '3C NMR spectra were consistent with the
ligands present. Interestingly, the FAB mass spectrum did
not have the molecular cation as base peak that is generally
found in other cationic complexes. The molecular cation,
m/z 749, fragments by loss of Me, C(OMe)Me and PPhgs.

The crystal structure of (24) was determined, and is

discussed below.

X-ray structure of [Ru{C(OMe)Me} (PPh;),(n-CsHs)] [PFs] (24)

The cation is shown in Figure 3. The structure determination
confirms the presence of the methoxy(methyl)carbene ligand (Table 2
collects relevant interatomic parameters). The coordination
about the ruthenium atom is distorted octahedral, with
the CsHs group occupying three facial sites [Ru-C 2.232(8) -
2.292(8), or 2.26&] and the other three positions being
taken up by the two P atoms of the tertiary phosphines
Ru-P(1) 2.332(2); Ru-P(2) 2.336(2)A] and the carbene ligand

[Ru-C(6) 1.931(9)A].
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Figure 3: PLUTO plot of the structure of the cation
in [Ru{C(OMe)Me} (PPh;) ; (n=CsHs) ] [PF¢] (24)

showing the atom-numbering scheme.
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Table 3

Selected interatomic parameters for (24)

D o

T
u—C
PP/ TNy
PPh, 3
Bond distances (g) Bond angles (o)
Ru-C(CsHs) 1 2.292(8) P (1) -Ru-P (2) 101.3(1)
2 2.244(8) P (1) ~Ru-C(6) 86.6(2)
3 2.257(8) P (2)-Ru~C(6) 89.8(2)
4 2.232(8) Ru-C(6)-0(1) 120.9(6)
5 2.250(8) Ru-C(6)-C(8) 124.8(7)
Ru-P (1) 2.333(2) 0(1)-C(6)-C(8) 114.3
Ru-P (2) 2.336(2) C(B)-0(1)-C(7) 122.9(7)
Ru-C (6) 1.931(9)
C(6)-C(8) 1.50(1)

C(5)-0(1) 1.44(1)
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These values fall within the range found for

several other related cyclopentadienyl ruthenium

complexes. Complex (24) is isomorphous with [Ru{C(OMe)Et}-
(PPh3) , (n-CsHs) ] [PF¢] (26)2;nd both complexes have

similar Ru-Co bond lengths[1.931(9)(24) and 1.959(6)£

(26)]. These values are intermediate between the distances
26

for the singly konded Ru-C{(sp) in Ru(C:;Ph) (PPhj) , (n—-CsHs)
[Ru-C (sp) 2.016(3)&] and Ru-C(sp®) in [Ru{C=CPh (I) }-

(PPh3) » (N-CsHs) ] [Is] (1) [1.839(7)&], in which appreciable
Ru-C multiple bond character is implied. 1In the carbene
ligand, the o-carbon is sp? hybridized, with angles at

C(6) of 120.9(6) and 124.8(7)° for Ru-C(6)-0(1) and
Ru-C(6)-C(8), respectively; bond lengths from the a-carbon to

the methyl and methoxy groups are normal at 1.50(1) and

1.44(1)A, respectively.

FAB mass spectra of vinylidene complexes

The technique of fast atom bombardment (FAB) mass
spectrometry is well suited to the study of ionic and
high molecular weight compounds which cannot be volatilised
in a conventional electron-impact source. Since the
initial report of the utility of FAB mass spectrometry

41
in organo-transition metal chemistry there has been

42 43
a wide variety of studies described and reviewed. ' FAB

MS has proved very useful for the study of cationic vinyl-
idene compounds including the complexes in this chapter.
Also included is a discussion of the related cyclohepta-

18,19 20
trienyl < ang aryldiazovinylidene complexes.
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The major fragmentation route for the halo-, cyclohepta-
trienyl-, and aryldiazo-vinylidene complexes is loss of
the electrophile, added initially in their formation to
the corresponding a-acetylide complex (Tables 4, 6 and 7).
The unsubstituted vinylidene complexes (9), (10) and (11)
have remarkably stable molecular cations which are also
the base peaks (Table 5). Strong peaks corresponding to
the loss of ethyne are also found.

The ions [RU(C2R)(PPhg)z(CSHS)]+in the spectra of
(2), (6) and (7) , decompose by loss of C,R, PPh; and in
the case of (E) loss of C¢Hs was also observed. Ions
corresponding to the carbonyl cation [Ru(CO)(L)z(CsHs)]+,
which 1s the oxidation product of most vinylidene
complexes, were found in the spectra of (6) and (7).

The base peaks are either [Ru(PPhs)(CsHs)]+ or [Os(dppe)-
(CsHs)]+-

The unsubstituted vinylidene complex (9) has a
particularly simple FAB spectrum which contains a molecular
cation, and an ion related to it by loss of PPhs. The
only other metal containing ion corresponds to [Ru(PPhg)-
(C4H)1". The spectrum of (9) differs from those of (10)
and (ll) in not having a peak corresponding to loss of
CCH,. This suggests that the Ru-Co interaction present
in (g} is stronger than in (10) or (11) as a result of
back-bonding and this mirrors the relative stability of
the three complexes. The spectrum of (10) contains a
peak at higher m/z corresponding to a water adduct,

[¥ + HZO]+ and ions reflecting the breakdown of the dppe
ligand at m/z 378 ([¥ - PPh,C,H4]") and m/z 352 ([M -
C,H, - PPh,C,H,) were also found. Unlike the disubstituted

vinylidene complexes, the spectra of (9), (10) and (11)



Table 4. FAB mass spectra of halovinylidene complexes (_Z) s (é) and (l)

complex [T  mw+o1t  m-x1T w-x-11t  [Ru(@) .-  [Ru()- [Ru (CO) (L) 2- Other ionsd
(CsHs)1®  (CsHs)1T  (CsHs) 1T

2)? 857% 7 730 468 691 429 391, [Ru(CoMe) (PPhy) (CsHs) 1,36
(57) - (37) (27) (23) (100) - 350, [Ru(PPh,) (CsHs)-2H] 1,29

(6)° 745 761 666 - 565 = 591 380, [Ru (C,H4PPh) (CsHs) 1,18
(56) (5) (49) (100) (32)

(7)€ 827 843 792 530 691 429 719 612, [Ru(PPh,) (PPhj) (CsHs) 1,4
(53) (1) (6) (33) (13) (100) (4) 565, [M~PPh3],3

465, [Ru (C2Ph) (PPhs) 1,70

453, [Ru(C,Ph) (PPhy) (CsHs)] 30
352, [Ru(PPhy) (CsHs) 17,27

287, [Ru(PPh,) 17,21

244, [RuPh (CsHs)] T ,18

(a) X=I, R=Me, L=PPh; (b) X=Br, R=Ph, L, =dppe (c) X=Cl1l, R=Ph, L=PPhj (d) m/z, assignment, relative intensity

(e) m/z (relative intensity).

"6¢€
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FAB mass spectra of the unsubstituted vinylidene complexes (%), (10) and (11)

Complex. [M]+ [M—Csz]+ [Ru(L) - Other ionsc
+
(CsHs) ]
a d X
(2) 717 = 429 455 [M-PPh,y],51
(100) (60)
(gg)b 591 565 609, [M+H,0],6
(100) (71) - 514, [M-Ph],5
+
488, [M-C,H,-Ph] ,5
+
378, [M-PPh,C,H,] ,11
+
352, [M-C,H,-PPh,CoH,] ,20
+
(11) 345 319 243 167, [Ru(CsHs)] ,0.5
(100) (39) (11
(a) L=PPh, (b) L=PMe, (c) m/z, assignment, relative intensity

(d) m/z, relative intensity.
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19
FAB mass spectra of some cycloheptatrienylvinylidene complexes.

Column entries in the form m/z (relative intensity)

complex [M17  [m-phlT  m-coH,1T ML) a(cshs)1T [M(PPhy) (CsHs) )T Other assigned ions
272 711% 634 620 519 306 555, [M-C,H,~CeHg] ', 5
(5) (3) (100) (80) (47) 454, [Fe (dppe) (CgHg)-CsHgl ', 12
519, [Fe(dppe) (CgHg)-CsHgl ', 8
426, [Fe(PPh,),]1", 50
398, [dppel’, 7
332, [Fe(C,H,PPh,) (CsHg)1 T, 9
320, [Fe(CH,PPh,) (CsHs)1, 15
(28)° 757 680 666 565 350 911, [mtmatrix]™, 1
(7) (5) (50) (100) (61) 379, [Ru(C,H,PPh,) (CsHs)1', 33
(29) © 973 - 882 691 352 989, [M+0]" 2
(42) (62) (9) (24) 954, [M-F1', 4
863, [M-F-C,H,17, 6
619, [Ru(CyCeFs) (PPhy) (CsHg) 1T, 17
(a) L,=dppe, M=Fe (b) L,=dppe, M=Ru (c) L =PPhj3, M=Ru 448, [RUF(PPhg)(CsHs)]+, 17
(d) m/z, assignment, relative intensity 429, [Ru(PPhg)(CsHs)]+, 100
(e) m/z (relative intensity). I 287, [Ru(Pth)]+, 14

244, [Ruph(CsHs)1T, 28

167, [Ru(CsHs)1 T, 14

N
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Table 7. FAB mass spectra of some aryldiazovinylidene complexes

Column entries are in the form m/z (relative intensity)

Complex [M]T (M-N,17 [M=N,Ar]T [M-PPhs1' [M(PPh3),- [M(C2R)- [M(PPh3)- M (PPh)- Other assigned ions?
(CsHs)]+ (CsHs)]+ (CsHs)]+ (CsHs)]+
300% 880 - 730 618 691 - 228° -
(15) (7) (8) (4) (100)
eu® 1015 - 882 753 691 358 429-427¢ 352 896, [M-NAr] ', 2
(3) (33) (6) (5) (23) (100) (- £ 863, [M-N,Ar-F]', 4
634, [M-PPhs-NAr]', 5
620, [M-PPhs-N,Ar] ", 23
601, [M-PPh;~N,Ar-r]", 7
543, [Ru(C2C¢Fs) (PPhy) (CsHs)]1', 80
524, [Ru(C2CGF5)(Pth)(CsHs)]+, 10
287, [Ru(PPhj) ]+, 33
244, [RuPh(CsHs)1', 10
210, [Ru(PPh)]’, 21
167, [Ru(CsHs)]t” 20
32)¢ 987 959 = 725 781 - 519 442 1141, [M+matrix]’, 17
(7 (12) (32) (33) (80) (100) 879, [ (M+matrix)-PPhsl’, 42
' 809, [oS(co)(pPha)z(c5H5)1+, 9
(a) Ar=CgHyNO,-4, M=Ru, R=Me (b) Br=CgH3Me,-3,4, M=Ru, R=C¢Fs 697, L-N,~PPhs] ", 24 N
620, [0Os(C,Ph) (PPhj) (CsHs5)]1 , 64

(c) Ar=Ph, M=0Os, R=Ph

(d) assignment [Ru(PPhg)(CsHs)-H]+

(e) assignment [Ru(PPh3—nH)(C5H5)]+

(g) m/z, assignment, relative intensity

A%
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(27) M = Fe, L, = dppe, R = Ph
(28) M = Ru, L, = dppe, R = Ph

(29) M = Ru, L = PPhg, R = C4Fs

O

+

-
M—C==C
PhsP~/ t

Ph,P

N=—=N—=-Ar

(30) M = Ru, R = Me, Ar = C4H,NO,-4
(3_1) M= RU, R= CGFS, Ar = CGH3M62'3,4

(32) M = Os, R = Ph, Ar = Ph
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have the molecular cations as the base peaks.

The molecular cations of the cycloheptatrienyl
vinylidene complexes (Table 6) fragment by competitive
loss of the two vinylidene substituents; loss of C;H; is
favoured. The base peak in the spectrum of (27)
corresponds to [Fe(CzPh)(dppe)(CsHs)]+ (m/z 620), strong
analogous ions were found in the spectra of (28) and (29).
The peak at m/z 620 in the spectrum of (27) fragments
by loss of C,Ph to give [Fe(dppe)(CSHs)]+ and an unusual
loss of C5Hy from this ion gave [Fe{CzHg(Pth)z}]+,
which can be formulated as containing a 5e donor
[C,H; (PPh,) ]~ ligand. Other breakdown routes include
elimination of C¢Hy; or C,H, molecules; at lower m/z ions
containing PPh,, CH,PPh, and C,H,PPh, fragments attached
to the Fe(Cs;Hs) moiety were found. Fragmentation of the
ruthenium analogue (28) proceeds more cleanly, the base
peak being [Ru(dppe)(CSHs)]+ which loses PPh, and C,Hy4.
The most interesting feature of the spectrum of (29) is
the peak at m/z 448 assigned to [RuF (PPhs) (CsHs)] ™
probably formed by transfer of fluorine to the metal with
elimination of C,C¢F,. The molecular cation fragments
by competitive loss of Ph, C;H; and F. The latter
fragmentation gives a peak at m/z 954 which further
decomposes by loss of C,H; giving an ion at m/z 863
assigned to [Ru(C,C¢F,) (PPhs), (CsHs)] ™.

The aryldiazo-complexes (Table 7) all contain ions
corresponding to the molecular cation; the osmium complex
(32) also forms a matrix adduct ion at higher m/z. Two
major fragmentation routes are loss of PPh; and of the

aryldiazo group. In the case of (31) loss of arylnitrene
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occurs while with (ég) loss of N, gives an ion at m/z. 959,
The base peaks are centred on m/z 427 for (30) and (§})
while the analogous ion at m/z 519 ([Os(PPhs)(CsHs)]+)

is found, the relative intensity of the phosphido ion

[Os(Pth)(CsHs)]+ is greater.
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CONCLUSIONS

Ruthenium and osmium o-acetylide complexes react
with halogens to give cationic halovinylidene derivatives;
in one case halogenation of the phenyl group of a phenyl-
acetylide ligand has also occurred. These can be isolated
as polyhalide (Brj~, I3 ) salts and nucleophiles such as
H™ or OMe~ displace Xt to give the corresponding acetylide
complex.

The reaction of ruthenium-halide complexes with
HC,SiMe; in CH,Cl, in the presence of NH,PF; represents
an excellent synthesis of unsubstituted vinylidene complexes
[Ru(C=CH,) (L) , (n-CsHs)1*, (L=PPh,,PMe,; L,=dppe). These
cations were readily deprotonated by basic alumina or
KoBut giving the unsubstituted o-acetylide complexes
Ru(C,H) (L) , (n-CsHs) and this parallels the reactivity of
mono-substituted vinylidene complexes. These new vinilidene
complexes also react with water and alcohols in a similar
manner to other vinylidene complexes.

The addition of Br, to a solution of Ru(C,H) (PPh,) ,-
(n-CsHs) results in the cleavage of the Ru—C(sp)_bond which
is in direct contrast to the reactivity of the substituted
ruthenium o¢-acetylides.

Complexation of the transient vinylidene moiety to
transition metals has afforded the opportunity to study

reactions of this species.
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EXPERIMENTAL

General conditions

All reactions were performed under nitrogen using
dried degassed solvents; no special Precautions were
taken to exclude air during workup since most complexes
proved to be stable in air as solids and for short times
in solution except for the syntheses and reactions of
the unsubstituted vinylidene and acetylide complexes,
when Schlenk technigues were used to exclude oxygen.
Solvents used for Chromatrography and spectroscopy
were LR and spectroscopic grade, respectively. Aall
other solvents were AR grade and were dried and

distilled under a nitrogen atmosphere. The

light petroleum spirit used was a fraction of b.p. 62-66°C.
Melting points were measured in sealed capillaries using
a Gallenkamp melting point apparatus and are uncorrected.

Column chromatography was performed under N;, using
water-jacketed columns (15 x 350 or 35 x 350 mm) with
silica (200-325 Mesh, AJAX), Florisil (60-100 Mesh, BDH),
neutral alumina (100-125 Mesh, activity:grade 1, Fluka)
and basic alumina (100-125 Mesh, activity:grade 1, Woelm)
as adsorbents; preparative tlc was on 20 x 20 cm plates
coated with Kieselgel 60 GF, s, (Merck, Darmstadt).

A small autoclave (Roth, 100 ml) equipped with Teflon
gaskets and a glass liner was wused for pressurised
reactions at less than 80 atm. Low pressure syrtheses
were performed in thick-walled Carius tubes fitted with
Rotaflo high vacuum taps.

Microanalyses were performed by the Canadian Microanalytical

Service, New Westminster, British Columbia, Canada.
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Instrumentation

Infrared: Perkin-Elmer 683 double-beam and Perkin-
Elmer 1720 X FT spectrometers, NaCl optics, calibrated
using polystyrene absorption at 1601.4 cm™ 1.

NMR: Bruker CXP300 ('H NMR at 300.13 MHz, °®!P NMR
at 121.49 MHz, 13C NMR at 75.47 MHz) and Bruker WP80
(1H NMR at 80 MHz, 1!3C NMR at 20.1 MHz). Chemical shifts
(300K) to low field are denoted positive; internal
references were SiMe, ('*C and 'H NMR); the external
reference for *'P NMR was 0.1M HC1/0.01M H3PO4 in D20
(6 + 0.8 ppm). The shifts quoted for the *'P NMR spectra
are relative to 85% H3;PO4. With spectra recorded in non-
deuterated solvents, D0 in a concentric tube was used
for the field lock.

Mass spectra: FAB mass spectra were obtained on a

VG ZAB 2HF instrument equipped with a FAB source. Argon
or xenon were used as FAB gases, with source pressures
typically 107°% bar; the FAB gun voltage was 7.5kV

current 1lmA. The ion-accelerating potential was 7 kV.

The samples were made up as ca 0.5 M solution in CH2Cl:;

a drop was added to a drop of matrix (3-nitrobenzyl
alcohol), and the mixture was applied to the FAB probe tip
Spectra reported below in the form: m/z, assignment,
relative intensity; multi-isotopic species are normalized
on the most abundant metal isotope. All metal-containing
ions with relative intensities greater than 10% of the
base peak are listed as well as assigned minor ions. Peaks
marked with an asterisk are the strongest of multiplets
related to the assigned formulation by addition or loss

of one or two H atoms. Most of the spectra were recorded
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within two minutes of sample introduction to avoid any
decomposition and/or side reactions. EI mass spectra
were obtained on a GEC-Kratos MS3074 mass spectrometer

(70eV ionizing energy, 4kV accelerating potential).

Starting materials

Literature methods were used to prepare RuCl(L)2 -

by 45 38
(n-CsHg) (L=PPh,, PMes; L.=dppe) , Ru(C,R) (PPh3) ,-
4oy 25 25

25
(n=CsHs) (R=Ph, C(F,;, Me), Ru(C,Ph) (dppe) (n-CsHs)

Os(CzPh)(PPh»a)z(n—CSHS)25 and [Ru(NCMe) (PPhgj) , (n-CsHs) ] -
[PFG].“G The diazonium salt, [3,4-C¢H;3;Cl,N,] [BF,] was made
by diazotisation of the appropriate aniline with NaNO , /HBF 4 ;
HC,SiMe; (Fluka) and KOBut(Flukai were obtained commercially.

Ethyne (Commonwealth Industrial Gases) was

pre-purified by passage through H,SO, (conc.).

Syntheses

A. Preparation of halovinylidenes

(a) Reaction of iodine

(1) with Ru(C,Ph) (PPh,) ,(n-C:H:) - Addition of iodine

(160 mg, 0.603 mmol) to a stirred solution of Ru (C2Ph) (PPh,) ,-
(n-CsHs) (200 mg, 0.253 mmol) in thf (20 ml) resulted in an
immediate colour change to dark green. After 20 min and
evaporation to dryness, the residue was extracted with CH,C1l,
(ca 2 ml) and the extract filtered into excess stirred

diethyl ether to give green microcrystals of [Ru{C=C(I)Ph}-
(PPh3) 5 (n=CsHs) ][I 3] (1) (281 mg, 85%). An analytical

sample was recrystallised from CH,Cl,/EtQH, m.p. 134-135°C
(dec.). [Found: C, 44.85; H, 3.11; I, 36.56; CyoHyoIyPy2Ru
requires C, 45.29; H, 3.10; I, 39.06%]. Infrared (Nujol):

v (C=C) 1638s; other bands at 1590w, 1518w, 1480sh, 1438m,
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1435m, 1412w, 1310w, 1187w, 1160w, 1092s, 1075w, 1040w,
1018w, 998w, 845s, 823m, 770w, 745s, 722w, 705w, 695vs,
613w cm™'. 'H NMR: [(CD;),CO] 5.46 (s, 5H, CsHs); 7.57
(m, 35H, Ph).

(ii) with Ru(C,Me) (PPhj), (n-CsHs) - As in (i) above,

iodine (200 mg, 0.788 mmol) and Ru(C,Me) (PPh;), (n-CsHs)

(200 mg, 0.274 mmol) afforded [Ru{C=C(I)Me} (PPhj), (n-CsHs) ]~
[I;] (2) as dark olive-green crystals (293 mg, 86%), m.p.
140-142°C (dec.). [Found: C, 42.55; H, 3.10; I, 40.03,

¥ (mass spectrometry) 857; C,,H;4I,P,Ru requires C, 42.68;
H, 3.15; I, 41.00%; m» 857]. Infrared (Nujol): v (C=C)

1690m; other bands at 1482m, 1438s, 1370w, 1185w, 1080m,
1035w, 1000m, 836w, 823w, 750m,742m, 699s, 665m cm™ .

'H NMR: 6(CDCl,) 2.22 (s, 3H, Me); 5.26 (s, 5H, CsHs):;
7.03-7.39 (m, 30H, Ph). '3C{'H} NMR: §(CDCl;) 15.6 (s, Me);
95.1 (s, CsHs); 127.7-133.9 (m, Ph); 325.9 [t, J(PC) 15Hz,
Ru=C].

(1ii) with Ru(C,C¢F:) (PPh3),(n-CsHs) - As in (i) above,

iodine (150 mg, 0.59 mmol) and Ru(C,C¢Fs) (PPhj3) , (n-CsHs)
(200 mg, 0.227 mmol) gave [Ru{C=C(I)C¢Fs} (PPhs),(n-CsHs)]-
[I3](§) as dark green microcrystals (118 mg, 38%), m.p.
124-125°C. [Found: C, 41.40; H, 2.55; I, 34.52;
CyoH3sFsI,P,Ru requires C, 42.36: H, 2.54; I, 36.53%].
Infrared (Nujol): v(C=C) 1652m; other bands at 1588w,
1519s, 1497vs, 1482m, 1439s, 1310w, 1188w, 1159w, 1131w,
1100m, 1091m, 1012w, 1000w, 934s, 857w, 835w, 828w, 752s,
745s, 739w, 705sh, 697vs, 660m cm~*. H NMR: §(CDCL;)

5.40 (s, 5H, CgHs); 7.27-7.36 (m, 30H, Ph).
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(iv) with Os (C,Ph) (PPh3), (n-CsHs) - As in (i) above,

iodine (73 mg, 0.288 mmol) and Os (C,Ph) (PPhs) , (n-CsHs)

(80 mg, 0.091 mmol) afforded [0s{C=C(I)Ph} (PPhj),(n-CsH:) ]-
[I5]1 (4) as dark green crystals (63 mg, 50%), m.p. 198-199°C.
[Found: C, 41.97; H, 2.93; I, 35.46; C49H,(I,08P, requires

C, 42.36; H, 2.54; I, 36.53%]. Infrared (Nujol): v (C=QC)
1640m; other bands at 1360w, 1260m, 1100m, 1090s, 1000w,
842m, 825m, 742s, 722m, 696s, 660m cm~!. H NMR: §(CDCl,)
5.44 (s, 5H, CsHs); 6.9-7.4 (m, 35H, Ph).

(b) Reactions of bromine

(1) with Ru(C,Ph) (PPh;), (n-CsHs) - Neat bromine (1 m1,

excess) was added dropwise to a stirred solution of Ru(C,Ph) -
(PPhj3) , (n-CsHs) (1000 mg, 1.26 mmol) in thf (10 ml) to give
immediately a dark green solution. After 15 min, evaporation
to dryness, extraction of the residue with CH>Cl,; (ca 5 ml)
and filtration into excess Et,0 afforded green microcrystals

of [RU{C:C(Br)(CeHuBr‘4)}(PPha)z(ﬂ‘CsHs)][Brs]‘Etzo (5)

X

(1401 mg, 88%). [Found: C, 47.01; H, 3.38; Br, 30.25;
CygH39BrsP,Ru-CyH; 0O requires C, 46.54; H, 3.11; Br, 31.60%].
Infrared (KBr): v(C=C) 1638s; other bands at 3060w, 2930w,
2860w, 1482s, 1435s, 1412w, 1392w, 1315w, 1272w, 1178w, 1160w,
1092s, 1072m, 1029w, 1009w, 1000m, 848m, 825m, 752sh, 740s,
730m, 695vs, 685sh, 660w, 538s, 523vs, 574w, 498m, 490m,
465w, 441w, 426w cm~'. H NMR: §(CDCl;) 1.21 [t, J(HH) 7Hz,
6H, (CH,CH,),0; 3.48 [q, 4H (CH3CH,)»0]; 5.35 (s, 5H, CsHs),
6.6-7.5 (m, 34H, Ph). *3C{'H} NMR: §(CDCl;) 17.2 (s, CsHs);
128.0~135.0 (m, Ph)-.

Metathesis of the tribromide counter ion was achieved
by stirring a solution of the vinylidene with a twofold excess

of NH,PF¢ in CH,Cl,. [Found: C, 52.12; H, 3.77; Br, 15.06;
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CuoH39Br,Fe¢P3Ru requires C, 53.72; H, 3.59; Br, 14.59%].

(1ii) with Ru(C,Ph) (dppe) (n-CsHs) - To a stirred

solution of Ru(C:;Ph) (dppe) (n-CsHs) (200 mg, 0.30 mmol in
thf (15 ml) was added a bromine solution (20 ml of ca

0.038 mmol ml~?! solution in CCl.; 0.75 mmol) resulting

in formation of a green precipitate of [Ru{C=C(Br)Ph} (dppe)-
(n-CsHs)]1[Br}-0.5 Et,0 (6) (251 mg, 100%). Dark green
crystals, m.p. 79-80°C (dec.) were obtained from addition
of Et,0 to a concentrated CH,Cl,/EtOH solution of (6).
[Found: C, 55.97; H, 4.60; Br, 18.73; M (mass spectrometry)
745; Ci39H34Br,P>Ru*0.5 Et,0 requires C, 57.09; H, 4.56; Br,
18.53%; ¥ 745]. Infrared (Nujol): v(C=C) 1640s; other
bands at 1488sh, 1445s, 1439vs, 1419m, 1358w, 1312w, 1100s,
1071w, 1045m, 1000w, 880w, 850m, 831m, 798w, 758m, 750m,
742m, 718s, 706s, 690s, 618m cm~'. 'H NMR: §(CDCl,) 1.20
[t, J(HH) 7Hz, 3H, (CH,CH,),0l; 2.5-3.8 [m, 6H, PCH, +
(CH3CH,) ,0]; 5.63 (s, 5H, CsHs); 7.34 (m, 25H, Ph).

(c) Reaction of chlorine with Ru(C,Ph) (PPh3j) , (n-CsHs)

A stirred solution of Ru(C,Ph) (PPhj;) , (n-CsHs) (200 mg,
0.25 mmol) in thf (20 ml) was treated with a solution of
chlorine [6 ml of a 0.13 mmol ml~! solution in Et,0; 0.77
mmol] immediately giving a green solution. After 20 min,
the solution was filtered and evaporated to dryness. The
residue was extracted with CH,Cl, (20 ml) and NH,PF (300 mg,
1.84 mmol) was added to the solution. After 10 min, addition

of EtOH to the filtered solution and reduction in volume
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resulted in the formation of emerald green needles of
[RU{C:C(Cl)Ph}(PPha)z(ﬂ—CsHs)][PFG](Z) (70 mg, 28%),

m.p. 139-141°C (dec.). [Found: C, 56.95; H, 4.07; C1,
8.93; M (mass spectrometry) 827; CyqH, (ClF¢P3Ru requires

C, 60.53; H, 4.14; Cl1, 7.04%; m 827]). Infrared (Nujol):
v(C=C) 1650s, v(PF) 840vs(br); other bands at 1483s,

1430s, 1416m, 1312m, 1270m, 1220w, 1160m, 1092s, 1075sh,
1030w, 1020w, 1000m, 880m, 860vs, 790m, 745sh, 739s, 697vs,
640sh, 635w, 620w cm~'. H NMR: §(CDCl;) 5.63 (s, 5H,

CsHs5), 7.10-7.73 (m, 35H, Ph).

B. Reaction of [Ru{C=C(Br) (C4Hy,Br-4)}(PPhj), (n-CsHs)][PF¢] (5)

(a) with K[BH(CHMeEt) ;] - Treatment of a green solution

of (5) (200 mg, 0.182 mmol) in thf (10 ml) with K[BH(CHMeEt) ;5]
(0.4 ml of a 0.5 mol L™t solution in thf; 0.20 mmol) gave

a yellow solution. Addition of MeOH (10 ml) and reduction
in volume (to ca 5 ml) gave a yellow precipitate of Ru-
(C2CeHyBr-4) (PPhs) 2 (N-CsHs) (8) (101 mg, 64%), m.p. 192-197°C
(dec.). [Found: C, 67.40; H, 4.82; Br, 9.01; ¥ (EI mass
spectrometry) 872; Cyg3H3¢BrP,Ru requires C, 67.59; H, 4.51;
Br, 9.18%; ¥ 872). Infrared (Nujol): v(C=C) 2076vs;

other bands at 1587w, 1482s, 1436s, 1210w, 1185w, 1160w,
1095m, 1090m, 1068m, 1005m, 828m, 822w, 810w, 800w, 759m,
747m, 739w , 699vs cm”'. 'H NMR: §(CDCls) 4.32 (s, 5H,
CsHs); 7.14 (m, H, Ph + CgH,).

(b) with Sodium methoxide - A solution of (5) (200 mg,

0.182 mmol) in CH,Cl, (20 ml) was treated with NaOMe (0.5
ml of ca 1 mol L' solution in MeOH; 0.5 mmol) giving a

yellow solution. After filtering, addition of MeOH (10 ml)
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and concentration of the solution (to ca 5 ml) a vellow

X

powder of (8) was obtained (84 mg, 53%). Identified by
comparison of its 'H NMR and i.r. spectra with those of

an authentic sample.

C. Synthesis and reactivity of vinylidene complexes

(a) Reaction between RuCl (L), (n-CsHs) and HC,SiMe,

(1) L=PPh; - A mixture of RuCl(PPh;), (n-CsHs) (400 mg,
0.551 mmol), HC,SiMes; (0.32 ml, 2.26 mmol) and NH4PF¢
(180 mg, 1.10 mmol) in dry, distilled CH,Cl, (40 ml)
was heated in an o0il bath (58-65°C) for 7 h. The suspension
was filtered into excess stirred diethyl ether giving a light
yellow precipitate of [Ru(C=CH2NPPh3)z(n—CsHs)][PFG] (9)
(410 mg, 86%), m.p. >150°C (dec.). [Found: C, 60.11; H,
4.30; M (mass spectrometry) 717; Cy3H37;F¢P3RuU requires
C, 59.94; H, 4.33%; M 717]. Infrared (Nujol): v(C=C) 1628m,
Vv (PF) 844vs(br); other bands 3057w, 1434s, 1092m, 1071m,
1025w, 1010w, 1000w, 935vw, 930vw, 920vw, 880m, 750m,
748m, 741m, 700s, 695s cm~!. H NMR: §(CDCl;) 4.34 [t,
J(PH) 2Hz, 2H, C=CH,]; 5.09 (s, 5H, CsHs); 7.0-7.42 (m, 36H,
Ph). *'°C{'H} NMR: §[CH,Cl,,Cr(acac)s] 95.0 (s, CsHs); 99.9

(s, CB); 128.0-134.0 (m, Ph); 347.2 [t, J(PC) 15Hz, Cyl-

(ii) L,=dppe - A mixture of RuCl (dppe) (nCsHs) (116 mg,
0.193 mmol), HC,SiMe, (0.20 ml, 1.42 mmol) and NH,PF
(121 mg, 0.742 mmol) in CH,Cl, (10 ml) was sealed in a Carius
tube under vacuum and heated at 90°C for 48 h. The turbid
solution was transferred to a Schlenk tube, reduced in

volume (ca 5 ml) and filtered into excess stirred diethyl
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ether (ca 100 ml) to give a pale yellow precipitate of
[Ru{C=CH, } (dppe) (n-CsHs) 1 [PFs](10) (100 mg, 70%) m.p. >150°C
(dec.). [Found: C, 54.00; H, 4.18; x (mass spectrometry)
591 C33H;3:F¢P3Ru requires C, 53.88; H, 4.25%; M 591].
Infrared (thf): v(C=C) 1631 cm™?!; (Nujol): v(C=C) 1641m,
V(P-F) 841lvs(br); other bands 1426s, 1421m, 1307w,
1161w, 1105m, 1068m, 1009w, 1001w, 929w, 876m, 860vs,
851vs, 755m, 748m, 725m, 715m, 706m, 700s, 691m, 680m,
653m cm~'. 'H NMR: §(CD,Cl,) 2.95 (m, 4H, PCH,); 3.19
[t, J(PH) 1.5Hz, 2H, C=CH,]; 5.37 (s, 5H, CsHs); 7.16-
7.57 (m, 20H, Ph). *°C{'H} NMR: G§[(CD;) ,CO,Cr (acac) 3]
93.4 (s, CsHs); 96.7 (s, Cg)i 130.0-136.0 (m, Ph);
343.0 (t, J(PH) 18Hz, & .

(iii) L=PMe, - As in (i) above, RuCl(PMe;) , (n-CsHs)

(201 mg, 0.568 mmol), HC,SiMe; (0.32 ml, 2.12 mmol)
and NH,PF¢ (187 mg, 1.15 mmol) after 24 h afforded a
light yellow precipitate of [Ru{C=CH, } (PMe;) , (n-CsH¢) ]-
[PF¢] (11) (242 mg, 87%), m.p. >150°C (dec.). [Found: C,
31.70; H, 5.30%; ¥ (mass spectrometry) 345: C;3;H,sF¢P;Ru
requires C, 31.91; H, 5.15%, M 345] . Infrared (Nujol):
v(C=C) 1625; v(P-F) 840; other bands 1325w, 1312w,
1300m, 1240w, 1020w, 970w, 950m, 880w, 865w, 820m, 741w,
715w, 680w cm=*. 'H NMR: 6(CD,Cl,) 1.62 (m, 18H, PMe);

3.76 [t, J(PH) 2.4HZ, C=CH2]; 5.42 (S, SH, C5H5).
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Alternatively, a mixture of RuCl (PMe,), (n-C.H.)

(91 mg, 0.26 mmol), HC,SiMe,; (0.05 ml, 35 mg, 0.36 mmol)

and NH,PF. (110 mg, 0.68 mmol) in CH,Cl, (10 ml) was

heated at reflux for 3 d. Filtration yielded a dark

greern paramagnetic powder which was not identified (71 mg).
[Found: C, 5.74; H, 2.89; N; 8.19%]. The green solution
was concentrated (ca 5 ml) to give crystals of a second
green complex characterised as [RuCl, (PMe,) , (n-C;Hs) ]~
[PO,F,] -2CH,Cl, (14) (18 mg, 14%), m.p. >150°C (dec.).
[Found: C, 23.60; H, 4.10; ¥ (mass spectrometry) 389;
C,;;H,,3Cl,F,0,P4-2CH,Cl, requires C, 23.63; H, 4.12%; M

389]. Infrared (Nujol): v(PO) 1055s(br); v(PF) 840vs(br);
other bands 3125m, 1420s, 1309w, 1295sh, 1290s, 1285m, 748m,
740m, 675m cm~™!. 'H NMR: §[(CD,),CO] 2.06 (m, 18H, PMe,);
6.12 (s, 5H, C,H,). FAB MS: 389, [y4]', 100; 354, [y - C1],
19. The supernatant solution was then separated by prepar-
ative tlc (acetone-light petroleum; 1:1) giving a major
mauve band (Rfg 0.75) which was crystallised from C,H./EtOH
to give mauve crystals of [Ru(HC,SiMe;), (PMe,) (n=C3H ) 1[PF¢](15)
(12 mg, 8%), m.p. 150°C (dec.). [Found: C, 36.86; 5.89;

M (mass spectrometry) 439; C, ,H,,F.P,RuSi, requires C, 37.04;
H, 5.87%; ¥ 439]. 1Infrared (Nujol): v(SiMe) 1250s, v (PF)
840vs(br); other bands 1312w, 1304w, 1297m, 1250s, 1190m,
1109w, 1092m, 979m, 965m, 959m, 940w, 910w, 878s, 762m,
740w, 722w, 700w cm~!. lH NMR: §[(CD,),CO] 0.27 (s, 9H,
SiMe,); 0.36 (s, 9H, SiMe,); 1.38 [d, J(PH) 13Hz, 9H, PMe,];

5.40 (s, 5H, C.H.). FAB MS: 439, [x]', 100; 366, [m -

SiMe,], 33; 272, [PMe, + (HC,SiMe,),]", 46; several high

peaks were found at m/z 495, 523, 548, 563, 577, 603.
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D. Preparation of ethynyl complexes

(a) Ru(C,H) (PPh;), (n-CsHs) (17)

(i) Method A: A solution of [Ru{C=CH,} (PPhj) ,-
(n-CsHs) 1[PF¢] (50 mg, 0.058 mmol) in dry, degassed CH,Cl,
(5 ml) was passed through a column of basic alumina
(1 x 10 cm). Elution with CH,Cl, afforded a yellow
fraction which was evaporated to dryness to give an oily
residue. Trituration with dry,degassed light petroleum
afforded an air sensitive yellow powder of Ru(C,H) (PPh3) o—
(n-CsHs) (17) (25 mg, 60%), m.p. >150°C (dec.). A reliable
analysis was not obtained. Infrared (Nujol): v (CH)
3295, v(C=C) 1940m; other bands 1590w, 1578w, 1550w,
1485w, 1438w, 1265w, 1190w, 1160w, 1090m, 1000w, 832w,
810w, 795w, 750w, 740m, 722w, 700s cm™'. 'H NMR: &(CD,Cl,)
1.95 [t, 7(PH) 2.3Hz, =CH]; 4.46 (s, S5H, CsHs) 7.1-7.7
(m, 30H, Ph). *'3C{'H} NMR: §[CH,Cl,,Cr (acac);] 85.5
(s, CsHs); 96.6 (s, CB)7 107.1, [t, g(PH) 22Hz, Cu):
127.0-140.0 (m, Ph). FAB MS: 717, [mM + H]+, 39; 691,
[ - C,H]", 14; 455, [m - PPhy]", 24; 429, [Ru(PPh;) (CsHs) 17,
100; 351, [Ru(PPh;) (CsHs) - CgHel', 20. Further elution
with CH,Cl, afforded trace amounts of a green fraction
which was not identified.

(ii) Method B: A solution of [Ru{C=CH,}(PPhs) ,-
(n-CsHs5) 1[PFe](50 mg, 0.058 mmol) in thf (10 ml) was treated
with KOBut (10 mg, 0.089 mmol) and stirred for 20 min, after
which time the reaction was adjudged complete [the disappear-
ance of the i.r. v(C=C) band of (9) was monitored]. The
yellow solution was evaporated to dryness and the residue

extracted with Et,0 until the extracts were colourless.
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Addition of light petroleum to the filtered extracts and

concentration resulted in the formation of a yellow

)

identified by comparison of its i.r. and FAB spectra with

oo

precipitate of Ru(C.H) (PPhs) ; (n-CsHs) (17) (32 mg, 77

7

those of an authentic sample.

(b) Ru(C,H) (dppe) (n-CsHs) - Using Method B,

[Ru{C=CH,Hdppe) (n-CsHs) 1[PFs] (45 mg, 0.061 mmol), KOBut
(10 mg, 0.089 mmol) in thf (10 ml) gave a yellow powder

of Ru(C,H) (dppe) (n-CsHs) (18) (27 mg, 75%), m.p. >150°
(dec.). [Found: C, 65.63; H,5.26%; M (mass spectrometry)
591; C33H31P2Ru requires C, 67.22; H, 5.12%; m 590].
Infrared (thf): Vv(C=C) 1941 cm™'. (Nujol): v(CH) 3288w;
v(C=C) 1938s; other bands 1585w, 1434s, 1100w, 1026w,
999w, 869w, 84lw, 796w, 744n, 722m, 697s, 674m cm~*t.

'H NMR: &(CD,Cl,) 1.13 [t, J(PH) 2Hz, 1H, =CH]; 2.33, 2.75
(m, 4H, PCH,CH,P); 4.74 (s, 5H, CsHs); 7.10-7.90 (m, 20H,

Ph). 13C{'H} NMR: §[CH.Cl, Cr(acac)s;] 27.7 (m, PCH,CH,P);

82.7 (s, CsHs); 95.2 (s, Cg); 108.0 [t, J(PH) 20Hz, C,];
127.5-134.1 (m, Ph). FAB MS:591, [ + H]T, 43; 565,
[¥ - C,H], 100; 513, [¥ - Ph]", 16.

(c) Ru(C,H) (PMe;) , (n-CsHs) - Using Method B,

[Ru{C=CH, } (PMe;) , (n~CsHs) ][PFs] (30 mg, 0.061 mmol), KOBut
(10 mg, 0.089 mmol) in thf (10 ml) gave a yellow precipitate
of Ru(C,H) (PMe;), (n-CsHs) (19) (18 mg, 86%), m.p. >150°C (dec.).
Infrared (thf): 1941 cm™!'. 'H NMR:6§(CD,Cl,) 1.29 [t, J(PH)
2Hz, 1H, =CH], 1.41 (m, 18H, PMe;); 4.55 (s, 5H, CgsHg).

8+ 345, [+ HI', 277 320, (v = C,HI™, 100; 243,

[Ru(PMes) (CsHs) 1, 10.
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E. Reactionsof [Ru(C=CH,) (PPh,),(n-C:H:)][PF¢]

(a) with Methanol - A solution of [Ru(C=CH,) (PPh,) ,~

(n-CsHs) 1[PF¢]1(50 mg, 0.058 mmol) in CH,Cl, (10 ml) was

treated with MeOH (5 ml, excess) and stirred for 2 h.

Reduction in volume afforded yellow crystals of [Ru{C(OMe)Me}-
(PPhj3) , (Nn-CsHs) 1[PFg] (24) (39 mg, 75%), identified by comparison
of its 'H NMR and FAB MS spectra with those of an authentic
sample (see below p.60).

(b) with water - A solution of [Ru{C=CH,} (PPh,) ,-

(n-CsHs) ] [PF¢] (100 mg, 0.116 mmol) in thf (20 ml) was
treated with water (3 drops) and the mixture stirred for
16 h. Reduction in volume (to ca 10 ml) and addition of
Et,0 (40 ml) resulted in the formation of a light yellow
precipitate of [Ru(CO) (PPhs) , (n-CsHs)] [PFg] (60 mg, 60%).
Identifiéd by comparison of its i.r. and 'H NMR spectra

3N
with those of an authentic sample.

F. Reactions of alkynyl complexes

Reactions of Ru(C,H) (PPhj), (n-CsH:)

(a) with bromine - A solution of (17) (75 mg, 0.105

mmol) in thf (10 ml) was treated dropwise with bromine

(0.6 ml of 31 mg ml~! solution in CCl,) to give an

immediate colour change from yellow to red. Evaporation

and separation of the residue by preparative tlc (acetone-

light petroleum; 1:1) gave one major band (R 0.79, orange)

which was crystallised from CH,Cl,/MeOH to give orange

crystals of RuBr (PPhj;),(n-CsHs) (21) (47 mg, 58%). Identified by
comparison of its 'H NMR and i.r. spectra with those of an

36
authentic sample.
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(b) with [3,4_C6H3C12N2] [BFL}] - To a solution of

Ru(C,H) (PPhj3) , (n-CsHs) (55 mg, 0.077 mmol) in thf (10 ml)
at -64°C was added solid [3,4-CgH3C1,;N,] [BF,4] resulting
immediately in formation of a red solution. Concentration
and filtration through basic alumina (1 x 10 cm) gave

a dark orange solution. Addition of light petroleum

and further concentration afforded dark orange crystals of

RU(C2N=NC6H3C12—3,4)(PPhs)z(n-CsHs)(29) (8 mg, 12

oo

) .
Infrared: (Nujol) v (C=C) 2002vs(br); other bands 1485m,
1440m, 1310s, 1240v, 1215w, 1095m, 1050w, 1005w, 868w,
832w, 820w, 795w, 782w, 750m, 745w, 721w, 697w, 668w cm '.
FAB MS: 889, [m + H]T, 12; 717, [# - N,CeHsClo]', 15;
691, [Ru(PPhs),(n-CsHs)]", 15; 627,[# - PPhs]1T, 3; 467,

[ ~ PPhy - HNC¢H;Cl,]7, 15; 453, [# - PPhs;-HN,CeHsCl,]",

20; 429, [Ru(PPhs) (CsHs)1 ', 100.

G. Reaction of [Ru(NCMe) (PPhj), (n-C<Hs)]1[PF.] with HC,SiMe,

in methanol

To a suspension of [Ru(NCMe) (PPhj), (n-CsHs) ] [PF¢]
(245 mg, 0.279 mmol) in MeOH (15 ml) was added HC,SiMe,
(0.05 ml, 0.361 mmol) and the mixture was refluxed for 2 h.
Filtration of the solution yielded a light yellow solid
[Ru{C (OMe)Me} (PPh,) , (n-C<H:) ] [PF¢] (24) . Concentration
of the supernatant yielded a second crop of (24) as yellow
crystals (total yield: 166 mg, 67%), m.p. 150°C (dec.).
[Found: C, 58.87; H, 4.63; M (mass spectrometry) 749;
CyyHy 1 FgOP3RuU requires C, 58.86; H, 4.60%; M 749]. Infrared
(Nujol): v(C-0) 1270s, v (P-F) 840vs(br); other bands 3150w,

3070w, 1480m, 1470s, 1440m, 1360m, 1350m, 1185m, 1160w,
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1095m, 1030w, 1020w, 1005m, 1000s, 975w, 930w, 880s, 760s,
742s, 742s, 700vs cm~'. 'H NMR: §(CDCl;) 3.03 (s, 3H, Me);
3.28 (s, 3H, OMe); 4.75 (s, SH, CsHs); 7.0-7.4 (m, 30H,
Ph). '3C{'H} NMR: §(CDCl;) 46.4 (s, Me); 60.7 (s, OMe);
91.4 (s, CsHs); 128.2-136.1 (m, Ph); 309.15 [t, J(PH) 12Hz,
Ru-C,]. FAB MS: 749, [m]', 24; 719, [M - 2Me], 0.75; 691,
(v - c(oMe)Mel™, 9%, 626", [Ru(PPhs),, 1.3; 486, [m - PPhs]™,
18; 471, [M - PPhy - Mel™, 2.4; 457, [M - PPh, — 2Me],

+
3.7; 441, [M - PPhy; - OMe - Me]™, 37; 429, [Ru(PPhs) (CsHs)1 ', 100.

H. Reaction of RuCl(PPhs), (n-CsHs) with HC,SiMe; in Methanol

A suspension of RuCl (PPhj),(n-CsHs) (211 mg, 0.291 mmol)
and HC,SiMes (0.05 ml, 0.361 mmol) was heated at reflux
point for 30 min. The light yellow solution was evaporated
to dryness, the residue extracted with CH,Cl; (ca 2 ml)
and filtered into excess stirred Et,0 giving a light yellow
precipitate of [Ru{C(OMe)Me} (PPhj),(n-CsHs)1[C1l] (25) (187 mg,
82%), m.p. >150°C (dec.). Infrared (Nujol): v(C-0) 1270s;
other bands 1470m, 1438m, 1352m, 1347m, 1186m, 1160w, 1095w,
1030w, 1005m, 1000s, 974w, 930w, 760s, 742s, 700vs cm™'.
'H NMR: §(CDCls) 3.02 (s, 3H, Me); 3.26 (s, 3H, OMe); 4.75

(s, 5H, CsHs); 7.0-7.4 (m, 30H, Ph). FAB MS: 749, [#]1T, 16;

*
735, [M - CHsl, 3; 719, [M - 2Me]™, 12; 691, (M - C(oMe)Me] ™,

* *
7; 625 , [Ru(PPhs),] 1.3; 547, [M - PPh, - 2Me]’, 1.3; 486 ,

*
[¥ - PPhs]™, 3; 471", [M - PPhs - Me]’, 4; 457, [M - PPhs -
2Me]™, 10; 429 [Ru(PPhs) (CsHs)1', 100; 352, [Ru(PPh,) (CsHs)]™,

11.
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I. Reaction of RuCl (dppe) (n-CsHs) with ethyne

(a) in methanol - A suspension of RuCl (dppe) (n—-CsHs)

(118 mg, 0.197 mmol) and NH4PFe (32 mg, 0.196 mmol) was
stirred in HC,H saturated MeOH (10 ml) for 40 h.
Filtration of the solution yielded light yellow crystals

of [Ru{C(OMe)Me} (dppe) (n-CsHs)][PF¢] (26) Concentration

of the supernatant yielded a second crop. (Total
yield 80 mg, 53%), m.p. >200°C (dec.). [Found: C, 53.51;

H, 4.53; ¥ (mass spectrometry),623; C3yH3s5F¢OPzRu requires
C, 53.20; H, 4.60%; ¥ 623]. Infrared (Nujol): v(C-0) 1247s,
v (P-F) 840vs(br); other bands 1438s, 1310w. 1268w, 1180w,
1160w, 1105m, 1095w, 1030w, 1200m, 894s, 828s, 750m, 720w,
700s, 678m, 650w cm~'. FAB MS: 623, [M]+, 100; 593,

[(#¥ - OMe) + H]', 17; 565, [Ru(dppe) (CsHs) 1", 29; 488, [Ru-
(dppe) (CsHs) - Phl™, 3;

(b) in the presence of AgPF, - A solution of RuCl-

(dppe) (n-CsHs) (224 mg, 0.373 mmol) in CH,Cl, (20 ml) was
treated with AgPF¢ (130 mg, 0.514 mmol) giving an immediate
precipitate (AgCl) and a dark red solution. Through this was
bubbled HC,H for 45 min, resulting in a lightening of the
solution colour to pale orange. The solution was concentrated
and filtered through celite into excess stirred Et,0 giving

a pale yellow precipitate of [Ru(n?-HC,H) (dppe) (n-CsHs)]-
[PF,1(22)(111mg,40%), m.p. >100°C (dec.). [Found: C, 48.55;

H, 4.14; ¥ (mass spectrometry) 591 C33H3;;F¢P,Ru requires
C, 53.88; H, 4.25%; M 591]. Infrared (Nujol): v (CH) 3210w,
3158w, vw(C=C) 1750w, v(PF) 841lvs(br); other bands 1440s,
1300m, 1190w, 1140m, 1100m, 1075m, 1000 cm !. FAB MS: 591,

+

(m1%, 19; 565, [m - HC,H]T, 100;
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X-ray structure determination of (24)

General techniques and details given below apply to
the structure of (24), determined by the author.

A suitable crystal (0.50 x 0.18 x 0.50 mm) of
was grown from CDCl,;/#MeOH by solvent diffusion at ambient
temperature and was mounted on a glass fibre using cyano-
acrylate 'super glue'. Lattice parameters were determined
from a least squares fit to the setting angles of 25 high
angle reflection;7on an Enraf-Nonius CAD-4F four circle
diffractometer using graphite monochromated Mok, (A = 0.7107£).
The crystal was found to be orthorhombic with systematic
absences hOO:h=2n; 0kO:k=2n and 001:1=2n uniquely defining
the space group £2:2:2; (D;, No.19).
Crystal data C, ,H,,F¢OPRu of (24), 893.8, orthorhombic, space

group P212:12; (D;, No.19), a = 11.934(4), b = 14.858(4),

o] (o]
c = 22.287(4)A, Vv = 3952(2)A?%, Dcalc = 1.502 g cm™ 3,

Z 4, F(000) = 1824, T = 293(2)K, O range 1.5-25°; of 4300
measured reflections 3219 were found to be unique, with
I 22.50(r), w0.531 mm~?!, absorption correction applied;
maximum and minimum transmission factors 0.860 and 0.794.
Intensity data were measured using a w:20 scan technique

in the range -14<h<0,-17<k<0,-235<1<3 with the
inclusion of some high-angle Friedel pairs. Three reference
reflections (222, 121, 021) were monitored every 3600 sec of
X-ray exposure time to check for crystal and machine
stability; no appreciable variation in the net intensity values
was observed. Data reduction and the application of Lorentz
and polarization corrections were undertaken using the programs

b
PREABS and PROCES . No correction for extinction was made.
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An analytical absorption correction was applied using the
SHELX 76 ugsystem of programs. Reflections with intensities
I<2.5¢0(r) were rejected; while equivalent reflections were
averaged.

The ruthenium atom position was determined from a
Patterson map and the remaining non-hydrogen atoms were
located by means of subsequent Fourier difference maps. The
structure was refined by full matrix least squares procedures
on 247 parameters based on F.qg Phenyl groups were refined
as hexagonal rigid rings (C-C 1.39&) with isotropic thermal
parameters. Anisotropic thermal parameters were employed
for the remaining non-hydrogen atoms; hydrogen atoms were
included in their calculated positions (0.97£). In the
final refinement cycles the weighting scheme, w = [g?(F)+ |g]|-
F?17! was employed and at convergence g = 0.0006 and R = 0.046
for the preferred chirality. Bond lengths, valence angles,
non-bonding distances and their standard deviations were all
calculated using SHELX 76 and diagrams were drawn using PLUTO. All
programs were implemented on the VAX11/785 computing system
at the University of Adelaide. Neutral atom scattering
factors for C, H, F, O and P were those listed in SHELX 76
and those for Ru were corrected for f~ and f”.50
The listings of observed (Fy), and calculated (Fs) structure
factors along with positional and thermal parameters for the

structure are in the appendices.
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INTRODUCTION

Acetylenes occupy a prominent place in organotransition
metal chemistry in view of their ability, in the presence
of transition metals, to undergo an interesting and complex
range of reactions. These can be as simple as ligand sub-
stitution, to give p-acetylene complexes, and as complex as
cyclooligomerisation reactions giving dimers, trimers and
tetramers. In many reactions it is often assumed that
simple m-acetylene complexes act as intermediates in the
formation of more complex products.1

Coordination of an acetylene to a transition metal via
a m-interaction results in two basic structural alterations
to the carbon skeleton, (i) a deviation from linearity
giving a cis-bent structure and (ii) the acetylenic C=C
distance increases by an amount which approximately parallels
the strength of the metal acetylene bonding interaction.2
The extent to which the acetylene is modified on coordination

can be rationalised in terms of the orbital interactions

shown below.

—
(¢}
~—
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On the basis of overlap considerations above the major
contributions to the metal acetylene bond will come
from interactions (a) and (b).l's'H The bonding involves
the synergic action of (a), which arises from donations
from the filled T-orbital in the plane of the metal
acetylene linkage (Wy) to an empty o-type orbital on the
metal, and (b), where back donation of electron density
from filled metal d-type orbitals to the antibonding
counterpart of gy occurs. Important in determining
the extent to which each interaction contributes, is the
metal present, its oxidation state, other ligands attached
to the metal and the electron withdrawing or donating
ability of the acetylenic substituents.1

Interaction (a) predominates in the r—acetylene
complexes of the early transition elements particularly
those in high oxidation states and with electron donating
substituents on the acetylene while interaction (b) is
favoured by the later transition metals and acetylenes
bearing electron withdrawing substituents.l

For some cases it is possible that orbital inter-
actions (c) and (d) make some contribution to metal-alkyne
bonding, involving the 7, andﬂgf orbitals of the C=C
bond.l's'quwever, overlap considerations suggest that
back donation via interaction (d) can probably be neglected
and Otsuka and Nakamura3 suggest that (c¢) can result
in a net increase in bonding if there are suitable empty
d-type orbitals on the metal. This is the case with
early transition metals in high oxidation states whereas

with the later transition metals, with low oxidation

states and full d-orbitals, interaction (c) would have
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3
a destabilising, antibonding effect.

Otsuka and Nakamura3 also point out that the extra
stability gained from a bonding interaction of this type
[(c)] enables the isolation of m-bonded acetylene complexes.
However, with the later transition metals, where the inter-
action becomes non-bonding, complexes containing more than
one 7T-bonded acetylene are rarely isolated1 as the acetylenes
exhibit a greater propensity to undergo cyclisation
reactions.

The destabilising interaction (c¢) results in the
activation of acetylenes by complexation to transition

metals and has been discussed in terms of the n?»n! trans-

formation depicted in equations 1 and 2.

/R
G "\ N :
=l — Je=¢  —— o=6_
G R R R R
\
R
R *
/ i i
—_— — ——— —_— 2
M— [l ,C=C_ ,C=C (2)
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The cationic form (equation 1) is expected to contribute
significantly in complexes where electron donating
substituents are present on the acetylene whereas electron
withdrawing groups will stabilise the anionic form
(equation 2). Intermediates of this latter type are
frequently invoked in reactionsof C,(CF,), and dimethyl-
acetylene dicarboxylate (DMAD) with metal complexes.

A large number of inorganic and organometallic
compounds of transition metals have the ability to cyclo-
oligomerise and polymerise acetylenes.s Cyclooligomeris-—
ation of acetylenes in the absence of metal complexes is
subject to the conservation of orbital symmetry if the
reactions proceed in a concerted manner. Consequently,
formally forbidden thermal cyclisation reactions of
acetylenes are expected to proceed stepwise rather than by
a concerted mechanism.’

An old but interesting example of the ability of
metals to catalyse forbidden pericyclic reactions is the
nickel-promoted cyclisation of acetylenes to give cyclo-
octatetrenes.6 A comprehensive summary of the work in
this area has been recently published as an introduction
to an elegant labelling study of ethyne tetramerisation7
in the presence of Ni catalysts. This study made it possible
to eliminate several mechanistic possibilities, including
those involving cyclobutadiene or benzene intermediates
and mechanisms that randomise alkyne carbons by complete
cleavage of triple bonds. It was concluded that cyclo-
octatetrene formation probably proceeds with either a step-

wise or concerted mechanism of formation. The latter process

involves the nickel atom acting as a template with all four
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acetylene molecules simultaneously boundto the metal
prior to coupling while the former involves metallacyclic
intermediates in which each acetylene unit is added in a

7
distinct step.

Acetylene Oligomerisation

Dimerisation of acetylenes on metal centres frequently
leads to metallacyclopentadiene or cyclobutadiene complexes,
which in some cases have proved to be capable of inter-—

' 8 9
conversion. 7/

Yamazaki and co-workers reported that the metallacycle

(1), which was obtained from the reaction of a monoacetylene

precursor with PhC,Ph, underwent either reductive cyclisation

to the cyclobutadiene (2) or reacted with CO to give a metalla-

~

@
| Ph (2
PhaP™ CO\

Ph Xy il

(1) a \
®

(3)

10
cyclopentadienone (3). They subsequently showed that the mono-

acetylene complex (4) reacted with different acetylenes to
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produce isomeric metallacycles but of the three possible

11
isomers only two were formed (equation 3).

+ MeO,C-C=C-Me  ——n @
|
Co

Equation 3
Co
PhaP™ \
+ Me \\\ Me

Two mechanisms were proposed to account for these features,
one ©of which involved a bis-acetylene complex intermediate
and the other involved a dipolar species (c¢f equation 2).

It was concluded that the former mechanism was most

probable as polar solvents had no effect on reaction rate.11
The regio selectivity observed in such reactions is thought
to be governed by preferential arrangements, allowing for
steric effects, of the two acetylenes in the intermediate
complex.1

Dimerisation of acetylenes need not proceed via a

metallacyclic intermediate. For the formation of substituted

cyclobutadiene complexes from disubstituted alkynes with PdcCl,
14
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Maitlis'? proposed a sequence of coordination, insertion and
ring closure reactions resulting in the formation ofa cyclobutene

intermediate which isomerises to the cyclobutadiene product (5).

R1\ c R‘\ /Cl

PdCl, c | C
; - Ji—pe— —— ||
R'-c=C-R? /C (I;| C
R2 R® PdClI
R'-c=C-R®
R1
1 1 R! |
R\ R R! ) ¢l
—/ .....Cl R \C/
(3+-Pdcl, — - |
S e RQ/C\
R® R? R2 5 C—PdClI
3 |
(5) R
Scheme 1

Cyclotrimerisation to form benzene derivatives
has probably been the most studied of all metal-
promoted reactions of acetylenes and a number of reviews
concerned partly or wholly with the subject have
appeared.SIB’13 Cyclobutadiene intermediates were
initially suggested as possible intermediates in the
cyclotrimerisation reaction but this idea was soon abandoned
becavge iselated cecyclobutadiene complexes do not reactwith-alkyne

15

However, in one case Russian workers obtained the

complex Nb(CO) (n?-PhC,Ph) (n*-C,Ph,) (n-CsHs) (6), from
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the reaction of the bis-acetylene complex Nb(CO)-
(n?-PhC,Ph) » (N-CsHs) with excess PhC,Ph in benzene,
which was found to decompose by releasing Ph¢Cs on
heating. Although the concerted reaction is formally
allowed it has been suggested that a step-wise
oxidative mechanism might be operating in the formation
of (g).16

Otsuka and Nakamurashave suggested that cyclo-
trimerisation proceeds via insertion of the acetylene
into a metal carbon m-bond of an initially formed

metallacyclopentadiene leading to a metallacyclo-

heptatriene (Equation 4). Complexes of this type have
21
been isolated.

B HC=CH — —
—_— \

Equation 4

An alternative view suggested is Diels-Alder addition of
an acetylene to the diene moiety of the metallacyclo-
18
pentadiene generating a bicyclic intermediate (equation 5).

In either case the final step is reductive elimination of

the arene.
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~ HC=CH

Equation 5

It has been assumed that m-coordination of the
acetylene precedes either of the two suggested
mechanisms and this assumption is supported by Collman
and co-workers e who observed that blocking the
vacant coordination site of IrCl{C, (CO,Me),}(PPh,),
with CO, completely inhibited the cyclotrimerisation
of DMAD. More recently,20 the complexes IrMe (CO) (PPhy),
and IrMe (CO) (PPhj) ,{C,(CO,Me) ,}were found to be active
cyclotrimerisation catalysts for DMAD. The mechanism
suggested requires the production of a vacant coordination
site by methyl migration leading to Ir (COMe) (PPhy),{C2-
(CO,Me) , }, (a neopentyl analogue was structurally
characterised) which then rearranges to a metalla-
cyclopentadiene complex. It is notable that the halide
complexes IrX(CO) (PPh,), are inactive for cyclotrimerisatio;?

It was found that the metallacycle Co(C,Me,) (PPh,) -

(n-CsHs) catalyses the cyclotrimerisation of 2-butvne
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according to a rate law consistent with prior dissociation
of the phosphine ligand.18 In contrast, the PMej; analogue
is unreactive towards 2-butyne even at elevated temper-
atures whereas DMAD reacted with Co(CyMe,) (PMe3) (n-CsHs)
to give dimethyl 3,4,5,6-tetramethylphthalate at room
temperature. 1In this latter reaction it was suggested
that a Diels-Alder cycloaddition has occurred which
further illustrates the importance of the nature of

the alkyne in determining the mechanism which operates in
cyclotrimerisation reactions.

Cyclotrimerisation in the palladium systems investi-
gated by Maitlis12 does not proceed via metallacyclic
intermediates. 1Instead he again proposes a sequence of
acetylene coordination and insertion reactions leading to

intermediate (7) which undergoes ring closure via a

cyclopentadiene complex to yield free benzenes (Scheme 2).

_ _ _ . _
Mecl Me (I:,_
Me Me
Z  ||=pdcl _— =3 Pd—
—-— Me | Me
M g Me VR Cl
Me Me
()
Me
Cl
Me Me i
Me” “Me
Me

" Scheme 2
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Dinuclear complexes also undergo a diverse range of

reactions with acetylenes. These include cyclooligomerisations
in which metallacyclopentadienes are again thought to be inter-
mediates. The novel metallacyclopentadiene (8) was isolated

2

from the reaction of cyclooctyne with Co, (CO) g?? and was found

to catalytically cyclotrimerise cyclooctyne.

(CH2)e

pe——

|
/\/‘L”?(?Hz)e

(CO)3Co=———Co(CO),

(8)

Tetramerisation

The Reppe, metal catalysed assembly of acetylenes
into cyclooctatetrane has already been mentioned.
Monosubstituted alkynes are also readily cyclotetramerised,
with both simple and functionalised tetramers available,23
using Ni catalysts.

Metal complexes containing acetylene tetramers are
rarer. Some binuclear complexes have been obtained by
Stone and Knox who found that step-wise addition of

acetylenes to {M(CO),(n-CsHs)}2 (M= Cr, Mo, W) led to

binuclear complexes (9) containing carbon chains constructed
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24
of four acetylene units.

(9: R', R® = H, Ph, CO,Me)

(not all combinations)

A complex similar to (9) was obtained from the
reduction of [Mo(MeCN) (MeC,Me), (n-CsHs)]BF, with
Na[Fe(CO)z(n—CSHS)].Zs Extention of this reaction to
[Mo (NCMe) (n2-Butc,H), (n-CsH;) ] [BF,] *® afforded two

dinuclear acetylene tetramers; [Mo,{p-(o,n%*:n%:n?

A%
CBHuButu)}(n-CsHs)z] (10) and Mo,{u-(o,n%:n?,0-
H=CHButC6H2But3)}(n—CsHs)z] (11) . Both complexes were
characterised crystallographically and (10) was found
to be structurally similar to (9) while (11) was
described as having a vinyl substituted Cg 'flyover'
ligand.

Maitlis and co—workerslz'27found that the reaction

of phenylacetylene with PdCl.?” gave dihydropentalene

organic tetramers (Equation 6).
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Similar organic compounds were also obtained from
the reaction of other terminal acetylenes with the
butadienyl complex (12). The formation of these

organic compounds can be rationalised in terms of an

12
extention of Schemes 1 and 2.
Ph Ph
Ph Ph
PhC,H + PdCl,4 _ +
Ph Ph “Ph Ph
Bu' Cl
R
| R
H Ag+ \
H + RC,H Bu
ve |
S 1
AN N Bu
Pd Bu
7\
S Cl
Me
Equation 6
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Linear oligomerisation

The best characterised system for the di-, tri-,
and tetramerisation of acetylenes by transition metals
is the previously mentioned Pd (II) system of Maitlis.'’
He suggests that the key intermediates are o-butadienyl
complexes, an example of which was obtained from the
reaction of PACl, (PhCN), with ButCZM;f (13) . These

butadienyl complexes are formed by cis insertion of a

previously coordinated acetylene molecule into a PACl bond.

Bu'

Mo / Cl Bu'

Cl Cl
Pd// ~ 7 \\Pd \\\\

Me ‘\\\ ~ //Pd\\
Cl /

Me

e
Cl Cl
Bu' Me

Bu'

The insertion of acetylenes into metal-hydrogen bonds

represents one of the fundamental processes of organometallic

3,29
. 7 . . . .
chemistry. Such insertion reactions may proceed with

either cis or trans addition of the alkyne and it has been
pointed out that determination of the product stereochemistry

is not trivial.3'3o’31A recent reinvestigation of the

insertion of DMAD into the ReH bond of ReH(n-CsHs) » found that

32
the original stereochemical assignments of Dubeck and Schell

were incorrect and that the first formed vinyl complex
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has trans or (2) stereochemistry. A slow isomerisationto cis
stereochemistry was observed at 75°C even in the absence of the
platinum catalyst mentioned in the original literature.32

The ruthenium hydride complex RuH(PPh,) , (n-CsHjy)
(14) was also found to insert DMAD and hexafluorobut—Z—ynegS,sq
affording simple mono-insexrtion products Ru{(E)-C(R)=CH(R) }-
(PPh,) , (n-CsHs) [(15) R=CF,; (16) R= CO,Me, respectivelyl].

In the hexafluorobut-2-yne reaction the acetylene was

also found to oligomerise giving the bis-insertion buta-

. I o
dienyl complex, Ru{C(CF,;)=C(CF,)C(CF4)=CH(CF,) }(PPh,)-

(n-CsHg) (17). Hexafluorobut-2-yne also reacted with

/R

/C

/'
PhsP \\\\
Hw .=~
<|3 CF3

CF,

(17) R =CF3

(18) R=CO,Me

complex (16} to give a butadienyl complex (18) analogous

to (17). 1In this reaction the second acetylene apparently

does not simply insert into the Ru~C bond but instead apparently
inserts into the CH bond of the vinyl ligand of (lg). This

type of insertion has also been observed by other workers.35

To explain this unexpected result an ionic mechanism has

been proposed in which the hydrogen is transferred back

to the metal during the reaction (Scheme 3).
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CF
H 3
Ru R Eu/ |
N N I
& c=—=c. X\
I / N C
PN " |
R Y CF3
H
N /CF3 ) /CF3
C H C
. I ; P |
u C SRR u C
C__—C// CF \\C'__C{/ CF
/ \ ° /77N °
R R R
Scheme 3

Reaction between RuX(PPhj),(n-CsHs) (X= H, Me, or

36
CH,Ph) and HC,R ({(R= CO,Me, COMe, CF; or CgFs) was
also the source of other novel oligomerisation products

containing one, two or three alkyne molecules. Among

the products isolated from the reaction of (L4) with

r Y
HC,CO;Me was the butadienyl complex Ru{C(CO,Me)=C (H)C (H)=C (H)-

(COzMe) } (PPh3) (n-CsHs) (19) and the pentatrienyl complex

Ru{C (H) =C (CO,Me) C (CC ;Me) =C=C (Me) (CO,Me) } (PPhs) (n=CsHs) (20}

CO,Me IH
RN h— O\ o
/ g PhaP™ C
PhsP / \ /
MeO,C~—_ ﬁfﬂl\\ Me :==C==:C\\

C H _~C COMe
| MeO,C
H
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in which the acetylene was dimerised and trimerised,
respectively. The methyl- and benzyl complexes gave
only dimers analogous to (19) in their reaction with
HC,CO;Me. The reaction of HC,CFj; with the methyl complex

RuMe (PPh3) », (n-CsHs) afforded a novel structurally

[
characterised cumulene derivative, Ru{C(CF;)=C(H)C(CFg3)-
1
=C=C=C (H) (CF3) } (PPh3) (n-CsHs) (21) in which the acetylene

was trimerised.

Reaction between alkynes and the chloride bridged

| [}
cyclopalladated dimers {Pd(Cg¢HyNHMe=0) }, (u-Cl), and

| I
{PA(C¢H,NHCMe=NPh) }, (u-Cl) , has also resulted in the

isolation of products in which one, two or three alkynes

37
inserted into Pd-C bonds. Earlier workers had reported

the insertion of hexafluorobut-2-yne into the Ru-C bond
of Ru(C¢HyPPh,) (PPh3), (n-CsHs) in which a bis-insertion

38
product was isolated.
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39
Spanish workers have found that RuHC1 (CO) (PPhj) ;3

(22) readily inserts HC,Ph, HC,(C3H;) and PhC,Ph in

CH,Cl, to give red vinyl complexes RuCl(RC=GHﬁ)(CO)(PPh3)2
(23) (R= H, é = C3H;, Ph; R= R = Ph) in which one phosphine
ligand was eliminated. They later foundqothat complex
(22) reacts readily with activated acetylenes RCgﬁ

(R= CO2Me, CO2Et, COMe and R = H; R=R = CO,Me) giving
mixtures of products, from which complexes containing one,
two or three alkyne molecules could be isolated. Two
types of bis-insertion products were isolated RuCl{HC=C-
(CO2R)C (H) =C(H) (CO2R) } (CO) (PPh3) 2 (24) and Rmnc}—

C=C (H)C (H)=C(H) (COR) ] [C=C(COR) ] (CO) (PPhj3) . (25).

The mono-insertion products were analogous to complexes (23).

i
O¢C\ OOR
\ /C—C\ /H
(PPh3)o(CO)(ROCC,)Ru y =C\
H C(COR
H\ /OOR (25)
=C H

/ N\ /

(PPhs),(CO)(CI)Ru ,0=C_
H OOR

(24)

R= OMe, OEt

b1
Complexes (24) and (25) were believed to derive

from insertion of alkynes into Ru-C bonds of initially
formed vinyl complexes. Support for this was gained from
the isolation of 'mixed' bis-insertion products

Rh C1{MeO (0)CC=£(CO,Me)C(R")=CH (R) } (CO) (PPh3), (26).
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(R°= R=H, Me, Ph; R’= H, R= C,H,, Bu®, SiMe,, Ph)

from the reaction of vinyl complexes analogous to (23)

41
with DMAD.
%mb
O¢C\ ,COMe
\ C=C H
/ N 4
(PPh3),Cl(CO)Ru ,=C
R!
(26)
Structural studies of complexes (23), (24), (25) and

(26) allowed their stereochemistry to be unambiguously
determined and from these it was determined that cis addition
of acetylenes had occurred.

It is interesting to note that in the insertion
oligomerisation reaction so far discussed only acyclic
oligomers have been found except in cases where ketonic
oxygens of ester groups also coordinate to metal atoms.

This acyclic oligomerisation of acetylenes is also
observed in the insertion reactions of terminal acetylenes
(HC=CR) into the Re-C bond of Rel (E)-{CH=CHR}] (n-CHj) ,
which affords butadienyl complexes Rel[ (E,E)-{CH=C(R~)C(H)-
=C(R)(H)}](ﬂ—CsHs)zuz(R,R’=COMe, Co,Me) .

The first part of this chapter describes the reaction
of dimethylacetylene dicarboxylate (DMAD) with RuX(PPh,) ,-

(n-CsHs) (X= C1,I) and the second section describes the

reinvestigation of the reaction between DMAD and RuH (PPh, ), -

(n-CsHs) .
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RESULTS AND DISCUSSION

A. Reaction of Dimethyl acetylenedicarboxylate with some

Cyclopentadienyl ruthenium complexes

(a) RuCl(PPh_),(n-C.H,) - Heating a suspension of

RuCl(PPha)z(n—CsHS) and dimethyl acetylenedicarboxylate
(DMAD), in the presence of NH, PF., in refluxing methanol

for ca 1 hour gave a complex mixture of products. Chroma-
tography allowed the isolation of one major product,
identified by the usual spectroscopic and microanalytical
techniques as RuCl{n"*-CH(CO,Me)=C (CC ,Me)C (CO ,Me)=CH(CO,Me)} -
(n=CsHs) (27). The infrared spectrum of complex (27)
contained strong to medium intensity bands at 1760, 1738,

1710 and 1697 cm !, which were assigned to the v (C=0)
stretching vibrations of the ester groups with the correspond-
ing v(C-0) bands being found at 1283, 1228, 1199 and 1163
cm . The proton NMR spectrum contains five signals: that

at § 5.58 (s, 5H) was readily assigned to the CsHs protons,
and the singlets at &§ 3.87 (6H) and 3.73 (6H) were assigned to
two sets of equivalent CO,Me protons. The two proton singlet
at § 2.00 was assigned to the butadiene protons. A molecular
ion was observed in the FAB mass spectrum of complex (27) at
m/z 488. TIons related to this by the loss of Cl, CO,Me

and (CO,Me + 20Me) were observed at m/z 453, 429 and 391,
respectively. A metal-free (base) peak was observed at m/z

284 and was assigned to [Cq(COzMe)q]+.
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The preceding data are consistent with the structure

shown below.

1
Cl-.. Ru

MeO,C \/ N /—COjlMe

MeO,C COMe

(27)

The only tractable product obtained from a similar reaction
carried out in refluxing toluene was hexamethyl mellitate,
C ¢(CO,Me) ¢, identified by comparison of its spectral
properties (!H NMR, EI MS) and melting point with those
reported in the literature.19
The symmetrical nature of the NMR spectra suggests
E,E stereochemistry for the butadiene moiety. Unfortunately
crystals suitable for an X-ray structure determination
could not be obtained to confirm this assignment.
Complex (27) was obtained in higher yield (60%) from the
reaction of RuCl(n"*-CgH,,) (n-C,H,) and tetramethyl (z,z)-
1,3-butadiene-1,2,3,4-tetracarboxylate in MeOH at 60°C.
The product obtained was shown to be identical (i.r., NMR)

with the complex isolated from the reaction above.

(b) RuI(PPh; ), (h~-C:H.) - A suspension of the iodo-

complex, NH,PF. and DMAD in MeOH was refluxed for ca 10 h
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and the complex mixture obtained was separated by preparative
tlc. Three major products were isolated and identified as
RuI{n"-CH(CO; Me)=C (CO, Me)C (CO,Me) =CH(CO,Me) } (n-CsHs) (28),
Ru(n-CsHs) {n°~CcH(CO,Me) ¢} (29) and tetramethyl (z,z)-1,3-
butadiene-1,2,3,4-tetracarboxylate (30) (Scheme 4.) by
microanalytical and spectroscopic techniques.

In a similar reaction, RuI (PPhj;),(n-CsHs), NH,PF, and
DMAD in MeOH were refluxed for 72 h. An appreciable
amount of solid starting material was recovered by filtration.
From the filtrate, after suitable work-up,
a complex mixture of compounds was obtained. The major products
isolated were (28) (16%), (29) (9%) and a preduct not previously
observed which was formulated as Ru(n-CsHs) {n°-CgH(CO,Me) g}
(31).

The molecular structures of complexes (28), (29) and

(31) were determined unambiguously by X-ray crystallography.

Molecular structure of RuIl{n“-CH(CO,Me)=C(CO,Me)C (CO,Me)=CH-

(COzMe) } (n=CsHs) (28)

A plot of the structure of (28) is shown in Figure 1;
Table 1 collects relevant bond distances and angles. The
coordination about the ruthenium atom can be considered
distorted octahedral with the CsHs group occupying three
positions and the other sites being taken up by the I atom
and the butadiene 1ligand.

The Ru-C(CsHs) distances lie in the range 2.27(3)-
2.14(3)£ (2.20£ av.) These values are within the
ranges found for several other related complexes.hg’qh

The Ru-I distance [2.727(2)&] is close to the Ru-I
length in (R) - [RuI (CO) (PPhjs){n-(s,R,S)-(~)-CsH, neomenthyl }]

o 45
[2.708(1)A].
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©

- + MeO,CC=CCOMe

iﬁu—l
PhsP™ pph,
A | NH4PFg
|© (28) E
/"Ru‘\ + =
H —
R E
E E

+ OPPh,

Scheme 4 E = CO,Me
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C2

Cl4

Cl7

Cle

Figure 1. PLUTO plot of the molecular structure
of RuI{n“-CH(CO;Me)=C (CO;Me)C (CO,Me)-
=CH(CO0:Me) } (n-CsHs) (28)

(by E.R.T. Tiekink)
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Table 1. Selected interatomic parameters for (28)

o
Bond distances (A)

Ru -—— 1 2.727(2) C(l) --- Ru 2.265(33)
C(2) === Ru 2.199(24) C(3) =-- Ru 2.232(34)
C(4) --- Ru 2.173(24) C(5) =--- Ru 2.143(30)
C(6) --- Ru 2.202(21) C(7) --- Ru 2.147(22)
C(8) —--—— Ru 2.145(18) C(9) --- Ru 2.217(25)
C(10) —-—— C(6) 1.519(32) Cc(7) —--— C(6) 1.389(32)
c(11) --- C(7) 1.511(33) c(8) —-—-—=C(7) 1.484(29)
C(12) === C(8) 1.472(34) C(9) =—-= C(8) 1.374(33)
Ru -—— C(CsHs) 2.20(av.) C(1l3) —-=- C(9) 1.528(32)
Bond angles (°)

C(7) - Ru - I 116.8(6)

C(7) - Cc(6) N C(10) 112(3)

Cc(8) . C(9) - C(13) 118(2)

C(6) - C(7) - c(8) 118(2)

Cc(6) - C(7) - C(11) 128(2)

c(8) - C(7) . C(11) 115(2)

C(7) - C(8) - C(9) 116(2)

C(7) - C(8) - C(12) 123(2)

C(9) = C(8) - C(12) 121(2)
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The Cy-carbons [C(6) = C(9)] of the butadiene moiety
lie in a plane and are essentially equidistant from the
ruthenium atom; the dihedral angle between the Cy plane
and the CsHs ring plane is 20.4°. The Ru~butadiene carbon
distances are in the range 2.15(2) - 2.22(3)£ (2.18£ av.)
and are similar to the corresponding interaction in
Ru{C (CO2Me) =C(CO,Me)C(CF3)=CH(CF3) } (PPhs) (n-CsHs) (18)
[2.185(5), 2.171(6)%].55 The other distances in the
butadiene ligand of (28) are C(9) - C(8) [1.37(3)A] and C(7)
- C(6) [1.39(3)&] which are similar to the length of the
coordinated double bond in(;g) [1.428(7)&]. The 'middle'
bond of the butadiene ligand can be considered to be a
single bond [1.48(3)&] and the angles C(9)C(8)C(7) and
C(6)C(7)C(8) [116(2), 118(2)°] are consistent with sp2
hybridiged carbons. Only the ester group attached to C(9)
appears to be coplanar with the butadienyl moiety. The
interatomic parameters for the four ester groups are
similar and will not be discussed further.

Spectroscopic data obtained for complex (28) was in
accord with the determined structure. The nujol infrared
spectrum contained four strong bands corresponding to Vv(C=0)
stretching vibrations at 1762, 1740, 1712s and 1700s cm™ '.
The 'H NMR spectrum of (28) was very similar to that of (27)
and contained a singlet at § 5.57 which was assigned to the
CsHs protons. The other singlets at § 3.85 and 3.66 were
assigned to two sets of equivalent methoxy proton resonances,
integrating as six protons each. The ester groups attached

to C(9), C(6) and C(7), C(8), respectively, in complex (28) appear

to have essentially the same chemical environment and this is
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reflected in the 'H NMR spectrum. The protons attached
to C(9) and C(6) are found to resonate at § 2.02 which
is similar to the analogous butadienyl proton resonance
in (18) (8§ 2.18). These values suggest significant
withdrawal of electron density from the butadiene double
bonds probably coupled with a metal shielding effect.

The low field singlets at 6§ 171.0 and 165.4 in the
13C{'H}-NMR spectrum of complex (28) were assigned to two
sets of equivalent ester carbonyl carbons. The signal at
§ 91.1 was assigned to the CsHs carbons while the nearby
resonance at § 92.8 was assigned to the quaternary
C(8) and C(7) carbons on the basis of its much smaller
relative intensity, which is consistent with the longer
relaxation time expected for these carbons. This value is
considerably up-field from the Ru-C(vinyl) resonances found
for some Ru{C(CO,Me)=CH(CO,Me)} (L),(n-CsHs) complexesu6
(ca § 175). The =CH resonances in these latter complexes
wereat much lower field (ca § 160) than the
analogous resonance in complex (28) (8§ 47.9) this is
consistent with withdrawal of electron density from the
carbons. The methoxy carbons gave two equal intensity
singlets at 6§ 51.7 and 53.4. A molecular ion was observed
at m/z 580 in the FAB mass spectrum of (28). Other ions
related to this by loss of OMe, CO,Me, and I were found at
m/z 549, 521 and 453, respectively. The metal free ion
at m/z 286 was assigned to [Cq(COzMe)qH2]+ and ions
related to this by loss of OMe and CO,Me were found at m/z

255 and 227, respectively.
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The preceding data confirm the structure of (28) and
the similarity of the spectroscopic data to those found
for (27) strongly suggests that (27) has a closely related

structure.

Structures of Ru(n-C.H.) {n5-C.H(CO,Me) .} (29) and

Ru(n-C:H:) {n°-C,H(CO,Me) .} (31)

The molecular structures of complexes (29) and (31)
are shown in Figures 2 and 3, respectively. Relevant
interatomic parameters for both complexes are collected in
Table 2. Complexes (29) and (31) are obviously related
and result from the tri- and tetra-mrerisation of DM2D, and
differ by the replacement of the endocyclic H atom attached
to C(11) in (29) by the -C(CO,Me)=CH(CO,Me) unit in (31).
Coordination about the ruthenium atoms in both complexes
can be considered distorted octahedral with the n°-C¢ and CsHs
ligands in each complex occupying three coordination
positions, respectively.

Least squares planes through the C;H:; rings in complexes
(29) and (31) are 1.83 and 1.84A distant from their respective
ruthenium atoms. The planes bonded by C(6) - C(10) in the
coordinated portion of the n®-C¢ ligands, in (29) and (31),
are found somewhat closer to the ruthenium [1.66 and 1.65£ ’
respectively] than the cyclopentadienyl rings in each complex.
The acute dihedral angles between the planes defined by C(6)-
C(10) and C(6)C(11)Cl0), within the cyclohexadienyl ligands
of (29) and (31), are 47.6 and 55.2°, respectively. 1In
addition the dihedral angles between the n°®-C¢ plane and
the CsHs plane in (29) and (31) are 2.1 and 7.2°. The larger

angles in (31) are probably a result of steric interaction of
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Cl9

Figure 2. PLUTO plot of the molecular structure

of Ru(n-CsHs) {n°-C¢H(CO2Me) ¢} (29)

(by E.R.T. Tiekink)
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Figure 3. PLUTO plot of the molecular structure
of Ru(n-CsHs) {n°-CeH(CO,Me)s} (31)

(by B.K. Nicholson)
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Table 2. Selected bond distances (g) and angles (°) for complexes
(29) and (31) (29) (31)
Ru - C(CsHs) 1 2.201(3) 2.207(2)
Ru - C(CsHs) 2 2.202(3) 2.231(3)
Ru - C(CsHs) 3 2.186(3) 2.216(3)
Ru - C(CsHs) 4 2.174(3) 2.183(2)
Ru - C(CsHs) 5 2. 181437 2.178(2)
Ru - C(o) 2.193(2) 2.154(3)
Ru - C(7) 2.138(2) 2.125(3)
Ru - C(8) 2.181(2) 2.178(3)
Ru - C(9) 2.148(2) 2.146(3)
Ru - C(10) 2.183(3) 2.189(3)
Ru - C(11) 2.773(2) -
c(6) - C(7) 1.429(3) 1.422(4)
c(7) - C(8) 1.444(3) 1.437(4)
c(8) - C(9) 1.451(4) 1.429(4)
c(9)y - C(10) 1.425(4) 1.440 (4)
c(10) - C(11) 1.514(3) 1.529(4)
c(6)y - C(11) 1.511(3) 1.552(4)
Cc(12) - C(13) - 1.333(5)
c(e6) - C(7) - C(8) 117.4(2) 117.3(2)
C(7) - C(8) = cC(9) 118.2(2) 118.4(3)
c(8) - C(9) - c(10) 118.4(2) 118.3(3)
c(9) - C(10) - c(11) 117.5(2) 114.6(2)
C(10) - C(11) - Cc(6) 101.8(2) 97.9(2)
C(11) - C(6) - C(7) 119.2(2) 115.7(2)
C(1l1) - C(12) - C(13) - 125.4(3)
C(12) - C(13) - C(14) - 132.5(3)
C(13) - C(12) - c(16) = 116.1(3)

dihedral angle between
C(1) - Cc(5) plane and
C(6) - C(10) plane 2.1 7.2
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the pendant bis(methoxycarbonyl)vinyl group attached to

C(11) with the rest of the molecule. These latter dihedral
angles may be compared with those of ruthenocene47(0.0°)
and Ru(n—CsHs)[n—CE-,(COZMe)E,]L+8 (1.5°). In this latter
complex the C,(CO,Me;) ring is closer to the ruthenium than is
the C¢Hs ring, the distances from the ruthenium atom being 1.796 and
1.817&, respectively. This phenomenon was also observed
in the previously discussed structure of (28), in which
the plane containingthe butadiene carbons is 0.15£ closer
to the ruthenium than the Cs; plane of the cyclopentadienyl
ring. A possible reason for the closer approach of the Cg
ligand in (28) and (31) is that, in the ligands containing
electron withdrawing CO,Me groups, compensation for loss
of electron density is made by stronger Ru-ligand back
donation thereby shortening the bonds between the metal and
the n’%-C, ligands. The individual Ru-C(CsHs) and Ru-Cs
distances are similar for (29) and (31).

The range of C-C distances found in the CsHs ring of
(4) [1.383(5) - 1-429(5)£] correspond with those in ruthenr_oceneu7
[1.428 - 1-438£]- The C-C distances for the coplanar atoms[C(6)-
CT(10)] vary from 1.425(4) to 1.451(4)£ in (28) and from 1.422(4)
to 1.440(4)£ in (31). The single bond distances to the
uncoordinated rinag carbons are 1.511(3)£ [C(6)-C(11)] and
1.514(3)£[C(10)—C(11)] in (29) and 1.552(4)£[C(6)—C(ll)] and

1.529 (4)A[C(10)=C(11)] in (31).
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The ester group attached to C(11) in (29) is exo-
cyclic with a hydrogen in the endo position which is
replaced by a bis(methoxycarbonyl)vinyl group in complex
(31) . The vinyl proton, attached to C(13) in (31) , was
located in the structure determination and is included in
a fixed position. The vinyl moiety carries the two CO, Me
groups in a mutually trans configuration with the C=C
distance [C(12)-C(13) 1.333(5)%] comparable to that found
in Pt (H){ (z)-C(CO, Me)=CH (CO, Me)} (PBulBut,), " (32)
[1.37(2)&]. The angle C(12)- C(13)-C(14) in (31) is
132.5(3)o with the analogous angle in the platinum
compound being slightly smaller [124.8(8)0].

The ruthenium atoms in (29) and (31) achieve an eighteen
electron configuration by five electron donations from the
CsHs and n®-cyclohexadienyl ligands.

Spectroscopic data obtained for (29) and (31) are in
good agreement with the determined structures and comparison
of the data allows complete assignment.

Their infrared spectra contain very strong broad
absorptions between 1730 - 1700 cm ! which are assigned to
the stretching vibrations of the ester groups v (C=0) with
the corresponding strong vy (C-0)absorptions found between
1210 - 1270 cm *. A weak v (C=C) kand was also found at
1640 cm™ in the infrared spectrum of (31). The methoxy
groups attached to the n°-Cs ring gave signals with relative
intensities 3/9/6 in the 'H NMR spectra of complexes (29)

(6 3.55, 3.84 and 3.76) and (31) (3.52, 3.59 and 3.76),
respectively.

The two methoxy resonances of the -C(CO,Me)=CH(CO,Me)

group attached to C(11) are found at § 3.80 and 3.81 in the
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proton spectrum of (31) with the endo-proton of complex
(29) giving a resonance at § 4.54. Signals at § 5.04
and 5.15 were assigned to the cyclopentadienyl protons
of (29) and (31), respectively.

The 1° C{1H} NMR spectrum of (29) contained resonances
for the methoxy carbons at § 51.6, 52.1 and 53.0 and the
exo—-carbon C(11l) resonance was found at § 42.4. The
signal at & 84.5 was assigned to the C;H; carbons. Of
the remaining ring carbons only C(6), C(10) and C(7),C(8),
C(9) are likely to be in similar chemical environments
and therefore the signals at § 87.8 and 94.9 were assigned
to these carbons, respectively. The three low field
resonances at 166.5, 167.1 and 171.7 were assigned to the
carbonyl resonances of the ester groups.

The FAB mass spectra of (29) and (31) contained
molecular ions at m/z 594 and 737 ([ + H]+) respectively,
and ions related to these by loss of OMe and CO,Me at m/z
535 and 677 ([¥ - CO,Mel’). The ion at m/z 477 in the
FAB spectrum of (29) was assigned the formula [Ru(C H.)-

{C¢H, (CO,Me),}] from which was observed the sequential loss

of four "C,H,0," groups giving an ion at m/z 244 assigned

to [Ru(CsHS)(CGHe)]+h Both these cations can be assigned

stable 18e configurations. A similar effect has been

observed in the FAB mass spectrum of Ru(n—CsHs){n-Cs(COzMe)s}.50
Loss of C,H, was observed from the ion at m/z 244 giving

a peak corresponding to [Ru(CSHs)]+. The ion at m/z 594

in the FAB spectrum of (31) can be related to the parent

ion by loss of C, (CO,Me),.

The butadiene (30) isolated from the reaction of
RuI (PPh,), (n-C5Hg) and DMAD was identified by comparison of

51
its spectral data (EI MS and 'H NMR) with literature values.
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A small amount of OPPh, was also isolated from the reaction.

The formation of (31) containing a vinyl cyclo-
hexadienyl ligand to the author's knowledge represents
an unprecedented tetramerisation of DMAD on a mononuclear
ruthenium centre.

The reaction of RuI(PPhs;) . (n-CsHs) ,C, (CO,Me), and
HPF¢ *OEt, in MeOH at reflux gave a complex mixture of products.
After suitable work-up, one of these products was readily
identified as complex (28) and the only other compound
isolated was the organic species Cg (CO,Me) .

The mechanism for the formation of (27), (28), (29)
and (31) is still unclear and is obviously complex judging
from the numerous trace bands obtained after thin layer
chromatographic separation of the product mixtures obtained
in these reactions.

It appears that complex (28) is formed independéntly

of complexes (29) and (31) , because (29) and (31) are not

formed from the reaction of (gg) with excess DMAD.
12

Maitlis and co-workers have previously described
the tri- and tetramerisation of DMAD on palladium systems
such as PdCl, (PhCN),. The proposed mechanism (Scheme 5)
features step-wise addition of acetylene molecules and
provides a route for the formation of possible tetramers
and acetylene cyclotrimerisation products. The first stage
[step (a)] is the formation of a = acetylene complex,
followed by cis-ligand insertion step (b). The further
reaction of these vinyl intermediates is by fast step-wise
cis—addition into Pd-C bonds; oligomerisation proceeds

in this way [step (c)]. Maitlis determined that the extent
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Tetramers

Scheme 5
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of this reaction was governed by the size of the acetylenic
substituents. Bulky substituents, e.g. phenyl, cause the
reaction to cease after two acetylenes have added and lead
to processes like step (d). For smaller substituents (e.g.
methyl) three or four acetylenes can be incorporated before
rearrangement or decomposition reactions [e.g. step (e)]
become fast with respect to further oligomerisation.
Products obtained from the reaction of PdCl, (PhCN),

and DMAD in methanol include the complex

CHR
\/Pd\ E
E
\CI /
E
E E 2

. 52
together with HC; (Co,Me) ; and Cs (CO,Me) (.
It is also interesting to note that DMAD tetramerizes

spontaneously to give the cyclopropenyloxanorbornadiene

53
compound below,
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The reaction of Ru{C(CO;Me)=C(C0O,Me)C (CO,Me)=CH(CO,Me) -
(PPhs) (n-CsHs)  (33) with #C,But gave a structurally character-

54
ised product analogous to (29).
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(c) RuH(PPh;).,(n-CsHs) (1l4) - Reactions between

the hydride complex and alkynes have given a number of
interesting products, including vinyl, butadienyl, and
cumulenyl complexes.gq Two complexes were reported to
have been obtained from the reaction of DMAD and RuH (PPhj) -
(n—CSHS):au the 1:1 adduct Ru{ (E)C(CO,Me)=CH(CO,Me) } (PPhj) ,-
(n-CsHs) (16) and the chelate complex Ru{C (CO,Me) =CHC (0) -
OMe } (PPh4) (n=CsHs) (34). For (16) the assignment of
geometry was not clear cut, but on the basis of a small
value of J(PH) (ca 7Hz) found for the vinyl proton, and
the ready conversion to (34), the trans configuration was
originally preferredaq (for the following discussion, cis
and trans refer to the mutual configuration of the two
CO,Me groups). However, it was recognised that the stereo-
chemistry of the isolated complex was not necessarily the
initial stereochemistry, since a facile isomerisation might
have occurred. 1In this regard it is relevant to recall that
the first formed trans adduct of DMAD with ReH(n-CsHs) ,
isomerises on heating in benzene.32

A reinvestigation of the reaction between DMAD and
RuH (PPh;) , (n-CsHs) (14) was undertaken. The original
preparation of Ru{C(CO,Me)=CH(CO,Me) }(PPhj),(n-CsHs) (16)
was carried out in diethyl ether for 5 h and gave over
90% isolated yields. In contrast, reaction in refluxing
benzene for 40 min afforded four products (Scheme 6):
complex (16), the cyclic vinyl complex (34), yellow
Ru{C(CO,Me)=C (CO,Me)C(CO,Me)=CH(CO,Me) } (PPh;) (n-CsHs) (33)
and the PPh,;/DMAD adduct (35). The new complex (33) was
identified by elemental microanalysis and spectroscopic data.

Full stereochemical characterisation was achieved by a

single crystal X-ray study.
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RuH(PPhg),(n-CsHs)  +  Co(COMe),

benzene | A, 40 min

) H
E
+
i@? (16)
PhgP—RU M
3T/ Nc=¢
PhsP / Ne
+
‘ G
/Ru\d—*"'”'é (33)
PhaP”  c=c” OE
\
£ H
+
Ph\P/Ph
e AN
| E (35)
E E

Scheme 6 E = Cone
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Structure of Ru{C(CO,Me)=C (CO,Me)C(CO,Me)=CH(CO, Me) -

(Pphq_) (T]_CI:H:_) (33)

The structural study confirmed the 1,3,4-n°-butadienyl
structure, a diagram of which is given in Figure 4
(see also Table 3).

The ruthenium atom is coordinated by the CsHs group
[Ru-C (CsHs) 2.207(6) ~ 2.247(7)A, av. 2.228A], the PPh,
ligand [Ru-P 2.346(2)%], and the butadienyl group, which
is attached by the o-bonded carbon [Ru-C(6) 2.060(6)&] and
the 'outer' C=C double bond of the butadiene [Ru-C(8)
2.189(6), Ru-C(9) 2.194(6)&]. These distances may be compared
with those found in (17), Ru{C(CO,Me)=C(CO,Me)C(CF3)=CH(CFs)}-

(PPhs) (n-CsHs) (18) and Ru{C(Ph)=C(Ph)C (Ph)=CH(Ph) }-
{P(OMe) 3} (n-CsHs) (36) (Table 4). No significant differ-
ences were found.

Spectroscopic data obtained for complex (33)were in
accord with the determined structure. Strong v(C=0) bands
were found at 1716 and 1699 cm ! in the infrared spectrum,
with a weak band assigned to a v(C=C) vibration at 1585 cm™ .
The H and B¥C{!H} spectra were readily assigned, the former
containing three sharp singlet resonances between ¢ 3.13 -
3.80 with relative intensities 3/6/3, assigned to the OMe
groups, together with a vinyl proton resonance at § 2.22,
which is coupled to a single 3*'P nucleus. The !3C{'H}

NMR spectrum shows four resonances between § 50.7 - 52.1
which were assigned to the methoxycarbons with the
resonances at § 45.4 and 62.8 assigned to C(8) and C(9),
respectively. A singlet was found for the cyclopenta-
dienyl carbons at § 89.5 with the Ru-C(6) signal being
found, characteristically,at & 162.5 [d, J(PC) 16Hz].

The methoxycarbonyl resonances were found at ¢ 172.6,
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(COzMe)=CH(C02Me)}(PPh3}(n-CSHS} (33)
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Selected bond lengths and valence angles

for Ru{C (COsMe)=C (CO2Me)C (CO2Me) =CH (COMe) }-

(PPhj3) (N—-CsHs)

o
Bond distances (A)

Ru(l) - C(1)
Ru(l) - C(2)
Ru(l) - C(3)
Ru(l) - c(4)
Ru(l) - C(5)

Ru(l) - C(cp){av)

Ru(l) - P(1)
Ru(l) - C(6)
Ru(l) - C(7)
Ru(l) - C(8)
Ru(l) - C(9)

Bond angles (°)

P(1l) - Ru(l) -
P(l) - Ru(l) -
P(1) - Ru(l) -
c(6) - Ru(l) -
c(6) - Ru(l) -
Ru(l) - p(1) -
Ru(l) - P(1) -
Ru(l) - P(1) -

DN NDNDNNDNDDNDDNDNDN

c(6)
c(8)
c(9)
c(8)
C(9)

c(18) 119.

.207(6)
.219(6)
.247(7)
.225(7)
.243(7)
.228

.346(2)
.060 (6)
.663(6)
.189(6)
.194(6)

88
117
88

64.

84

C(29) 117

C(35) 111.

(33)

-9(2)
.7(2)
.1(2)
6(2)
.7(2)
0(1)
.0(1)
5(2)

P(1)
P (1)
P (1)
c(e)
c(6)
c(7)
c(7n
c(8)
c(8)
c(9)

Ru (1)
Ru(l)
c (o)
C(6)
c(7)
C(7)
Cc(8)

Cc(18)
C(29)
C(35)
c(7)

C(10)
C(8)

c(12)
C(9)

c(14)
C(16)

c(6)
c(6)
c(7)
c(7)
c(8)
c(8)
c(9)

1.833(4)
1.839(4)
1.835(4)
1.36(1)
1.48(1)
1.52(1)
1.43(1)
1.42(1)
1.50(1)
1.50(1)

c(7) 100.
C(10) 132.
c(8) 104.
C(12) 131.
Cc(9) 117.
C(14) 114.
c(1e) 122.

4(4)
2(5)
7(5)
6(6)
7(6)
4(6)
3(6)



Table 4

Some structural parameters

for na—butadienylruthenium complexes

R1
l 1
R1
Ru/c\cz/
l
H\
NP N
I
R2
|_..\
'_l
W
Complex (33) (17) (18) (36) ‘
R; CO,Me CF 3 CO,Me Ph
R COMe CF3 CF3 Ph
Bond distances (g)
Ru-C (1) 2.060 (6) 2.05 2.082(1) 2.070(7)
Ru-C(3) 2.189(6) 2.16 2.185(5) 2.248(7)
Ru-C (4) 2.194(6) 2.19 2.171(6) 2.253(7)
Cc(1)-C(2) 1.355(9) 1.33 1.348(7) 1.330(9)
C(2)-C(3) 1.515(8) 1.51 1.509(8) 1.509(9)
C(3)-C(4) 1.421(9) 1.42 1.428(7) 1.418(10)
Bond angles (deg)
Ru-C(1)-C(2) 100.4(4) a 99.4 a
C(1)-C(2)-C(3) 104.7(5) a 105.5(4) a
C(2)-C(3)-C(4) 117.7(6) a 117.2(4) a
Reference This work [33] [55] [57]'

4 Not available.
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173.0 and 174.4. The FAB mass spectra of (33) gave a
molecular ion at m/z 714 and ions related to this by
loss of MeOH and CO,Me were also found at m/z 682 and
655, respectively.

Compound (35) was identified as the yellow 1:2
adduct of PPh, with DMAD by comparison with an authentic
sample prepared as described by Johnson and Tebby.56

The formal insertion of two alkyne molecules into
Ru-H or Ru-C bonds was first observed in the previously
mentioned reaction between RuH(PPhs)z(n—CSHS) and CZ(CFg)zsq
and subsequently in the addition of DMAD to RuMe (PPh;),-

(n-CsH,) generating the butadienyl complexes (17) and

(37) , respectively.

(37; E = CO,Me)

Complex (33) was not observed in the initial studies
of the reaction between the hydride and DMAD, although,
as we have now shown, it can be isolated as a stable
yvellow crystalline solid if the reaction conditions
are modified. It has been shown previouslysq that the
vinyl complex (16) reacts with C,(CF,), to give the mixed

insertion product (18), where the entering alkyne has

apparently inserted into the vinylic C-H bond of (16)
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in contrast to the Ru-H or Ru-C insertions discussed earlier.
The related tetraphenylbutadienyl complex (36) was obtained
from the reaction of the o¢,n?(5e)-butadienyl [Ru=C(Ph)-n3-
{C(Ph)C(Ph)CH(Ph) } (n-CsHs) ] (38) with the two electron donor

P (OMe) 5.’

P(OMe)a
Ru Ph Ru
. P(OMe)s -
- Ph

Ph Ph

Stereochemistry and isomerisation of the MC(CO,Me)-

=CH (CO,Me) group

The chief interest in these reactions was the configur-
ation of the attached 1,2-bis(methoxycarbonyl)ethenyl gioup
of (16) and methods for the determination of stereochemistry
of these groups were sought, without recourse to X-ray
structural studies.

Complexes related to (16) had been prepared previously
by the reaction of RuH(L-L) (n-CsHs) [L-L=dppm,dppe] with
DMAS6 which afforded the yellow complexes Ru{ (C(CO,Me)-
=CH(CO,Me) } (L-L) (n=C4Hs) [L-L = dppm (39), dppe (40)1.

46

Similarly, the osmium analogue of (16)was prepared.

The molecular structure of (ég) was determined and it was
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clear that the two CO,Me groups were in a mutual cis
configuration.
Conversion of complex (16) into complex (34) was
originally achieved by thermolysis, with concomitant loss
of PPhg.3L+ It was found that addition of Mel to a
solution of (16) in refluxing toluene rapidly gave a
white precipitate of [PMePh3]I; the resulting red
solution gave (34) in > 80% yield, after chromatography.
This represented a considerable improvement in the yield.
The carbonylation of (34) under mild conditions
(12.5 atm, 100°C, 2 h) gave a yellow solution from which
was obtained, after suitable work-up,
a complex readily formulated as Ru{C (CO,Me)=CH (CO ,Me) }-
(CO) (PPhs) (n-CsHs) (41), from its spectroscopic properties.
An isomeric yellow compound (42) was obtained from the
carbonylation (40 atm, 110°C, 21 h) of (16) in a MeOH/CH,C1,

mixture. (42) was found to have different spectroscopic

properties (cf v(C=0) 1954 cm™' (41); v(C=0) 1940 cm™

(42) 1. @ @

H
K IC\ cO i T’
u P Ru C—
e I s L Y NF come
PhaP | oc (l)OgMe
(16) (42)
@ on ©
I [} COQNE
“Ru Ru /
~
Pth/ AN O\C—H co PhsP// .
N <
(34) X (41) A

Scheme 7
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The monocarbonyl complexes (41) and (42) provided the
opportunity to see whether spectroscopic differention could
be made between cis and trans isomers (Scheme 7) as the
stereochemistry of complex (41) was unambiguously determined

by X-ray crystallography.

Molecular structure of Ru{(z)-C(CO2Me)=CH (CO;Me)} (CO) (PPh3) -

(T]_CSHs) (_[Ll.)

A molecule of (41) is shown in Figure 5 (see also Table
5). The vinyl group has mutually trans - CO,Me groups
and this was expected as (41) was obtained from the opening
of the chelate ring in complex (34). Coordination of the
ruthenium atom to the vinyl group [Ru-C 2.080(8)&], a Co
ligand [Ru-C 1.847(7)A], the PPh; ligand [Ru-P 2.310(2)A]
and the n-C;H; group [Ru-C(CsHg) 2.250 - 2.264(7) or 2.258%]
is unexceptional and as found in previously discussed
structures, the ruthenium coordination is distorted octahedral.

Comparing the structure of (41) with the structures of

46
some related molecules such as (40), Pd{ (g)-C(CO,Me)=CH-

(CO,Me) } (C,Ph) (PEt,), (43), Pt (C¢H,PPh,){ (£)~-C(CO,Me)=CH-
59
(Co,Me) } (PPh,) (44), RuCl{(z)-C(CO,Me)=CC1l(CO,Me)} (CO) ,-

(PPha)z(ggff trans PtH{ (z)-C(CO,Me)=CH(CO,Me)} (PBulBut,),
(32), or [N(PPh,),] [Pt{(r)-C(CO,Et)=CC1(CO,Pri)}cl, (CO)] (46)
(Table 6) it is evident that there are no significant
differences in the C(CO,Me)=CH(CO,Me) groups.

fhe structure determination unequivocally established
the configurations of the vinyl ligand in complex (41).
Furthermore, since the carbonylation of (16), and the

62

reaction between RuH(CO) (PPh,) (n-C:Hs) and DMAD both

afforded (42), it is likely that cis addition of the metal

61
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c28

c30

Figure 5. PLUTO plot of the molecular structure of
Ru{ (z)-C(CO,Me) =CH (CO,Me) } (CO) (PPh,) -

{(n-CsHs) (41) (by M.G. Humphrey)



Table 5.

[+]
Bond lengths (A)

Selected bond lengths and bond angles for
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Ru{ (2) -C (CO,Me) =CH (CO,Me) } (CO) (PPh3) (N-CsHs)

Ru(l)
Ru (1)
Ru (1)
Ru{l)
Ru (1)
Ru(1l)
Ru (1)
Ru (1)

c(19)
C(20)
C(21)
C(22)
C(23)

C(cp) (av.)

C(24)
P (1)

Bond angles (°)

P (1)
P(1)
C(24)
Ru (1)
Ru(l)
Ru (1)

i

Ru(1)
Ru(l)
Ru(l)
P (1)
P (1)
P (1)

1

C(24)
C(25)
C(25)
c(6)

C(12)
C(18)

2.256(5)
2.250(7)
2.255(6)
2.263(7)
2.264(8)
2.258

1.847(7)
2.310(2)

85.0(2)
94.7(2)
93.1(3)
119.8(2)
113.9(2)
113.5(1)

Ru (1)

P (1)
P(1)
P(1)
0(1)

C(25)
C (25)
C(28)

Ru (1)
Ru(l)
Ru(l)
C(26)
C(25)

- C(25)
Cc(6)
c(12)
c(18)
C(24)
C(26)
C(28)
Cc(29)

1

1

c(24)
C(25)
C(25)
c(25)
C(28)

0(1)

C(26)
C(28)
C(28)
C(29)

(41)

HRPRREPRPRRHEN

.080(8)
.822(4)
.837(4)
.829(5)
.151(8)
.49(1)
.37(1)
.46 (1)

174.
114.
133.
111.
124.

6(7)
7(6)
2(5)
5(7)
6(7)



Table 6

Stereochemistry of some M{c (Co,Me) =CX (CO,Me) }groups

3
MeO,C COMe MeOLC, |
N 27/ c—c
/S 4

M M COMe

(A) cis (B) trans
Complex (40) (43)a (44) (45) (41) (32) (46)
M Ru Pd Pt Ru Ru Pt Pt
X H H H Cl H H Cl
Configuration A A A A B B B
Bond lengths (g)
M-C (1) 2.07(1) 2.05(2) 2.026(8) 2.16(2) 2.080(8) 2.086(12) 1.97(2)
C(l)-C(2) 1.43(2) 1.38(2) 1.337(12) 1.41(3) 1.373(10) 1.37(2) 1.31(2)
C(1)-C(3) 1.47(2) 1.48(2) 1.508(13) 1.49(3) 1.494(9) 1.50(2) 1.56(3)
C(2)-C(4) 1.53(2) 1.48(3) 1.480(13) 1.49(3) 1.462(10) 1.49(2) 1.51(3)
Bond angles (deg)
M-C(1)-C(2) 126.1(10) 94.5(5) 126.7(7) 129.9(14) 133.2(5) 129.9(5) 129.9(11)
M-C (1) ~-C(3) 113.7(10) 91.7(4) 122.8(6) 114.7(15) 114.7(6) 117.9(5) 112.6(9)
C(3)-C(1)-C(2) 120.1(11) 123(2) 120.5(8) 114.5(18) 111.5(7) 111.8(8) 117.4(9)
C(l)-Cc(2)-Cc(4) 124.3(13) 121(2) 126.4(9) 122.1(14) 124.6(7) 124.8(8) 124.4(8)
C(1)-C(2)-X - - - 122.4(16) - = 125.8(10)
C(4)-C(2)-X - - - 115.4(17) - - 109.8(8)
Reference {46) (58) (59) (60) this work (49) (61)

a
Average of two values

0cT
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hydride occurred and that (42) is indeed the cis—isomer

of (41). Although the synthesis of (42) had been
reported62 previously only the 'H NMR data was published.
Therefore a full characterisation was undertaken including
obtaining 'H NMR and ®C{'H} NMR data for comparison with
those obtained for the new complex (41). Tables 7 and 8
contain 'H and BC{'H}-NMR data for complexes (41) and

(42) relevant to the following discussion in comparison

to data obtained for similar complexes. Other resonances
and assignments for (41) and (42) are in the experimental
sections of this chapter.

The 'H NMR spectra for complexes (41) and (42)
show similarities. 1In the cis-isomer, the vinyl CH
resonance is at higher field than in the trans-isomer
because of the shielding effect of metal electron density;
the observed values are § 5.33 and 6.60, respectively.

The magnitude of the J(PH) coupling is also different,
having values of 2 and 1 Hz, in (41) and (42), respectively;
the trans coupling in other compounds containing the

PC=CH moiety is usually twice the cis—couplings.3 The
chemical shifts of the two OMe resonances are found to
differ by only ca 0.02 ppm in the cis-isomer, compared

with ca 0.8 ppm in the trans-isomer; this is consistent
with the CO,Me groups being in more similar environments

in the former complex. There is also observed a separation
of the two OMe resonances of ca 0.3 ppm in the chelate
complex (34).

The '3C{'H} NMR spectra of the isomeric

complexes also show differences in the CO,Me resonances.



Table 7

1y NMR spectra (CDClsz) of some MLL’{C(COZMe)=CH(C02Me)}(n—CsHs) complexes

MLL Configu- Chemical shifts (ppm)a
ration COoMe CH= CsHs
bRu(PPh3)2 (lé) cis 3.27s,3.96s 4.55s 4.15s
bOs(PPhs)z cis 3.25s,3.95s 4.75t 4.30s
(1.0)
bRu(dppm) (39) cis 3.15s,3.25s 5.00s 4.80s
(=)
bRu(dppe) (40) cis 3.19s,3.52s 4.29s 4.44s
(=)
“Ru(CO) (PPh3)  (41) trans 2.88s,3.66s 6.60d 4.98s
(2.0)
“Ru(CO) (PPh3)  (42) cis 3.55s5,3.57s 5.33d 4.98s
(1.0)
Pru (cNBut) (PPhs) cis 3.55s,3.58s 5.60d 4.80s
(2.0)
bRu(PPhg) (34) trans 3.21s,3.49s 6.20d4 4.41s
(chelate) (2.5)
bOS(PPha) trans 3.30s,3.45s 5.90d 4.65s
(chelate) (1.0)
87 (HP) (Hz) in parentheses. bRef.49 ®This work

RAAN



Table 8

13¢ NMR spectra (CDCls) of some RuLL”{C(CO;Me)=CH(CO,Me) }(n-CsHs) complexes

LL Config- Chemical shifts (ppm)
uration COo2Me CsHs CH= Ruc?é COsMe
b(PPh3)3 (16) cis 49.51s, 86.25s 163.0s 182.2t 182.5s
50.31s (16)
bdppm cis 50.05s 85.6s 162.45s 191.9t 181.45s
(0.5)
c(CO)(PPh3) (41) trans 49.9s 87.45s 168.65s 172.748 178.25s
50.25s (11) 178.4s
c(CO)(PPhg) (ég) cis 50.5s 87.95s 162.3s 176.6d 179.65s
(13)
P (cnput) (PPh3) cis 50.0s 84.95s 162.45s 137.054 180.4s,
50.3s (44) 186.7s
bPPh3 (34) trans 50.55s, 77.25s 116.25s 179.14 176.4s
(chelate) 50.6s (17)

aJ(CP)(Hz) in parentheses. = Ref. 46 ¢ This work

"gel
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In the cis isomer (42), both groups are accidentally
equivalent, with OMe and CO resonances at 50.5 and
179.6, respectively, whereas in the trans isomer (41)
two sets of resonances are found, at ¢ 49.9 and 50.2,
and 6 178.3 and 178.4, respectively. Other resonances
are readily assigned to CsHs (§ 88.0 and 87.5 ppm,
respectively), CH (8 162.3 and 168.7), RuC(S§ 176.6
and 172.7) and Ru-CO carbons (204.7 and 205.0). The
metal-bonded carbons show 11-13(Ru-C) or 21 Hz (Ru-CO)
coupling to phosphorus.

It is evident that the effects of differing geometry
of the vinyl ligand on the NMR spectra are subtle, and

of limited use in assigning the stereochemistry unless

both isomers are available for study.

The isomerisation reaction. Conversion of (16) to (34)

It was previously suggested that the initial cis
adduct might transform into the trans isomer by virtue
of a partial withdrawal of electron density from the C=C

double bond on to the B-ester carbonyl group (Scheme 8). .

COoMe CoMe
- /
Ru C\ /CNb Rut=—C /CNe
N ¢ - / o
PhsP /- N\ PhP /N
H O H &)
-[PMePhgl
CoMe

Scheme 8. One PPhj; and CsHs ligands omitted for clarity.
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The reduction in C=C bond order would allow rotation of
the CH(CO,Me) group about this bond, a possible driving
force being the extra stability derived from chelation
of the ester carbonyl group.

The isomerisation proceeds quite slowly on heating,
but the reaction is accelerated by addition of Mel to
the solution of complex (16). In this way, the displaced
PPh, ligand is removed as [PMePh3]I, which separates from
the solution, and the possibility of a competing reaction
involving recoordination of the phosphine ligand is

lessened.

Preparation of some complexes containing 1,1 -bis(diphenyl-

phosphino) ferrocene (dppf)

The ready exchange of the two PPhj ligands in RuCl (PPhg) »-
(n-CsHg) for dppf occurred in refluxing benzene, (16 h);
orange crystals of RuCl (dppf) (n-CsHs) (47) were formed,
which were characterised by elemental microanalyses and
conventional spectroscopic methods. In particular, the !H
NMR spectrum contained five resonances between § 4.03 and.-- -
5.18 of relative intensities 2/5/2/2/2 assigned to ring
protons of the three cyclopentadienyl groups. The EI mass
spectrum contained a parent ion at m/z 756, which fragmented
by loss of HCl and Cg¢Hs, while the relatively strong
doubly charged [M]zl+ and [M - Cl]2+ ions were also present.

Conversion of the chloro complex (47) into the
hydrido complex RuH (dppf) (n-CsHs) (48) was achieved by
treating it with NaOMe in methanol which is a well known

6L

route into hydride complexes. This complex was fully

characterised by an X-ray diffraction study.
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Structure of RuH(dppf) (n—-CsHg)  (48)

The unit cell of (48) consists of two discrete molecules;
no intermolecular contacts are shorter than normal van der Waals
separations. Figure 6 (see also Table 9) shows a plot of
one of the two independent molecules, which differ from one
another only in the orientation of the phenyl rings. The
ruthenium is in a distorted octahedral environment, being
coordinated by the cyclopentadienyl group [Ru-C(CsHs)
1.198(20) - 2.242(19), av. 2.217£ (molecule 1); 2.226(14) -
2.275(16), av. 2.242£ (molecule 2)], the dppf ligand [Ru-P
2.263(4), 2.246(3)£ (molecule 1); 2.258(3), 2.265(3)£
(molecule 2)] and the hydride ligand. The hydride ligand
was not located unambiguously, although two residual electron
density peaks were located in positions approximately cis
to the chelating phosphorus atoms.

The geometry of the dppf ligand is of interest, and may
be compared with those found in Mo (C@) , (dppf) (gg)isNiBrz—

65 66
(51) , NiCl, (dppf) (52) and the

65
(dppf) (50), PACL, (dppf)

66
uncoordinated ligand, dppf (53). These previous studies

have noted that the steric requirements of the various metal
atoms lead to differences in the ring tilt, phosphorus atom
separation and conformation. In (48), the angle between

the ring plane normals is 4.9° (6.3° in molecule 2) [(49) 2.2,
(50) 6.2, (51) 4.5, (52) 6.2°, (53)0.0°], while the P....P
distances in the two molecules of (EE) are 3.43 and 3.55£
[(49) 3.78, (50) 3.57, (51) 3.45A], with the P-RuP angles
99.1(1) and 95.5(1)° (49) 95.3, (50) 102.5, (52) 105.0,

(51) 98.0°). 1In (48) , as expected, the distortions more
nearly approach those found in the octahedral molybdenum

complex, rather than those found for tetrahedral nickel

complexes or square-planar palladium; in all cases, the
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Figure 6. PLUTO plot of molecule 1 of RuH (dppf) (n-CsHs)

(48) . The metal bonded hydrogen is shown at
the location of residual electron density in

the difference map (by M.R. Snow and E.R.T. Tiekink)
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Selected interatomic parameters for one

(N-CsHs)  (48)

(=]
Bond lengths (A)

Ru(l) - P (1)
Ru(2) - P(2)
Ru(l) - C(1)
Ru(l) - C(2)
Ru(l) - C(3)
Ru(l) - C(4)
Ru(l) - C(5)
Fe(l) - C(06)
Fe(l) - C(7)
Fe(l) - C(8)
Fe(l) - C(9)
Fe(l) - C(10)

Bond angles (°)

P (1) Ru(l)
Ru(l) - P (1)
Ru(l) - P(1)
Ru(l) - P(1)
Ru(l) - P(2)
Ru(l) - P(2)
Ru(l) - P(2)
c(1l6) - P (1)

.263(4)
.246(3)

2

2

2.24(2)
2.21(1)
2.22(1)
2.22(2)
2.20(2)
2.01(1)
2.02(2)
2.04(2)
2.04(1)
2.06(9)

P(2)

C(10)
c(1l6)
C(22)
c(11)
C(28)
C(34)
C(22)

99.
124.
113.
115.
118.
118.
111.

98.

128.

1()
4(4)
4(3)
9(3)
9(4)
7(2)
5(3)
3(3)

Fe(l) -
Fe(l) -
Fe (1) -
Fe (1) -
Fe (1) -
P(1) -
P(1y -
P(1) -
P(2) -
P(2) -
P(2) -

c(1ie)
c(22)
C(28)
C(28)
C(34)
P (1)
P(2)
C(10)

c(11)
c(12)
C(13)
C(14)
Cc(15)
C(10)
C(1e6)
C(22)
C(11)
Cc(28)
C(34)

- P(1)
- P(1)
- P(2)
- P(2)
- P(2)
- C(10)
- C(11)
- Fe (1)

I

HFRPHEFRRPRRPOODNOON

.03(2)
.01 (1)
.05(1)
.06(1)
.02(2)
.80(1)
.873(8)
.875(9)
.81(1)
.865(8)
.87(1)

C (10)
C(10)
C(34)
C(11)
Cc(11)
Fe (1)
Fe (1)
c(11)

molecule of RuH(dppf)-

101.

99

7(5)

.0(5)

99.
103.
101.
124.
122.
107.

6(4)
8(5)
4(5)
7(8)
9(5)
5(5)
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the geometries are more Or less distorted from ideal to
accommodate the steric requirements of the various
ligands.

The spectroscopic data obtained for (48) were
consistent with the determined structure. The infrared
spectrum of (48) contained a broad weak band at 1975 cm !
which was assigned to v (Ru-H). The 1 NMR spectrum
confirmed the formation of the metal bonded hydride,

a high-field triplet at § -11.5 being observed. The
cyclopentadienyl protons resonated between § 3.89 and
4.49 giving three peaks of relative intensity 4:5:4.

A pseudo molecular ion was found at m/z 722 which
consisted of overlapping multiplets assigned to [M]+
and [M - H]Y in the EI mass spectrum. Ions related to
the molecular ion by the loss of Ce¢He and further loss
of CsH¢ were found at m/z 644 and 578, respectively,
while a relatively strong doubly charged ion was found
at 361 ([M127).

The insertion reaction of (48) with DMAD was also
examined. The vinyl complex Ru{C (CO,Me) =CH(CO2Me) }-
(dppf) (n-CsHs) (54) was obtained from the hydride and
DMAD in refluxing benzene. There was no evidence for the
presence of a bis-insertion product analogous to (33).
Complex (54) was characterised on the basis of micro-
analytical and spectroscopic data. The infrared
spectrum contained familiar v (C=0) vibrations at 1709 and
1698 cm~! while a v(C=C) band was found at 1540 cm™t.

The proton NMR contained singlet resonances at ¢ 3.31
and 3.45 assigned to the OMe signals while the signal
at § 6.36 [s, lH] was assigned to the vinyl proton.

Comparison of these values with those in Table 7 suggest
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the assignment of the configuration of the vinyl group as
cis on the basis of lack of coupling of the =CH proton to
the ®'P nuclei and favourable comparison of the OMe
resonances of (54) with those found for complex (40).

The multiplet between § 3.06 - 4.81 was assigned to
the dppf cyclopentadienyl protons while the Ru-CsHs protons
gave a singlet at 6 4.33 and the multiplet between § 7.1 -
7.6 was assigned to the phenyl protons.

A molecular ion at m/z 864 was observed in the EI
mass spectrum of complex (54) and ions related to it by
the loss Me, OMe, CO;Me and Fe(CsHs), were found at m/z
849, 833, 805 and 678, respectively. The ion at m/z 721
was assigned to [Ru(dppf)(csHs)]+ and doubly charged ions
at m/z 432, 402.5, 360.5, 327.5 and 332 were assigned
to [M]2+, [M - CO Me]2+, [Ru(dppf) (CsHs)]2+, [Ru (dppf) -

H]" and Ru (dppf) (CsHs) - ph] 2™,
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EXPERIMENTAL

General conditions and instrumentation used were as

described in Chapter 1.

Starting materials

Literature methods were used to prepare RuCl (PPhj),-

6 7 68 6 4
(T]"CsHS) ’ RuTl (PPhg)z(n—CSHs) ’ RuH(PPhg)z(n_CSHs) and

69
RuCl(n“-CgH;,) (n-CsHs) . Commercial C, (CO,Me), (Fluka)
was routinely distilled before use and commercial NH,PFg

(Aldrich) was used as received.

Syntheses
A. Reaction between C, (CO,Me), and RuX(PPhj;), (n-CsHs)

(a) X=Cl - A mixture of RuCl (PPh3), (n-CsHs) (200 mg,
0.284 mmol), NH,PF, (46 mg, 0.284 mmol) and C, (CO,Me),
(0.05 ml, 0.408 mmol) in MeOH (25 ml) was heated at reflux
point until a clear dark brown solution was obtained, ca lh.
Evaporation and separation of the residue by preparative
tlc (acetone-light petroleum; 1:1) gave eleven bands.
Band 1, (R 0.51, yellow) was crystallised from Et,O/pentane
to give orange microcrystals of RuCl[n"-CH(CO,Me)=C(CO,Me)C-
(CO,Me)=CH (CO,Me) ] (n-CsHs) (27) (13 mg, 9%) , m.p. 154-155°C.
[Found: C, 41.86; H, 3.93; M(mass spectrometry) 488;
C,,H;4ClO4Ru requires C, 41.80; H,3.93%; ¥ 488]. Infrared
(Nujol): v(C=0) 1760s, 1738m, 1710vs, 1697s; v (CO) 1283s,
1228vs, 1199s, 1163s cm™!; other bands at 3107m, 1343m,
1180m, 1016w, 989m, 968m, 84lm, 763wcm~. 1H NMR: &(CDCl;)
2.00 (s, 2H, 2x =CH); 3.73 (s, 6H, 2x CO,Me); 3.87 (s, 6H,
2% CO,Me); 5.58 (s, 5H, CsHs). FAB MS: 488, [m]', 26; 453,
m - c11F, 75; 429, [m - co,Mel™, 6; 391, [M - CO,Me - 2 OMel ™,

17; 284, [Cu(CO,Me)s,1T, 100.
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The only product isolated from a similar reaction
carried out in refluxing toluene was C, (CO,Me), (32 mg,
5%. The remaining bands were present in trace amounts
or intractable (baseline), and were not identified.

(b) X=I

(i) A mixture of RuI (PPh,;), (n-CsHs) (694 mg,

0.85 mmol), NH,PF; (144 mg, 0.88 mmol) and C, (CO,Me),
(1.05 ml, 8.54 mmol) in MeOH (200 ml) was heated at reflux
point for 10.5 h. Evaporation and separation of the
residue by preparative tlc (acetone-cyclohexane-CH,Cl,;
1:4:5) gave ten bands. Band 1, (Rfg 0.69, red) was further
separated by preparative tlc (as above, double development)
to give two bands. Band 1, (Rg 0.73, red) was crystallised
from CH,Cl,/MeOH to give red crystals of Rul[n“-CH(CO,Me)-
=C (CO,Me) C (CO,Me) =CH (CO,Me) ] (n-CsHs) (28) (72 mg, 15%),
m.p. 161-163°C. [Found: C, 35.04;H, 3.26; M (mass spectro-
metry) 580; C;,H;4I0gRu requires C, 35.24; H; 3.31%; M 580];
Infrared (Nujol): v(C=0) 1762s, 1740m, 1712s, 1700s, v (CO)
1350m, 1285m, 1230s; other bands at 1200m, 1160m,
1020w, 990m, 970w, 930w, 843w, 835w, 801w, 775w, 761w,
720w cm~!. 'H NMR: §(CDClj;) 2.07 (s, 2H, 2x =CH); 3.66
(s, 6H, 2x OMe); 3.85 (s, 6H, 2x CO,Me); 5.57 (s, 5H, CsHs).
13C{'H} NMR: §(CDCl,;) 47.9 (s, =CH); 51.7 (s, OMe); 53.4
(s, OMe); 91.1 (s, CsHs); 92.8 (s, -C=); 165.4 (s, C=0);

+

171.0 (s, C=0). FAB MS: 580, [m]1, 16; 549, [m - oMmel?, 19;

521, [M - CO,Mel™, 2; 453, [# - 111, 39; 394, [ - T - co,Me] "
32; 286, [C,(CO,Me)H,1", 3; 255, [C,(CO,Me), H, - OMel', 27;
227, [C,(CO,Me) ,H, - CO,Mel’, 32; 154, ?, 100. Band 2,

(Rg 0.77, colourless) was crystallised from MeOH to give

white crystals of tetramethyl (z,z)-1,3-butadiene-1,2,3,4-
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tetracarboxylate (30) (59 mg, 2%) m.p. 90°C.

[Found: M (EI mass spectrometry) 286; Ci1:2H1:04 requires
M 286]1. H NMR: §(CDCls) 3.73 (s, 6H, 2x OMe); 3.87 (s,
6H, 2x OMe), 6.00 (s, 2H, 2x =CH) [Lit.51 m.p. 90°C.

1H NMR: §(CDClj;) 3.75, 3.88 and 6.09 respectively].

Band 2, (Rg 0.54, yellow) was further separated by
preparative tlc (acetone-cyclohexane-CH:Cl:; 1:4:5) to
give two bands. The major band (R 0.57, yellow) was
crystallised from CH,Cl,/cyclohexane to give yellow
prisms of Ru(n—CsHs)[ns—CGH(COZMe)S] (29) (100 mg, 20%),
m.p. 165-166°C. [Found: C, 46.47; H, 4.07; M (mass
spectrometry) 594; C,;H,,0;,Ru requires C, 46.62; H,
3.91%; M 594]. Infrared (KBr): v(C=0) 1750vs, 1730vs(br),
1700s; y(C-0) 1225vs(br); other bands at 2960m, 1438vs,
1420m, 1395m, 1350m, 1330m, 1325m, 1115s, 1100w, 1002s,
992s, 822s, 800m, 791lm cm~!. H NMR: §(CDClj;) 3.55 (s,
3H, OMe); 3.76 (s, 6H, 2x OMe); 3.84 (s, 9H, 3x OMe); 4.54
(s, 1H, CH); 5.04 (s, 5H, CsHg). '3C{'H} NMR: &(CDCl;)
42.4 (s, CH); 51.6 (s, OMe); 52.1 (s, 2x OMe); 53.0 (s,
3x OMe); 84.5 (s, C.,H.); 87.8 [s, C(6), C(10)]; 94.9 [s,-
C(7), C(8), C(9)1; 166.5 (s, 2x cO,Me); 167.1 (s, cO,Me);

171.7 (s, 3x cO,Me). FAB MS: 594, [m]*, 3; 563, [M - OMe] ™,

29; 535, [ - CO,Me]’, 100; 477, [Ru(CgH;) {C¢H,(CO,Me) ,}17,

65; 419, [Ru(C.H) (C.H,(CO,Me),}17, 41; 361, [Ru(CsHg)-

(C.H, (CO,Me),} 1%, 47; 303, [Ru(CsHs){CeHs(CO2Me)}]", 5;

244, [Ru(C.H,) (C,H,)1", 7; 167, [Ru(CsHs)1', 8. Band 3,

(R 0.17, orange) was crystallised from MeOH/EtOAc to give
white crystals of Ph,PO (66 mg, 14%). Identified by comparison

of its m.p. and infrared spectrum with those of an authentic

sample. The remaining bands were present in
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trace amounts, or intractable (baseline), and were not
identified.
(ii) A similar reaction between RuI (PPh;), (n-CsH;)

(1030 mg, 1.26 mmol), NH,PF, (205 mg, 1.26 mmol) and
C, (CO,Me), (0.6 ml, 4.88 mmol) in MeOH (75ml) was continued
for 72 h. Filtration of the resulting orange suspension
gave an orange powder of unreacted RuI(PPh,;), (n-Cs5Hjg)
(460 mg, 37%). The orange filtrate was evaporated to
dryness and the residue separated by preparative tlc
(acetone-cyclohexane-CH,Cl,; 1:4:5) to give eleven bands.
Band 1, (Rf 0.69, red) was crystallised to give red crystals
of (28) (16 mg, 4%), identified by comparison of its infrared
and FAB spectra with those of the sample prepared as above.
Band 2, (rRf 0.60, yellow) was further separated by preparative
tlc (acetone-cyclohexane-CH,Cl,); 1:10:9) into two bands.
Band 1, (Rf 0.90 yellow) was crystallised from CH,Cl,/cyclo-
hexane to give yellow prisms of (29) (37 mg, 9%). Band 2,
(R 0.88, yellow) was crystallised from CH,Cl,/cyclohexane
to give yellow prisms of Ru(n-CgHg){n*-CgH(CO,Me)q¢} (31)
(32 mg, 6%), m.p. 240-241°C. [Found: C, 47.28; H, 4.13;{Mr+ H]

(mass spectrometry) 737; C,qH;,0,, Ru requires C, 47.35;
H, 4.11%; ¥ 736]. Infrared (KBr): v(C=0) 1740vs(bxr);
v(C=C) 1640w; v (C-0) 1270vs, 1255vs, 1230vs, 1210vs;
other bands at 1365s, 1355m, 1340vs, 1320m, 1175s, 1l142s,
1130s, 1110m, 1025m, 1010m, 1000s, 995s, 918w, 820s cm™ !,
'H NMR: §(CDCl,) 3.52 (s, 3H, OMe); 3.59 (s, 9H, 3x OMe);
3.76 (s, 6H, 2x OMe); 3.80 (s, 3H, OMe); 3.81 (s, 3H, OMe);
5.15 (s, 5H, C4Hy); 6.63 (s, 1H, =CH). FAB MS: 737, [m + H]",
3; 706, [(¥ + H) - OMel®, 50; 677, [M - CO,Mel™, 100; 619,
[(® - 2C0,Me) + H]T, 3; 604, [M - CO,Me - Mel®, 594,

+ +
[ - C,(CO,Me),], 1; 559, [M - 3CO,Mel’; 2; 167, [Ru(CsHs)1" , 6.
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(iii) A mixture of RuI(PPh;),(n-CsHs) (200 mg, 0.339
mmol) and C, (CO,Me), (0.33 ml, 2.68 mmol) in MeOH was treated
with HPF¢.0Et,(ca 1 drop) and refluxed for 16 h. The clear
orange solution was evaporated to dryness and the residue
separated by preparative tlc (acetone-light petroleum; 1:4)

to give eleven bands. Band 1 (Rf 0.80, orange) gave solid

X

Rul (PPhj3) » (n-CsHs) (20 mg, 10%). Band 2 (R 0.40, red) was

crystallised from CH,Cl,/MeOH to give red crystals of (28)

X

(11 mg, 11%). Identified by comparison of its i.r. and FAB
mass spectrum with those of an authentic sample. Band 3
(Rf 0.14, orange) was crystallised from MeOH to give white
prisms of Cs (CO,Me)¢ (90 mg, 24%), identified by comparison
of its i.r. and 'H NMR spectra with those of an authentic
sample.19

(c) X=H - A mixture of RuH(PPh,),(n-C.H,) (502 mg,
0.73 mmol) and C,(CO,Me), (0.25 ml, 2.03 mmol) in benzene (50 ml)
was heated (82-86°C) for 45 min. The resulting red solution
was evaporated and the residue was chromatographed (Florisil,
3 X 20 cm). Elution with light petroleum removed traces i
of unreacted C,(CO,Me),. Further elution with acetone-light

petroleum (1:10) gave an orange fraction which was crystal-

lised from Et,0/licht petroleum to give red crystals of

Ru[C (CO,Me) =CHC (0) OMe] (PPhs) (n=C<H:) (34) (26 mg, 63),
identified by comparison of its m.p. and i.r. spectrum with
those of an authentic sample.al+ Further elution with
acetone-light petroleum (1:4) gave a yellow product which

was crystallised from Et,0/light petroleum to give yellow
microcrystals of Ru[(E)—C(COZMe)=CH(C02Me)](PPhg)z(n—CsHs)(lé)

(308 mg, 51%), identified by comparison of its m.p. and i.r.
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spectrum with those of an authentic sample. A second
yellow band was eluted with acetone-light petroleum

(1:3) and crystallised from Et.0/pentane to give yellow

crystals of ﬁu[C(COzMe)=C(C02Me)C(COﬂ£5lCH(COZMe)](PPh3)—
(n-CsHs)(33) (106 mg, 20%), m.p. 180-181°C. [Found: C, 58.81;
H, 4.64; ¥ (mass spectrometry) 714; C;3;sH;3;04PRu requires

C, 58.90; H, 4.66%; M 714). Infrared (Nujol): v (C=0)
1716vs, 1699s; v(C=C) 1585w; Other bands at 1310m, 1250(sh),
1212s, 1192m, 1150m, 1140m, 1093m, 1012w, 895w, 785w, 758w,
745w, 697m cm” . H NMR: §(CDCls) 2.22 [d, J(PH) 1l6Hz, 1H,
=CH]; 3.13 (s, 3H, OMe); 3.60 (s, 6H, 2x OMe); 3.80 (s,

3H, OMe); 4.89 (s, 5H, CsHs); 7.2-7.4 (m, 15H, Ph).

13C{H} NMR: §(CDCl,) 45.4 [s, C(8)]; 50.7 (s, OMe); 51.0
(s, OMe); 51.1 (s, OMe); 52.1 (s, OMe); 159.0 [s, C(7)];
162.8 [s, C(9)]1, 89.5 (s, CsHy), 128.3-134.6 (m, Ph); 62.5
[d, 5(PC) 16Hz, Ru-C(6)]; 172.6 (s, CO,Me); 173.0 (s,

2x CO;Me); 174.4 (s, CO,Me). FAB MS: 714, [m1', 29;

682, [M - MeOH]™, 12; 655, [m - co,Melt, 15; 429, [Ru(PPh,)-
(CsHs)1™, 100; 262, [Pphilt, 31; 167, [Ru(CgH)]T, 18.
Further elution with the same solvent gave a second yellow
fraction. This was further separated by preparative tlc

(acetone-light petroleum; 1:1) to give one major band, (Rf

0.36, yellow) which was crystallised from CH,Cl,/light

f 1
petroleum to give Ph,P=C(CO,Me)C (CO,Me)=C(CO,Me)C (Ph) (CO,Me) (35)

(60 mg, 12%), m.p. 248-249°C. [Found: ¥ (mass spectrometry)

56
546; C4,H,,04P requires » 546] (Lit. 248-250°C) .
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B. Reaction between C H, (CO,Me), and RuCl(n"“"-CgH,,)-

(n-CsHs)

RuCl (n“*~CgH;,) (n-CsHs) (54 mg, 0.175 mmol) was added
to a solution of tetramethyl (z,z)-1,3-butadiene-1,2,3,4-
tetracarboxylate in MeOH (17 ml) and the mixture heated
at 60°C for 3.5 h. The resulting yellow-orange solution
was filtered throughalumina, evaporated to dryness and
the residue crystallised from Et,0/light petroleum to give
orange crystals of (27) (51 mg, 60%), shown to be identical
(i.r., NMR) with the complex isolated from reaction A(a)
above.

C. Reaction of Ru[ (#)-C(CO2Me)=CH(CO,Me)] (PPhj) , (n-CsHs)

(1) with MeI - A mixture of (16) (400 mg, 0.48 mmol)
and MeI (2280 mg, 16.1 mmol) in toluene (25 ml) was refluxed
for 45 min resulting in the precipitation of a white powder
of [PMePh;]I (198 mg, 88%). Identified by comparison of
its m.p. and 'H NMR with those of an authentic sample. The
filtrate was evaporated and the resulting red oil chromato-
graphed (silica, 3 x 20). Elution with Et,0 afforded a
red-orange band which was collected, evaporated to dryneng
and the residue crystallised from Et,0/light petroleum to
give red crystals of (34) (219 mg, 80%), identified by
comparison of its m.p. and i.r. spectrum with those of an

34

authentic sample.

(1i) with carbon monoxide - A solution of (16) (300 mg,

0.36 mnol) in MeOH-CH,Cl, (1:5, 60 ml) was carbonylated in
an autoclave (40 atm, 110°C, 21 h) giving a pale yellow
solution which was evaporated to dryness. Separation of
the residue by preparative tlc (acetone-light petroleum;
1:1) gave seven bands of which only the major band (rRf 0.6,

yellow) was isolated. Crystallisation from Et, O/light
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petroleum gave yellow microcrystals of Ru[(g)-C(CO,Me) -
=CH(cone)](co)(PPh3)(n-CSHS)(gg)(140 mg, 65%), m.p.
l165-168°C. [Found: C,60;10;H,4.58;C30H2705PRu requires
C, 60.00; H, 4.50%]. Infrared (Nujol) : v (RuCo) 1940vs (br) ;
v(C=0) 1708s, 1690s; v(C=C) 1557s; other bands at 1482sh,
1441sh, 1438s, 1325s, 1212s, 1191m, 1167sh, 1154vs, 1100sh,
1095m, 1074w, 1023m, 1009m, 1000sh, 960w, 870w, 855sh,

849m, 841m, 832w, 810w, 750m, 725w, 710sh, 700w, 661lm cm~!.
'H NMR: 6(CDC1l,) 3.55 (s, 3H, OMe); 3.57 (s, 3H, OMe);

4.98 (s, 5H, C,H,); 5.33 [d, J(PH) 1Hz, 1H, =CH], 7.37 (m,
15H, Ph). 1!3C{lH} NMR: ¢ (CDC1l;) 50.5 (s, 2x OMe); 88.0

(s, CsHs); 128.0-136.0 (m, Ph); 162.3 (s, =CH); 176.6 [d4,
J(PC) 13ﬁz, RuC]; 179.7 (s, 2x CO,Me); 204.7 [d, J(PC) 21Hz,

RuCoO].

I — .
D. Reaction of Ru [C (CO,Me) =CHC (O) OMe] (PPh,) (n-C.H.) with CO

A red solution of(éﬂ)(254 mg, 0.44 mmol) in thf
(20 ml) was carbonylated in a small autoclave (12.5 atm,
100°C, 2 h). The resulting yellow solution was evaporated
to dryness and the residue separated by preparative tlc -
(Et,0~-1light petroleum; 1:1) to give six bands. The only
band isolated (Rf 0.52, yellow) was crystallised from Et,0/
light petroleum to give light yellow crystals of Ru [(z) -
C(COzMe)=CH(COZMe)](CO)(PPha)(n—CSHS)(él) (173 mg, 66%),
m.p. 128-130°C. [Found: C, 60.17; H, 4.65; C;0H,,05PRu
requires C, 60.00; H, 4.50%]. Infrared (Nujol) : y (Ru-Co)
1954vs (br); v (C=0) 1718s, 1700s; v (C=C) 1556s; other bands
at 1540w, 1482w, 1440w, 1396sh, 1355w, 1322m, 1208s, 1188s,
1162vs, 1096s, 1020m, 1014s, 1000sh, 995sh, 862w, 845m,
835w, 825w, 814m, 798w, 762m, 752m, 724w, 703m, 694w, 668w
cm~!. 1H NMR: §(CDCl,) 2.88 (s, 3H, OMe); 3.66 (s, 3H,
OMe); 4.98 (s, 5H, CsHs); 6.60 [d, J(PH) 2Hz, 1H, =CH];
7.25 (m, 15H, Ph). '3 c{H} NMR:
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§ (CDCl;) 49.9 (s, OMe); 50.3 (s, OMe); 87.5 (s, CsHs);
127.7-136.6 (m, Ph); 168.7 (s, =CH); 172.7 [d4, J(PC) 1l1lHz,
RuC] 178.3 (s, cO,Me); 178.4 (s, cO,Me); 205.0 [d, J(PC) 21Hz,
RuCoO] .

E. Preparation of RuX(dppf) (n-CsHs) [dppf = 1,1 -bis

(diphenylphosphino) ferrocene]

(i) X=Cl - A solution of RuCl(PPhj), (n-CsHs) (178 mg,
0.245 mmol) and dppf (135 mg, 0.244 mmol) in benzene (25 ml)
was heated at reflux for.16 h. The orange solution was
evaporated to dryness and the residue crystallised from
CH,Cl,/EtOH to give orange crystals of RuCl (dppf) (n-CsHs) (47)
(128 mg, 69%), m.p. 203-204°C (dec.). [Found: C, 61.10;
H, 4.50; ¥ (mass spectrometry) 756; C39H;33ClFeP,Ru requires
C, 62.00; H, 4.40%; ¥ 756]. Infrared (Nujol): 1437s, 1315w,
1115w, 1110m, 1091s, 1070w, 1060w, 1044m, 1038m, 820m, 808s,
761w, 742m, 738m, 695s, 631lm, 625m cm™'. !'H NMR: &§(CDClj;)
4.03, 4.24, 4.31, 5.18 [m, 8H, (CsHy),Fel; 4.11 (s, 5H, CsHs);

+

7.2-8.0 (m, 20H, Ph). EI MS: 756, [~] , 80; 720, [M - HCl]+,

64; 654, [M - HCl - CgHel', 3; 642, [M - Cl - CeHel', 16;
576, [M - HCl - CsHe - Ce¢He] ', 6; 554, [dppfl’, 48; 507, -
(M - CsH,PPh,]", 28; 476, [dppf-CeHe] ', 24; 472, [FeRu-
(CsH,PPh,) (CsHs) 1T, 4; 416, [Ru(CsH,PPh,) (CsHs)1V, 58;
378, [m1**, 10; 360, [m - HC1l]**, 6; 339, [Ru(CsH,PPh)-
(CsHs) 1T, 100; 305, [Fe(CsH4PPh,)1', 9; 262, [PPhs]™, 13.

(ii) X=H - A suspension of RuCl (dppf) (n-CsHs) (108 mg,
0.143 mmol) in methanol (25 ml) containing NaOMe (1 ml of a
ca 1 mol.L” ' solution in MeOH) was heated at reflux for 15 min.
The yellow powder which precipitated was collected, washed

with MeOH (2 x 5 ml) and light petroleum (2 x 10 ml), and

dried under vacuum to give RuH (dppf) (n-CsHs) (48) (78 mg, 75%),
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m.p. 198-200° (dec.). [Found: C, 64.70; H, 5.10; ¥ (mass
spectrometry) 722; C, H,, FeP,Ru requires C, 64.90; H, 4.80¢g;
M 722]. Infrared (Nujol): v(RuH) 1975w(br); Other bands at
1590w, 1435s, 1310w, 1180w, 1160m, 1105w, 1090s, 1070w,
1041m, 1029w, 850w, 835w, 825w, 800m, 755w, 745m, 720w,
708m, 697s cm~*. H NMR: §(C¢Ds) -11.5[t, J(PH) 35 Hz, 1lH,
RuH]; 3.89 (s, 4H, CH,); 4.38 (s, 5H, CsHs); 4.49 (s, 4H,
CsH,); 7.16 (m, 13H, Ph); 7.95 (m, 7H, Ph). EI MS: 722,
1t + [m - m17, 100; 644, [m - CeHel', 36; 578, [M - CsHe-
CeHel ', 18: 566, [M—-2(Celig)], 17; 536, [FeRu(CgH,), (PPh,)-
(CeHg)1F, 24; 471, [FeRu(CgH,PPh,) (CsHs)1', 52; 395, [FeRu-
(C4H,PPh) (C.He)] Y, 11; 361, [MI?T, 36; 339, [Ru(CgH,PPh)-

]+

(CSHS) 7 67-

(iii) X=[C(CO,Me)=CH(CO,Me)] - A mixture of RuH(dppf) -

(n-CsHg) (78 mg, 0.108 mmol) and C, (CO,Me), (63 mg, 0.44
mmol) in benzene was heated at reflux for 4 h. The resulting
yellow solution was evaporated to dryness and the residue

was crystallised from CH,Cl,/EtOH to give a light yellow
cotton-like mass of Ru[C(COZMe)=CH(C02Me)](dppf)(n—CSHS)(Ei)
(72 mg, 77%), m.p. 269-270°C (dec.). [Found: C, 62.40;

4.90; M (mass spectrometry) 864; C, H,,FeO,P,Ru reguires C,
62.60; H, 4.70%; M 864]. Infrared (Nujol): v(C=0) 1708s,
1698s; v(C=C)1540s; Other bands at 1435s, 1328w, 1190s,
1178m, 1160m, 1142s, 1090s, 1040w, 1035w, 1005m, 832w, 828w,
752m, 723w, 701ls cm™!., !H NMR: §(CDCl,;) 3.31 (s, 3H, OMe);
3.45 (s, 3H, OMe); 3.06, 4.25, 4.38, 4.81 [m, 8H, (CgsH,).Fel;
4.33 (s, 5H, CzHg); 6.36 (s, 1H, =CH); 7.1-7.6 (m, 20H, Ph).

<+

EI MS: 864, [M]T, 56; 849, [M - Me]™, 0.5; 833, [M - OMe] ™,

0.3; 818, [¥ - Me - oMe]’, 0.7; 805, [m - co:Me]t, 6; 721,
[Ru (dppf) (CsHs)IT, 33; 678, [M - Fe(CsHs),17, 8; 655,

[Ru(dppf) - H]', 12; 644, [Ru(dppf)dCH,)-Ph}”, 10; 554,
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lappfl™, 100; 535, [721 - Fe(CsHs),1 , 2; 497, [Ru{C,H-
(CO,Me) »} (PPh,) (CsHs) 17V, 8; 476, [dppf — CeHel ', 43; 471,
[FeRu(CsHsPPh,) (CsHs)1 ', 25; 432. [w]®*, 9; 416, [Ru-
(CsH4PPh,) (CsHs) 1™, 5; 402.5, [ - CO,Mel2+, 3; 381, [dppf-
CsHsPPh]', 8; 360.5, [72112F, 7; 339, [Ru(CsH,PPh) (CsHs)1 ', 5 ;
327.5, [65512%, 3; 322, [644]%%, 32; 310, [Ru{CO,Me),}-

(CsHs)1T, 2.
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INTRODUCTION

Reactions between group 11 metal acetylides
and transition metal halides have proved to be a fruitful
source of unusual types of mixed-metal complexes.

Some time ago, the novel hexanuclear iridium-copper
cluster CusIr; (C2Ph)g (PPh;), (1) was obtained from the
reaction of IrCl(CO) (PPh,;), and copper phenylacetylide1

in refluxing benzene. Each acetylenic fragment is og-bonded

to iridium and participates in a 7m- interaction with a
copper atom. Extension of this reaction to other Ir and
Rh chlorides and selected copper arylacetylides gave a
series of analogous mixed metal clusters M;Cuy (C2Ar)s (PPhyR),
[M= Ir, Rh; Ar= Ph, C¢H,Me-4, C¢H,F-4, C¢Fs; R= Ph, Me;
not all combinations].
Similarly the reactions between the silver arylacetylides
AgC,Ar (Ar= Ph or C¢xFs;) and RhC1l(PPhj); or IrCl (CO) (PPhj;)
in refluxing toluene have given the analogous hexanuclear

compounds M,Aqg, (C,Ar) g (PPhs), (M= Rh, Ir) as well as the
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zwitterionic complexes [Ag(PPha)]+[M(CZC6F5)q(PPh3)2]— and

[Ag (PPh,) 1T, [Rh(C,C,F,)  (PPh,) ]2~ (2). This latter complex
was structurally characterised. e
FsCa~v PPhg _~CqFs
—=C— CQQ:
FsCs™ % ¢ i Cefs
parlla
PhgP f PPhs
CeFs

Also isolated from these reactions were small amounts of
PhC=C-C=CPh, OPPhy and [AgCl(PPh;)],.

These studies were even further extended to the Group
VII elements, in which it was found that the reaction between
cis—-[ReCl(CO) 4 (PPh,) ,] and Cu(C,C¢F5) yielded [CuCl(PPhj)],,
the g-acetylide complex Re (C,C¢F;) (CO) 3 (PPh,) , and the _ .
crystallographically characterised complex [CuRe(C,C¢Fs) ,—

(CO) 5 (PPh,) ,1*(3).

IIDPhs
FSCG\ .Cu._ /Cer
Cise®” AL
:QEC\\~ /,C?ﬁg
Re
(CO)3
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The reaction between CuC,Ar (Ar= Ph, C¢H,-4, CgH,F-4
or C,F;) and Pt(C,H,) (PPh,), afforded the bis(acetylide)
S
complexes Pt(C,Ar), (PPh,),, which were also obtained from

the reaction of c¢is—-PtCl, (PPh,;), and CuC,Ar.

The iron and ruthenium halide complexes FeX(CO), —
{n-CsHs) (X= C1, Br) and RuCl(PPh;}, (n-CsHs) (4) also
react readily with CuC,Ar. The iron complex6 (X= C1;
Ar= Ph) afforded the dimeric compound (5) while the
ruthenium complex7 gave the monomeric compound (6) .

Complexes (5) and (6) are better prepared from the reaction

of Fe(CyPh) (CO), (n-CsHs) or Ru(C,Ph) (PPh,), (n=CgHg) (7)
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6 7

with CuCl, respectively. The 7m-complexed copper (I)

chloride was removed from (6) using the tridentate phosphine

MeC (CHZPth) 3

Ru— C==C—Ph
Ph3P// |

PhsP CuCl

8
Spanish workers found that manganese complexes,

[Mn (C,R) (CO) 5 (dppe) 1 (p-CuCl) (8) [(a) R= CH,OMe,

(b) R= But, (c) R= Ph], similar to (6) were obtained
from the reaction of the corresponding acetylides with
CuCl. They were also able to obtain the cationic
complexes {[Mn(C,But) (CO) ; (dppe) ] [u-MP (CiH,Me-2) 11} (9)
[(a) M= Cu; (b) M= Ag; (c) M= Au] from the reaction

of one equivalent of the acetylide with
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a 1:1 ratio of AgBF, and P(C H, Me-2) ,. Complexes (8a)
and (8b) react readily with T1PF, in the presence of

the corresponding acetylide to give the dimeric complexes

(10) .

[Mn]—C%C—R

Cu

| [Mn]-C==C—R
[Mn] = Mn(CO)3(dppe)
R = CH,OMe, Bu'
(10)

The analogous silver (11) and gold (12) complexes (for

R= But) were prepared directly from the acetylide complex
Mn(CzBut)(CO)3(dppe) in a reaction with AgBF, and AuCl (tht)-
(tht = tetrahydrothiophene), respectively. Complexes (10)

- (12) reacted with excess chloride ion in CH,Cl, giving-
different results depending on the p-complexed metal. Tﬁus,
the copper complex (R= But) gave Mn(CZBut)(CO)a(dppe) and
(8b) while the gold complex (12) reacted slowly giving a
1:1 mixture of acetylide and MnCl(CO),dppe. However,
complex (11) reacted instantly giving Mn(C,But) (CO), (dppe)
and AgCl.

Copper-acetylide complexes are implicated in the
mechanism for copper-amine catalysed oxidative coupling of
terminal alkynes. It is more than a hundred years since

9
Glaser observed that phenylacetylene underwent smooth aerial
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oxlidative coupling to 1,4-diphenyl-1,3-butadiyne when cuprous
chloride in ammonia was used as a catalyst. The Glaser
Ccopper-amine system has been used in various modifications
for many years and the Oz/CuI/amine oxidation system has
been extended to Cc-C couplingof a variety of compoundsl.0

Oxidative coupling of acetylide groups has also been
observed more recently. The reaction of NaC,Ph with TiCl,-
(n*-CHMe), resulted in the oxidative coupling of two
phenylacetylide anions which gave a complex containing a
l,4—diphenyl—l,3—butadiyne ligand complexed to two Ti(nS-
CSHqu)2 moieties. =

A complex (13) containing this ligand was also obtained
from the thermal decomposition, in the solid state or in

12
octane at 110-115°C, of Mo (C,Ph) (CO) 3 (n-CsHs) . Complex

(13) and the analogous C¢H,F-4 complex were unstable with

(n-CsHs)(CO)2Mo

respect to thermolysis.
It is of interest that no free phenylacetylene or 1,4~-diphenyl-
L;3-butadiyne was found in the reaction mixture.
The product of the reaction between cis-[0s (C2Ph) > (PMej) 4]
13

and AgPF, [Os(n3—Ph03=CHPh)(PMe3)q][PFG] (14) , contains a

novel C, ligand produced by oxidative coupling of the two
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acetylide ligands. X-ray structural characterisation showed
that the unsaturated hydrocarbon unit forms a strictly planar
ligand system which occupies two cis-positions in the

octahedral complex cation.

CHPh

|

C

/N

(M63P)4OS+\//C (__4_)
C

7
l

Ph

13
A radical mechanism is proposed for the oxidative

coupling reaction leading to (14) (Scheme 1). Silver ion

acts to oxidize one of the acetylide ligands causing the

Ph
_Ph _ _Ph o
_~C /C i
/C/ /C/ + Ag' /C/
[OS] \ [OS+] \ ) Ag [OS]\ -
Cn CX C\
Y \o\ N
ph Ph Ph
+H*
///C§¢;CHPh ///CﬁgchPh
(14) s | 0518
C e
X
Il Cu
CPh Ph

Scheme 1 [Os] = Os(PMej3),
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deposition of solid silver. Hydrogen atom abstraction from
the solvent followed by addition of the remaining phenyl-
acetylide ligand to the g-carbon of the intermediate
vinylidene ligand, then coordination to the osmium atom
of the -C=CPh unit gave complex (14) . It is believed that
this reaction sheds some light on the mechanism of dimerisation
of alkynes by transition metal compounds.13

The mono acetylide nickel compounds NiX(CZSiMea)(PMeB)2
(X= C1, Br) were obtained by an oxidative addition of
ClC,SiMe; to the nickel (0O) complexes Ni(PMe,), or Ni (CO) (PMe, ) ;
the bromo complex was obtained following halide exchange.qun
exchanging for iodide an oxidative trimerisation of acetylide
groups occurred in solution. The chloro- and bromo- complexes
above undergo a similar thermally induced rearrangement in
the crystalline state giving NiX{C(CZSiMe3)=C(SiMe3)(CZSiMe3)}
(PMes)z[(lé)—(ll); X= Cl, Br, I] as well as Ni, Ni(PMe;).

and NiX, (PMe,), (,)
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A series of reactions discounted the possibility of 1,3-
butadiyne intermediates in the preceding reactions and therefore
a mechanism involving vinylidene intermediates was proposed.!l®

Ruthenium and osmium complexes containing similar
vinylacetylide ligands were prepared from the reaction of
either MH(O,CF;) (CO) (PPh3), or M(02CCF3), (CO) (PPhs),

(M= Ru, Os) with phenylacetylene%6 The initial products
are assumed to be the acetylide complexes M(C,R) (0,CCF;)-
(CO) (PPh,) , which react further with PhC,H to give bright

yellow complexes, Ru{C(C,Ph)=CHPh} (0,CCF;) (CO) (PPh;), (For

M= Ru, R= Ph), presumably via a vinylidene intermediate.

CPh

Il
0
(PPhg)a(F3CCO,)RU—0C

N\—Ph

H

When M= Os a brown hydrocarbon polymer is obtained,
production of which appears to be catalytic. The ruthenium
complex and its osmium analogue 0s{C(C,Ph)=CHPh} (0,CCF;) -
(CO)(PPh3)2 are better obtained by the addition of 1,4-
diphenyl-1,3-butadiyne to the hydrides MH (O,CCF ;) (CO) (PPh,),.

Substitution of the halide in complex (17) by LiC,But
gave trans-Ni(C,But){C(C,SiMe ;)=C(SiMe,)(C,8iMes)} (PMes),

which under an atmosphere of CO reductively eliminates (18),
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i.e. coupling of the sp2 carbon of the vinyl ligand in
(17) to the sp carbon of the C,But ligand.lu

It has been briefly shown that the reaction of
metal acetylide complexes with metal halide complexes or
themselves gives a variety of interesting products.

As mentioned previously, [Ru(CzPh)(PPha)z(n—CsHs)]‘
(u—-CuCl) (6) was obtained from the reaction of RuCl(PPhs)z—
(n-CsHs) (4) and Cu(C,Ph). It was reasoned that the use
of Ag(C,Ph) would be expected to afford a less stable
m-adduct and therefore provide a better synthesis of
Ru(C, Ph) (PPh; ) (n-C4H; ). Interestingly, the reaction

proceeded in a totally unexpected manner.
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RESULTS AND DISCUSSION

Reaction of RuCl (PPhgs), (n-CsHs) (4) with AgC,Ph

A mixture of the two compounds in refluxing toluene
rapidly darkens and deposits metallic silver. From the
cooled reaction mixture two intensely coloured binuclear
products were isolated, {Ru(PPhj) (n-CsHs)}, (u-CgPhy) (19)
and {Ru(PPhj;) (n-CsHs) }o{u-C1oPhy, (CeHy) } (20) by column

chromatography.

PhgP

\

Ph

Ph

The best yields of complex (19) (15 - 24%) were obtained

by quenching the reaction when spot tlc of the reaction
mixture showed that all of (4) had been consumed. Continued
reaction results in decomposition of (19) as was shown in

a separate reaction where pyrolysis of (19) in toluene leads
to complete decomposition-after 30 -min. Complex (20) was

obtained as a minor product.
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The binuclear compounds do not have any distinguishing
spectroscopic features except for their FAB mass spectra;
(19) contains cyclopentadienyl resonances at & 4.69 and
87.0 in its 'H and '°®C{'H} NMR spectra, respectively.
The instability of (19) in solution precluded the observation
of the expected lowfield carbene resonances. The FAB mass
spectra, however, showed parent ions at m/z 1262 and at
1363 for (19) and (20) respectively, suggesting that (20)
was related to (19) by the addition of a phenylacetylide unit.
These ions fragment principally by the loss of Ph, PPh; and
Ru(PPhs) (n-CsHs) groups.

Single crystal X~ray studies established the molecular

structures of both complexes unambiguously.

X-ray crystal structures of (19) and (20)

The structure of (19) (Figure 1) shows that the complex
consists of a CgPhy ligand bridging two Ru(PPh,) (n-CsHs)
moieties and can be considered to be a diruthena 4|6]4
tricyclic system. (Relevant bond distances and angles are
collected in Table 1). Each metal atom has approximate . )
octahedral co-ordination, with Ru(l)-CsH: (av) 2.26&, Ru(2) -
CsHs(av) 2.25A, Ru(1)-P (1) 2.308(2), and Ru(2)-P(2) 2.310A ,
and achieves an 18 electron configuration by virtue of
Ru-C(0) and Ru-C(Carbene) interactions with C(ll)[2.062(7)£]
and C(14)[2.051(7)£], and with C(l7)[l.982(7)£] and C(24)
[1.997(7)%], respectively. The central Ru,C, fragment,
defined by Ru(1l)-C(11)-C(17)-C(24)-Ru(2), is planar within
experimental error. The small bite of the ligand results
in severe distortions within the four membered RuCs:; rings

as shown by the angles at carbon [C(11)C(12)C(17) 99.1(6);

C(14)C(13)C(24) 99.5(6)°] and at Ru[C(11)Ru(l)C(17) 64.8(3);
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Figure 1: PLUTO plot of the molecular structure
of {Ru(PPhj) (n-CsHs) }, (u-CePhy) (19)
(by M.R. Snow and E.R.T. Tiekink)



Table 1.

Selected
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interatomic parameters for (19)

o
Bond distances (1)

P(1)-Ru(1)

C(11)-Ru(1)
C(17)-Ru(l)
C(14)-Ru(2)
C(16)-C(11)
C(17)-C(12)
C(24)-C(13)
C(16)-C(15)
C(37)-C(1le)
C(25)-C(24)
C(12)~-Ru(l1)

[+

Bond angles ( )

C(17)-Ru(1)-P(1)
C(17)-Ru(1)-C(11)
C(24)-Ru(2)-P(2)
C(24)-Ru(2)-C(7)
C(24)-Ru(2)-C(9)
C(24)~-Ru(2)-C(13)
C(11)-Ru(1)-P(1)
C(12)~Ru(1)-pP(1)

C(12)-Ru(l)-C(11)
C(17)-Ru(l)-C(12)
C(13)~Ru(2)-P(2)

2
2
1
2
1
1
1

1.
1.
1.
2.

92
64
93
14
11

32.
90.
90.
32.
32.
91.

.308(2)
.062(7)
.982(7)
.051(7)
-398(10)
.436(10)
.432(9)

434 (10)
500(9)
475 (8)
630(7)

.2(2)
.8(3)
.1(2)
1.0(3)
6.8(3)
6(2)
1(2)
1(2)
2(2)
6(2)
9(2)

P(2)-Ru(2)
C(13)-Ru(2)
C(24)-Ru(2)
C(l2)-C(11)
C(13)-C(12)
C(14)-C(13)
C(15)-C(14)
C(31)-C(15)
C(18)-C(17)
Ru(1)-C(CsHs)
Ru(2)-C(CsHs)

C(14)-Ru(2)-C(13)
C(24)-Ru(2)~C(6)

C(24)-Ru(2)-C(8)

C(24)-Ru(2)-C(10)
C(24)-Ru(2)-C(14)
Ru(1)-C(11)-C(12)
Ru(2)-C(14)-C(13)
C(11)-C(12)-C(17)
C(14)-C(13)-C(24)
C(12)-C(17)-Ru(l)
C(13)-C(24)-Ru(2)

NN R R R HKHE B R VN

32
10
15

93.
64.
96.
Oy,
99.
99.
99.
98.

.310(2)
.627(7)
.997(7)
-411(9)
.437(10)
.411(10)
.419(9)
.491(8)
.472(8)
.26 av.
.25 av.

-2(2)
5.4(3)
2.8(3)
7(3)
8(3)
6(5)
0(s)
1(6)
5(6)
4(5)
7(4)
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C(l4)Ru(2)C(24) 64.8(3)°]. The cross-ring Ru....C separations
[Ru(l)-C(12) 2.630(7) and Ru(2)-C(13) 2.627(&)] are too long
for there to be any significant bonding interaction.
Complex (19) may be formally represented as a diruthena-
dicyclobutadieno [a,c] benzene, although the e.s.d.'s in
C-C bond lengths do not allow a determination of the degree
of bond localisation in the six membered ring.
The structure of the purple complex (20) (Figure 2,
bond lengths and angles in Table 2) contains two Ru(PPh,) --
(n-CsHs) moities joined by a polycyclic system formed from
five C,Ph units, one of which has been cyclometallated.
Each metal atom exists in a distorted octahedral environment
with Ru(1)-CsHs (av) 2.29A, Ru(2)-CsHs (av) 2.28A, Ru(1l)-P (1)
2.310(5)A and Ru(2)-P(2) 2.321(5)A. As was found in (19)
the ruthenium atoms in (20) are bonded to the polycyclic
ligand via Ru-C(c) [Ru(l)-C(14) 2.036(14), Ru(2)-C(22)
2.059(16)&] and Ru-C(Carbene) interactions [Ru(l)-C(11)
1.963(15); Ru(2)-C(20) 1.910(15)&]. The planar, pentacyclic

l4-atom Ru,C;, system contains several unusual features.

The nine central carbon atoms C(12) - C(20) form a methylene-
pentalene nucleus fused to a metallocyclopentadiene [involving
Ru(2)]. The maximum deviation from the mean plane through
atoms Ru(1)Ru(2), C(11)-C(26) is 0.18(2)A for C(23) and the
maximum deviation from the plane defined by C(11)-C(26) is
0.16(2)A for C(20) with Ru(l) and Ru(2) 0.016(2) and 0.112(1)A
out of the plane, respectively. The dihedral angle between

the plane boundedby C(16)-C(20) (P1l) and the plane through

C(12)C(13)C(15)C(16)C(17) (P2) is 1.4°. Plane Pl has a dihedral
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Figure 2: PLUTO plot of the molecular structure of
{Ru (PPh3) (n=CsHs) },{u~Cy ¢Phy (CgHy) } (20)
(by M.R. Snow and E.R.T. Tiekink) - only
ipso carbons of phosphine bound phenyl

groups are shown for clarity.



Table 2.

Selected interatomic parameters for (29)

Bond distances (A)

P(1)-Ru(1)

C(11)-Ru(l)
P (2)-Ru(2)

C(20)-Ru(2)
C(12)-C(11)
C(13)-C(12)
C(14)-C(13)
C(33)-C(14)
C(39)-C(15)
C(20)-C(l6)
C(19)-Cc(18)
C(20)-C(19)
C(22)-C(21)
C(23)-C(22)
C(25)-C(24)

o

Bond angles ( )

C(11)-Ru(1)-P (1)
C(14)-Ru(1l)-P(1)
C(20)-Ru(2)-pP(2)
C(22)-Ru(2)-C(20)
C(12)-C(11)-Ru(1)
C(17)-C(12)-C(11)
C(14)-C(13)-C(12)
C(15)-C(13)-C(14)
C(16)-C(15)-C(13)
C(20)~-C(16)-C(15)
C(16)-C(17)~-C(12)
C(18)-C(17)-C(16)
C(20)-C(19)-Cc(18)
C(21)=-C(19)-C(20)
C(19)-C(20)-Ru(2)
C(22)-C(21)-Cc(19)
C(26)-C(21)-C(22)
C(23)-C(22)-Ru(2)

.310(5)

.963(15)
.321(5)

.910(15)
.440(20)
.470(19)
.374(18)
. 496 (19)
.488(19)
.492(20)
.415(20)
.517(20)
.411 (20)
.415(20)

I T T = S e S o S o S P S - I = )

.367(22)

95.8(5)

100.4(5)
80.8(6)
117.5(11)
143.1(15)
116.2(13)
135.2(15)
107.1(14)
141.0(15)
107.8(13)
109.5(13)
111.0(13)
112.9(14)
117.3(10)
111.8(15)
123.2(13)
125.1(13)

C(14)-Ru(l)
C(22)-Ru(2)
C(27)-C(11)
C(17)-Cc(12)
C(15)~-C(13)
C(1l6)-C(15)
C(17)-C(16)
c(18)-Cc(17)
C(45)-C(18)
C(21)-C(19)
C(26)-C(21)
C(24)-C(23)
C(26)~C(25)
Ru(l)-C(CsHs)
Ru(2)-C(CsHs)

C(24)-C(23)-C(22)
C(26)-C(25)-C(24)
C(13)-C(12)-C(11)
C(17)-C(12)-C(13)
C(15)-C(13)-C(12)
C(13)-C(14)-Ru(l)
C(17)-C(16)-C(15)
C(20)-C(16)-C(17)
C(18)-C(17)-C(12)
C(19)-C(18)-C(17)
C(21)-C(19)-C(18)
C(16)~-C(20)-Ru(2)
C(19)-C(20)-C(16)
C(26)-C(21)-C(19)
C(21)-C(22)-Ru(2)
C(23)-C(22)-C(21)
C(25)-C(24)-C(23)
C(25)-C(26)-C(21)

T N S T = T T e e e N I S )

119

110.
106.
108.
114.
110.
108.
142.
107.

136

102.
125.

117

121.
lle.

.036(14)
.059(16)
.487(17)
.413(19)
.438(19)
.381 (20)
.454(19)
.437(20)
.482(19)
.457(19)
.423(21)
.422(22)
.414(20)
.27 (av.
.28 (av.

.6(16)
121.

7(16)

)
)

6(13) -

2{13)
7(13)
7(10)
2(13)
9(13)
5(15)
4(14)

-1(15)
139.

4(12)
7(12)
0(15)

.1(11)
117.

7(15)
2(16)
6(14)
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angle of 3.0° to the plane through Ru(2)C(20)C(19)C(21)C(22)
while the similar angle between plane P2 and Ru(1l)C(11)C(14)
is 6.2°. This ring system is the first example of a
pentalene-metal complex which does not involve the metal
stabilising this system by m-complexation. The short
Ru(l)-C(11) and Ru(2)-C(20) distances and longer Ru(l)-
C(14) and Ru(2)-C(12) single bonds, effectively localise
the conjugated double bonds in the molecule (e.s.d.'s in
individual C-C distances preclude further confirmation of
this feature).

Although the portion C(19)-C(22) attached to Ru(2) can
be formally related to Ru(C,;Ph) precursors, both C(11) and
C(14) bear phenyl groups and cannot be so related.

The Ru=C interactions found in (19) and (20) are further
examples of the growing number of complexes containing this
bonding feature in the chemistry of ruthenium carbon-bonded
ligands; other examples include the "allylic" complex
Ru{n?-C(CN) ,C (Ph) C=C (CN) , } (PPh4) (n—C3Hs) (21}, the  (5e)-

16
butadienyl derivative Ru{n“—C(Ph)C(Ph)C(Ph)CH(Ph)}(n—CsHs)( 2)

1 7=
and the metallocyclopentatriene, RuBr (CPhCHCHCPh) (n-CcHs)

(23) . Table 3 collects some relevant bond angles and
distances and allows comparison with (19) and (20). It is
obvious that all the complexes contain Ru-C bonds of some
multiple character. The relatively long distances found

in (19) may be a result of steric strain in the four membered

rings.

Some related reactions

The formation of such extended polycyclic systems is

18
unprecedented, although Maitlis found that tetramerisation
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of phenylacetylene by palladium salts gave dihydropentalene

compounds (Equation 1) not incorporating the metal atoms.

Table 3

o o]
Some bond distances (A) and angles ( ) for complexes

21), (22) and (23)

(21) (22) (23)
Ru-C(1) 1.919(5) 1.896(5) 1.942(6)
Ru-C(2) 2.135(4) 2.204(5) -
Ru-C (3) 2.231(4) 2.152(4) -
angle at Ru - 32.0(3) 78.7 (4)

RuC(1)C(2)

C(1)RuC(C1”7)

Ref. 15 16 17
NC CN
[
Ru
\
Ph
Ru > ﬁ |
/ Ph Ru
PhaP | on */) Ph ///“\\\ Ph
Ph
NC H
CN H H
(21) (22) (23)



168.

Ph Ph
Ph o
PhC,H + PdCl,” ——— N
Ph Ph Ph Ph
Equation 1

The silver ion mediated reaction of phenylacetylene
with a palladium butadienyl complex also gave a dihydropenta-

lene compound (Equation 2).

Bu! Cl
Ph
| Ph
H Ag*
H + PhC,H - Bu'
Me |
S\ t
Pd  Bu =0
/N '
Mse Cl
Equation 2

Several reactions were undertaken in an attempt to determine
the mechanism operating in the reaction of (i) with AgC,;Ph.
Although (20) is formally related to (19) by the addition
of one more phenylacetylide unit, there is apparently an
alternative pathway operating in the formation of (20},
insofar as (20) cannot be obtained from the reaction of (19)

with excess AgC,Ph in toluene. Complex (19) is also not
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obtained from any combination of [Ru(S)(PPhg)z(n—CsHs)]+

(S = Solvent), AgC,Ph and/or PhC,C,Ph. However, the
reaction of Ru(C,Ph) (PPhj), (n-CsHs) (7) and AgC,Ph gives
(19) (in 9% yield) only after the addition of one equivalent
of AgCl. This suggests that silver ion mediates the
oltgomerisation of the phenylacetylide units.

(1) Reaction of (7) with AgPF¢ (2:1) - Addition of a

toluene suspension of AgPF¢ to a solution of (7), also in
toluene, at 0°C causes the precipitation of the yellow
complex [{Ru(C,Ph) (PPhy),(n-CsHs) },Ag] [PF¢] (24) in
essentially quantitative yield. Complex (24)is an air-stable
solid that decomposes on silica tlc plates to give (7)

and Ag. Characterisation of (24) rests on its spectroscopic
properties, supported by elemental microanalysis. The
infrared spectrum is distinguished by the shift of the v (C=C)
stretching mode to lower wavenumber than that found for

(7) [1984m, 1943s; c.f.2068m cm™! in (24) and (ngrespect—
ively] and by the presence of a strong, broad band at

839 cm™! assigned to v(P-F) of a PF¢~ counter ion. The - -
proton NMR spectrum contains a multiplet at § 7.25 and d
singlet at § 4.41 assigned to the phenyl and cyclopenta-
dienyl groups, respectively. The !3C{!H} NMR spectrum
similarly shows a multiplet at & 128.3-138.1 and a singlet
at § 86.15, also assigned to the phenyl and cyclopenta-
dienyl carbons, respectively. A signal at § 91.1 is
assigned to Cg of the acetylide ligands; the Co resonance

was—not—observed-and-—this-was—probably-due—to-decempositioen

of the sample.
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Assignment was confirmed by FAB MS, the spectrum
showing a parent ion at m/z 1692 [M + H]+ which fragments
with competitive loss of Ru(C,Ph) (PPhs), (n-CsHs), Ag and
PPh3 groups. The ion at m/z 529 assigned to [Ru(C,Cg¢H,)-
(PPha)(CsHs)]+ loses C¢Hy to give an ion containing a
C, fragment; which is lost to give the base peak [Ru(PPh;)-

(n—CSHS)]+. The preceding data suggest the structure

©

shown below:

This structure is consistent with the lowering of bond

order of the C=C moieties by complexationix)Ag+.

An unsymmetrical co-ordination is most likely, because

of steric factors. §Similar i.r. spectra to that of  (24) were
given by the closely related [{Ru(C,Ph){P(OMe);},-
(n—CSHS)}ZCu][PFS](gé)20 obtained from the reaction of
Ru(C,Ph) {P (OMe) 3}, (n-CsHs) (26) and [Cu(NCMe) , ] [PF¢]

[(25) v(C=C) 1992m, 1948s; (26) v(C=C) 2085 cm~ '], and the
structurally characterised complex Ru{C,Ph(CuCl) } (PPh3j) »-
(n-CsHg5) (6) [(6) v(C=C) 1979m, 1934m; (7) v(C=C) 2076 cm™1]
obtained both from the reaction of RuCl (PPh;) , (n~=CsHs)

7 7
(4) with CuC,Ph  and from the reaction of (7) with CuCl.
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This tendency of phenylacetylide units to act as
n2-ligands for the coinage metals is also shown by Mn(C,Ph)-
(CO) 4 (dppe) (R=CH,OMe ,But or Ph),8 which coordinate Cu,

Ag and Au in a similar manner to (Ji) and in the case of
Cu a structurally characterised 2:1 adduct was obtained,

viz. [{Mn(C,But) (CO); (dppe)}.Cul [PFs] QQEL),S (Figure 3).

104) C(106) C(247)
C(105) R

()
C(206
= QC(103) QL2008 C(251)
C(204) P(22) .
\c(102) §29 000 Rgez12)

P(11 “0022)
) N0 C(22)
/coi
C(‘IM) S101) C(202() ) n(z)C(21
C(112) OS5 021
0% A P(‘IZ) MACt) P21
COm) ék C(13) oy $C23g
cn o © c(221)

0(12) O
0(23) C(231)
(131)(:(151) O C(11)

C(121) C(211)
e

O 0(11)

Figure 3 -

There is pseudotetrahedral coordination around the copper
with Cu-C(acetylide) bonds averaging 2.081(1)1%.8

Mean planes bonded by the respective acetylide carbons,
manganese and copper atom have a dihedral angle of 71(1)°.
This accommodates the steric bulk of both the But and
Mn(CO) ; (dppe) groups, although steric interaction between
the bulkier manganese moieties probably cause the angle
C(101)CuC(201) [158.4(5)°] to be larger than C(202)CuC(102)
[145.6(5)°]. The characteristic "bending back" of the

acetylide substituents suggests that some m-back bonding
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is occurring even allowing for steric effects
[Mn(1)C(101)C(102) 170.5(10)° and C(103)C(102)C(101)
164.0(14)°].

(ii) the Reaction of (7) with AgPF, (1:1) - Reaction of

equimolar amounts of AgPF¢ and (7) resulted in the immediate
precipitation of yellow (24). Upon dissolution of this precipitate
in dichloromethane the solution rapidly darkens to a red/pink
solution from which was isolated the divinylidene [{Ru(PPh;) ,-
(n-CsHs) }2(n-C4Ph,) ] [PF¢] 2 (EZ) as a pale apricot powder,
characterised by elemental microanalysis and its spectral
properties. Broad medium intensity bands at 1626 and 1587
cm~ !, in the infrared spectrum, are assigned to v(C=C) of

the vinylidene ligand and the strong broad absorption at

841 cm™! to V(P-F) of the counter ions. Two equal intensity
resonances were found in the 'H NMR spectrum at § 5.42, 5.59
and were assigned to two inequivalent CsHjs groups; the phenyl
resonances were found in the usual region. The !3C{H} NMR
spectrum contained two peaks at § 91.1 and 95.5 and were
assigned to the CsHs moieties. An unresolved peak found -at
low field at & 347.6 is only tentatively assigned to the
a—-carbon as no coupling to phosphorus was observed. A

signal for the B-carbons was not observed and probably lies
under the phenyl signals. It should be noted that in the
13C{'H} spectrum of the phenylvinylidene complex [Ru{C=CHPh }-
(PPhj) ,(n-CsHs) 1PF,, the a-carbon shows a 24 Hz coupling

to the two equivalent 31p nuclei.19 The 'H NMR spectrum

of the analogous iron complex, [{Fe(dppe)(n—CsHs)}z(u—Cthz)]—
[PFG]Zlcontains two peaks at § 5.1 and 5.7, the former

assigned to CsHs rings and the latter to the phenyl groups

of the divinylidene ligand. The reliability of the 13C NMR
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data obtained for complex (EZ) must be questioned because
of decomposition of the complex during accumulation. The
NMR data for (27) seems to be inconsistent with a divinylidene
structure therefore characterisation is tentative
and requires an X-ray structure determination to
unambiguously characterise (%1), when suitable single
crystals become available.

The FAB mass spectrum of (27) was much more informative
with the highest peak being found at m/z 1729 [M + PF5]+;/
an ion at m/z 1583 corresponds to [M - H]+. Experimentally,
ions generated by the FAB process are generally found to be
univalent asmulticharged ions are relatively rare in the gas
phase, having high enthalpies of formation. In the case
of complexes [X2+][Y“12 the lower aggregate [X + Y]+ is
usually found as the highest monopositive ion.22 In this
context the ion corresponding to [M B H]+ is unusual.
Competitive loss of PPh; and Ru(PPhj) (CsHs) from this ion
is observed. Interestingly, a peak corresponding to
[Ru(CthZ)(PPhs)(CSHS)]+ is also observed at m/z 631. -
Loss of the C, ligand gives the usual base peak [Ru(PPhs)—
(CSHS)]f- Complex (27.) has precedent in the crystallograph-
ically characterised complex, [{Fe (dppe) (n-CsHs) }, (u-C4Me,) ] -
[(BF,]> (28), obtained by oxidation of the mononuclear vinylidene
complex [Fe (C=CHMe) (dppe) (n-CsHs)] [BF,] with iodosobenzene. 2
A radical mechanism has been posited for the formation of
(28) (Scheme 2), but the possibility of other pathways has
not been dismissed. It was not possible to obtain (28)
directly from Fe (C,Me) (dppe) (n-CsHs) using Cu2+,Ag+ or anodic

oxidation and it was concluded that an acidic proton was



[Fc]—c C/C—C_[Fc]:,

MeH

Scheme 2: [Fc] = Fe(dppe) (n-CsHs)

VLT
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probably necessary forthe formation of (28) .

More recently,zq the radical cations [Mo(C=CR)-
(dppe)(n—C7H7)]+ (RiPh, Bul'), prepared from the neutral
acetylide complexes by oxidation with [Fe(n—C5H5)2]+,
were found to undergo coupling at the B-carbon of the
acetylide ligand to afford the divinylidene-bridged,
products [{Mo(dppe)(n—C7H7)}2(u—C4R2)]2+. The phenyl
derivative was crystallographically characterised.

The reaction of complex (26) with [Cu(NCMe) ,]-

[PFs] also yielded, as a byproduct, the P(OMe) , complex

20
analogous to (27).

Postulated reaction mechanism for the formation of (19)

and (20)

The cyclic ligand in (19) contains a C, backbone
[C(11)C(16)C(15)C(14)] which can be formally related to
the divinylidene linkage in (27) . Therefore, a complex
similar to (27) is thought to be a possible intermediate
in the formation of (19) (Scheme 3).

The initial step probably involves the formation of
the O-acetylide complex Ru(C,Ph) (PPh3j) ,(n-CsHs) (7) and
AgCl. The silver ion then oxidatively couples the
acetylide ligands, probably through the intermediacy of
(24) , giving (27). Nucleophilic attack at both o~carbons
by phenylacetylide anions follows, possibly with loss of
PPh; to accommodate the steric requirements of the bulky
acetylide groups at Co and allowing interaction of these
groups with the metal atoms, which are then coupled with
the assistance of Ag+. The coupling of unsubstituted

9
alkyne carbons by copper ion is well known.
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RUCI(PPhg),(n-CsHs) + AgC,Ph

(PPhg)[Rul—C=C—Ph (7)

//////// + AgCl

I +

(PPhs)[RU]—CTC— Ph c1”
Ag
1

Ph-C=C—[Ru](PPh;)
(24)

[C]

+ _Ph
(PPhs)[Ru]—c=c\
_C=C—[Ru](PPhy)

il 27)

[RU]\C C/ Ph
PN /Ph

7 I — — (19
Phcy\A y:\
i 7
R
gyo Rul

- PhC/ .

AgC,Ph

(20)

Scheme 3: [Ru] = Ru(PPh;) (n-CgHs)
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The formation of complex (20) can also be rationalised
by the intermediacy of (EZ). Here a further phenylacetylide
moiety is coupled and subsequent rearrangement gives (20).
This latter process requires little of the bond rupture
and reformation required if (20) resulted from the addition
of AgC,Ph to (19). However, the true mechanism operating
in the reaction of RuCl(PPhj);(n-CsHs) with AgC,Ph must
be more complicated than that shown in Scheme 3, as the
reaction of either (24) or (27) with AgC,Ph does not give
any (19) or (20). This suggests that the chloride ion might

play an important but as yet undetermined role.
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EXPERIMENTAL

General conditions and instrumentation used were as

described in Chapter 1.

Starting materials

Literature methods were used to prepare RuCl (PPh,),-
(n-CsHS)zsand Ru(CZPh)(PPhg)z(n-CsHﬂ{QSilver phenylacetylide
was obtained from the addition of PhC,H in ethanol to
aqueous ammoniacal solutions of AgNO,; AgPF¢ is commercially

available and was used as received (Pennwalt Chemicals,

Tulsa, Oklahoma).

Syntheses

A. (i) Reaction of RuCl (PPh.), (n-C:.H:) with AgC,Ph

A suspension of RuCl(PPh,), (n-CsHs) (127 mg, 0.175 mmol)
and AgC,Ph (130 mg, 0.622 mmol) was heated in refluxing toluene
(30 ml) for 1 hr. The resulting mixture was filtered and the
filtrate was evaporated to dryness and the residue was
chromatographed (Florisil; 3 x 20 cm). Elution with acetone-
light petroleum (1:9) gave a blue-green band which was -
crystallised from CH,Cl,/EtOHto give dark blue crystals of
{Ru(PPh3) (n-CsHs) }, (u-CePhy) (19) (27 mg, 24%), m.p.
>239°C (dec.). [Found: C, 70.50; 4.64; M(mass spectrometry)
1262; C,4H¢ P,Ru,.CH,Cl, requires C, 70.48; H, 4.63%; M1262].
Infrared (Nujol): 1438m, 1089w, 790w, 740w, 720w, 645m cm™'.
1H NMR: §(CDCl;) 4.69 (s, 10H, C Hs); 6.40-7.30 (m, 50H, Ph).
13C{1H} NMR: §(CDCl,) 87.0 (s, CsHg); 124.9-134.6 (m, Ph);
138.3 [d, J(PC) 37 Hz, Ru-C]; Ru=C, not detected. FAB MS:
1262, [m1", 65; 1185, [ - Ph1¥, 0.7; 1000, [# - PPh,1 T, 13;
833, [M - Ru(PPh,) (CsHs)1 ', 4; 738, [ - 2PPhs] T, 100; 429,

[Ru(PPh3)(C5H5)]+, 70. Further elution of the column afforded
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a purple fraction which was crystallised from CH,Cl,/EtOH

to give purple crystals of {Ru(PPhj;) (n-CsHs) L{u—-C;y oPhy-
(CeH,) T (20) (3 mg, 0.5%), m.p. >250°C (dec.). [Found:

M (mass spectrometry) 1363; Cg¢Hg,P,Ru, requires m 1363].

FAB MS: 1363, [m]', 1; 1101, [m - PPh,]", 0.5; 839, [m -
2pPh,17, 3; 429, [Ru(PPh,) (n-CsHg) 11, 5; 391, [C,Phs(CeH,)]T,
100.

(ii) Reaction of Ru(C,Ph) (PPh.) ,(n-C:H:) (7) with

AgC,Ph/AgCl by M.L. Williams

A suspension of Ru(C,Ph) (PPh,) ,(n-CsH,) (7) (500 mg, 0.632
mmol) and AgC,Ph (140 mg, 0.498 mmol) in toluene (50 ml)
was treated with AgCl (90 mg, 0.627 mmol) 5 min after
reaching reflux. After 15 min the dark blue suspension
was cooled. Work up as (1) above gave (19) (35 mg, 9%),
identified by comparison of its spot tlc behaviour and
FAB mass spectrum with those of an authentic sample
prepared as above.

(iii) Reaction of Ru(C,Ph) (PPh,) ,(n-Cs5Hs)(7) with AgPFg

(a) in ratio 2:1 - A solution of (7) (500 mg, 0.632 _

mmol) in toluene (50 ml) was treated with a suspension
of AgPF, (80 mg, 0.32 mmol) in toluene (10 ml) giving
immediately a yellow precipitate of [{Ru(PPh,) ,(n-CsH;)-
(C,Ph) },Ag] [PFe] (24) (436 mg, 75%), m.p. >190°C (dec.).
[Found: C, 63.32; H, 4.64; ¥ (mass spectrometry) 1692;
CogHg gAgF¢PsRu, requires C, 64.11; H, 4.39%; M + H 1692].
Infrared (Nujol): v(C=C) 1984m, 1943s, y(PF) 839s(br):;
other bands 1593m, 1570m, 1495w, 1481s, 1433s, 1312w,
1187w, 1161w, 1089s, 1028w, 1000w, 913w, 874w, 813w,
785w, 752s, 737s, 696vs, 557vs. 1H NMR: §[(CD,) ,CO]

4.41 (s, 10H, C4H¢); 7.25 (m, 70H, Ph). 13C{1H} NMR:
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§1(CD;),CO] 86.2 (s, CgH(); 91.1 (s, Cp); 128.3-138.1
(m, Ph). FAB MS: 1692, [M + H]T, 2; 901, [# - Ru(C,Ph)-
(PPh,), (CsHs)1", 23; 792, [M - Ru(C,Ph) (PPhs), (CsHs) - Agl',
16; [Ru(PPhs), (CsHs)1V, 11; 6397, [M - Ru(C,Ph) (PPhs) -
(CsHs) - PPhy]’, 24; 529, [Ru(C,CgH,) (PPhs) (CsHs)1', 31;
453, [Ru(C,) (PPhs) (CsHs)1", 61; 429, [Ru(PPhs) (CsHs)1',

100.

(b) in ratio 1:1 - A solution of (7) (100 mg, 0.126

mmol) in toluene (12 ml) was treated with a suspension of ~
AgPFy; (33 mg, 0.130 mmol) in toluene (10 ml) giving
immediately a yellow suspension. After stirring for 10

min, CH,Cl, (10 ml) was added. The colour of the solution
gradually changed to red pink with deposition of solid Ag.
After 30 min, the solution was filtered through celite and
the filtrate evaporated to dryness. Extraction of the
residue with CH»Cl, (ca 5 ml) and filtration into excess
stirred Et,0 gave a pale apricot precipitate of [{Ru(PPhj),-
(n=CsHg) }, (u=C4Ph,) 1 [PFg¢l, (27) (93 mg, 82%), m.p. 150°C (dec.).
[Found: C, 62.55; H, 4.34; M (mass spectrometry) 1538;
CogHgoF1,PgRU, requires C, 62.82; H, 4.30%; M (M - H) 1583].
Infrared (Nujol): v(C=C) 1l626m, 1587m; v (PF) 841lvs (br);
other bands 1437s, 1311lm, 1187m, 1160m, 1091s, 1028w, 1000w,
744s, 723s, 696s, 667w cm~'. 'H NMR: &[(CD;),COl 5.42 (s,
5H, CsHs); 5.59 (s, 5H, CsHs); 7.21 (m, 70H, Ph). *3C{'H}
NMR: §[CH,Cl,, Cr(acac)y] 91.1, 95.5 (2 x s, CsHs) 129.0-
134.0 (m, Ph); 347.6 (s, Ca?). FAB MS: 1729, [ + PF¢l ",

1; 1583, [M - H]+, 23; 1321, [(M - H) - PPh3]+, 1; 1059,

[(¥ — H) - 2PPh,]17%, 2; 892, [(M - H) - Ru(PPh;) (CsHs)1T, 7:
796, [(4 - H) - 3PPhs1", 6; 691, [Ru(PPhj),(n-CsHs)1", 20;
631, [Ru(C4Ph,) (PPhs) (CsHs)1", 12; 429, [Ru(PPhs) (CsHs)1¥,

100.
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INTRODUCTION

The reactivity exhibited by mixed-metal clusters as
a result of the presence of dissimilar metals within the
molecules has seen interest in their chemistry blossom
over recent years; especially in the field of alkyne
substituted metal clusters.l_6 A fruitful source of novel
and interesting structures in the early years of organo-
metallic chemistry was the addition of metal substrates
to acetylenesj'8 Similar reactions with metal acetylides
and iron or cobalt carbonyls often result in heterometallic
compounds, e.g.g'lq

Fe(C2Ph)(CO)2(n—C5H5) + COz‘CO)e—&COz{U_nZ—PhCZFe(CO)z—

(u1-CsHs) } (CO) s (1) .

The analogous reaction with Fe; (CO) s gave the cluster
complex, Fe;(H3-n®-C,Ph) (CO);(n-CsHs) (2) which can also
be obtained from the reaction of the CuCl adduct of
Fe (C,Ph)(CO) , (n-CH,) and Fez(CO)gf1
Russian workers have reported the isolation of trinuclear
clusters, FezM(ua—nz—CzPh)(CO)S(n-CsHS), from the
reaction of M(C,Ph) (CO) ;(n-CsH;) (M= Cr, Mo, W) with

12
Fez(CO)g.
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A more recent example is the cobalt-manganese complex,
Coslu-n%tPhcMn(CO)y {P(Ce¢H, ), (CO)¢ (3) which was obtained

from the reaction of Co, (CO)g and the appropriate c-acetylide

13
complex.

{(CeH11)3PHCO)4Mn Ph
\CTC/

27N\

(CO)sCo

(3)

Complex (1) and the analogous ruthenium complex
undergo a non-destructive reaction with oxygen which
results in the net loss of one acetylide carbon and the

1

formation of the alkylidyne-bridged clusters

Co,M(u3-CPh) (CO); (n-CsHs) (4) [(4a)M= Fe; (4b)M= Ru]

Ph
I

/ I
(n-C5Hs)(CO) M T—|—,Co(CO)s

N\ |/

Co
(CO)3

(4)
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1s
Vahrenkamp and co-workers have provided other examples
of hetero- or mixed metal clusters from the reaction of

alkyne-bridged dicobalt complexes with Fe,(CQO) ¢4 or

Fe;(CO) ,,, affording the bimetallic y;~n2-alkyne clusters (5)

(R = H, Me, Et, Ph, Bu))

and (6) in which the formal m bond is directed towards the

less electron rich metal.
The homologous Co:Ru (7) and (8) clusters were
obtained fromthe reaction of alkynes HC;R or RC,R with

16
RuCo; (CO) 11 in boiling hexane,

H R R R
/C:C\/ \/C:C\/
CO).C (CO),Co Ru(CO)
o O\\(D‘o/I 3 \Cro/éo 3
(€0), °° (CO),

(Z) (8)

(R = H, Me, Ph, Bu') (R = Me, Et, Ph)
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Complexes (7) and (8) do not conform to the generally
3
observed trend in us-n?(20,7) alkyne, mixed metal

clusters in that the m-bond is not directed towards the
least electron rich metal present in the complex.
Subjection of complexes (6), (7) and (8) to metal

7

exchange reactions'’ with sources of the fragments

'Ni(n-CsHs)', '"Mo (CO) 2 (n-CsHs)' and "W (CO) 2 (n-CsHs)' lead to
15

the formation of chiral trimetallic clusters, in which

one of the Co(CO), groups originally present in

(6), (7) and (8) have been preferentially exchanged.
R R H R
\/C__C\/ \C—C\/
M Ru(CO)4 MAL—RU(CO)Q,
J”’ J/”
\CO\LO \CO\\
(CO), (CO), O
(9) (10)
\C"'_C/R M = Ni(n-CsHs), Mo(CO),(n-CsHs),
/ \ W(CO)2(n-CsHs)
M
\ l /C°(00)3 R = H, Me, Et, Ph, Bu'
Fe
(CO)2

(not all combinations)
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In boiling hexane, the terminal alkyne clusters
(5), (7) and (10) were found to rearrange by H migration
into vinylidene bridged clusters (12), (13) and (14).
The nature of the mechanism for this l-alkyne—»vinylidene
transformation has been the subject of considerable
discussion in which Silvestre and Hoffmann have made
an important contributionf8 They believe that the isomeri-

sation proceeds via a hydrido acetylide intermediate,

formed by oxidative addition to the cluster. -

The diastereoselectivity of the alkyne-vinylidene

transformation varied between 0 and 100%, depending

on R and M; the geometry is not determined by
steric considerations. Only one isomer was found for all
the CoMoW and CoRuW complexes, and for the CoFeM (M= Mo, W)
complexes with R= But. The'Ni(n—CsHs)'containing clusters
showed no stereoselectivity, with equal proportion of
isomers being found, as observed by NMR15

The best route to chiral ujz-vinylidene FeCoM clusters
(15) was through metal exchange reactions on the correspoqging
FeCo:2 vinylidene clusters.

It is interesting to note that in the alkyne-+vinylidene
rearrangement [(5)~>(12) and (Z)+(l§)] the vinylidene ligand
is bound in an n’-fashion to the least electron-rich metal
even though in clusters (7) the nz—alkyne interaction is
directed towards the Co atom. This apparent anomaly in
complex (7) is thought not to be the result of any particular
electronic requirement but simply emphasises the facile
fluxional motion in the complex frozen out at low temperature.l®

Dynamic 'H NMR spectroscopy showed the activation barriers

for fluctuation of the alkyne ligand to be 63-66 kJ mol™1'.
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T <
A /
(CO)SCO\ —Co(CO)g (00)300—\ Fe(CO)s
Fe \ /
(CO)3 ((;;8
(5) (CO)3
(12)
" H
R
T <
A /
(CO)sCoZ —>Ru(CO)s (CO);;CO':\ /Ru(c;c))3
Co—q0
(CO), Co
@ (€0
(13
H
H R /

M

Ru(CO)s — M— Ru(CO)
7 . / 2
(CO), Co
(10) (©
14
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\ /
Me—C Cc—Me
/\C 7

N /
(CO)sRu\ 7Ni(n-CsHs) (n-CsHs)Nii /RU(CO)3

Co Co

(CO)3 (CO)3

(S,S) (R.R)

Me Me
H——}C (;{-—-H
N 7
VRN /1 \
(CO]aﬂu\ 7Ni(ﬂ'CsH5) (n—CsHS)Ni< /RU(CO}3
Co Co
(CO)3 (CO)3
(S,R) (R,S)

H

4 R
C....-—-—
=z
C
1\
Co
(CO)

3

(15

o
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The alkyne complex (7) (R= But) and the vinylidene
complex (13) (R= But) were both crystallographically
characterised,16 from which it could be seen that the
conversion is associated with a gradual inclination of
the C=C bond with respect to the metal triangle.16
When these structures are compared to pz;-n?-acetylide
clusters, such as HRua(CO)g(CZBut)lg, it is obvious that
the angles associated with this inclination define a
significant erection of the C=C unit above the Co,Ru
triangle with angles increasing from ca 2° » ca 20° >
ca 50°, for HCCR-+H/CCR~»CCHR, respectively. There is a
slight extension of the C-C bond from 1.34 > 1.37&.
These observations support the theoretical conclusions
of Silvestre and Hoffmann18 that the alkyne-+vinylidene
isomerisation probably proceeds via H_migration to and
from the metal core.

The CO substitution chemistry for Co,Fe(us;-n?-MeC,Me)-
(CO) ¢ and for alkyne and vinylidene clusters containing
Co,Fe triangleszowas investigated. In the case of Co,Fe-
clusters, substitution at cobalt was observed exclusively.
For the Co,Ru clusters Co- as well as Ru-substituted
products were isolated, of which in all cases Co-substitution
is kinetically favoured and Ru-substitution is thermo-
dynamically favoured. The thermally induced Co-Ru migration
of the phosphine ligands was realised in several cases;
the migratory aptitude decreases in the sequence PMej,

PMe,Ph, PMePh,, PPh;. Competitive experiments with Co,Fe-

(13-n®~MeC,Me) (CO) 3, CorRu(uz;-n2-MeC,Me) (CO)s and PPhj
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demonstrated the higher substitutional lability of the
Co,Fe cluster with phosphine transfer from the Co,Fe

to the Co,Ru cluster being observed. Disubstituted
clusters were also obtained. The disubstituted vinylidene
clusters had one phosphine attached to Ru and one to
cobalt with the C=C unit n?-bonded to ruthenium. The
similar alkyne clusters each had phosphines distributed

to Ru and Co with the C=C unit formally o-bonded to these

metals and the n?-interaction directed towards the other
20
Co(CO); wunit.

Small amounts of vinylidene substituted clusters (16)

R
\

N .
(P : J(CO)Rh Fe(CO)(n-
Is ’\ /l stl5

oac—Fe—@
(CO),

(16) R =H, Me, Ph

were obtained from the reaction of the mononuclear vinylidene
complex Rh(=C=CH2)(PPriQ(n—C5H5) with Fe, (CO)s in thf.21
Interestingly there was a transfer of the cyclopentadienyl
ligand frém rhodium to iron to give the isolated product.

The alkyne-bridged clusters CozRu(usz-n?-RCZCH) (CO) s (7)
can be deprotonated, at low temperature, with a variety of

bases generating an anionic species which when protonated

regenerated the starting cluster.+

+W. Bernhardt and H. vahrenkamp, J. Organomet. Chem.,

1988, 355, 427.
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TS i
(CO)aCo\ /Ru(CO)3 or (CO)soo—--Ru CO);

7

(CO)4 Co(CO)3

if the deprotonation is performed in triethylamine in the
presence of catalytic amounts of Cul, the complexes
FeCl(CO) , (n-CsHs) , RuCl(CO) . (n-CsHs), NiCl(PPhj) (n-CsHs)
and MoCl (CO) 3 (n-CsHs) can be incorporated into the clusters
generating novel RuCo,M (17) metal frameworks with p,-n?-

L

acetylide ligands. '

Ph

[M] = Fe(CO)(n-CsHs), Ru(CO),(n-CsHs),
Ni(n-CsHs), Mo(CO),(n-CsHs)

1.

W. Sernthardt and H. Vanrenkamp, J. Organomet. Chem.,
1988, 355, 427.
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The reaction of CoFe, (u3-n?-CCH,) (CO) ¢ with PMe,
below 0°C gave the black zwitterionic complex (18), which
1 }

is isosteric with Cojs (puz;—-n -CCH,SiMes;) (CO) 4. The outer

carbon is completely removed from bonding with the metals,

(|3H2PM93
C

(CO)3Co=—|——Fe(CO);

NI/

22
the C-C bond being inclined at 82° to-the Co,Fe plane.

Addition of PMe; to the hydrocarbyl ligand competes with
CO-substitution at the Co atoms which predominates at
higher temperatures so that on heating, (18) rearranges

to (19). Increasing the bulk of the tertiary phosphine

/CHZ
&

(Me3P)(CO) goo\
Co

(CO)3

.
/e

E
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has the same effect, the adduct being increasingly labile
with PMe,Ph and PMePh,, and not being formed at all with
PPh,.
This pattern of reactivity is not restricted to
vinylidene complexes. The trinuclear osmium and ruthenium
compounds Os;(u3=n?-C,Ph) (CO) ¢ (PPh,) (20) and Ru,(p-H)-
(13=n?-C,Ph) (CO) 4 (PPh,) (21) readily undergo attack by
phosphites and amines with additions to the acetylide
carbon atoms.23 Similarly, the yu,-n?-acetylide complexes
M, (C;Ph) (CO) ¢ (PPh,) (M= Fe, Ru) react smoothly with isonitriles
at 0° giving excellent yields of adducts M, {C(CNR)CPh} (CO) ¢-
(PPh,) together with small amounts of the substitution products.
The group R on the acetylide appears to play a significant
role in the reactivity of the triple bond towards nucleophiles.
For Ruj(u-H) (us-n?-C,But) (CO) 4 reaction with phosphites,
phosphines and isonitrilesyields only substitution products
of the type Rus(u—H)(ua—nz—CZBut)(CO)s(L). Carbonyl substit-
ution on the hydride c¢luster occurs regiospecifically for
phosphorus ligands with the ligand occupying an equatorial site.
The yj-acetylide complexes Os; (u-H) 3 (n3—-n2-C,R) (CO) 4
(22) (R= H, Me, Ph or CMe,OH) and Oss (u-H) (r,-n2C,Ph) (CO) 14
form 1:1 adducts with PMe,Ph giving zwitterionic complexes
containing phosphonium centres withnegative chazges formally
on the metal atomsﬁq This phosphine also adds to bridging
vinyl ligands in triosmium clusters.25
Nucleophilic addition at ps-alkyne triosmium clusters
has been described recently.26 The jz-acetylide complex

Os, (p—H) (u3-n°C2H) (CO) o (22a) reacts smoothly with ethanol

to give two isomeric adducts (23a) and (23b) in

23
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;)Et H OEt
;50““Fi N —— 4
C \\\
/ BN
(CO)30s ™ Os(CO)3 CO).Os Os(CO
/\\\ ‘//‘\ (CO)s \\\ / (CO)
H—Os—H Os
(CO)3 (CO)s
(23a) (23b)
27a,b
21 and 78% yield, respectively, Complexes (23a) and

(23b) are derived by ethoxy group addition at the B- and
o- carbons respectively. Similarly the reaction of H:0
with [Osj3(u-H) 2 (u3=n?-C2H) (CO) s17 leads to Os;(u-H)s-
(us—CH) (CO) g, after CO loss, and Os; (u—-H) 3 (1 3—~CCHO) (CO) ¢
also by nucleophilic attack at the a- and B- carbon atoms,
27a :
respectively. -

Complex (22a) also forms adducts with pyridine (24),

ammonia (25) and diethylamine (26) .

R
B ] |+
+ R
/ e} (COpOEN—S05(COl
(00)305\ —0s(CO)s l>Os
Os H™ (CO)3
(CO)3 25 R=H
(24) (26) R = Et
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The zwitterionic pyridine adduct readily loses
pyridine in the absence of free pyridine to regenerate
(22a) but complexes (25) and (26) do not lose R,NH even
under acidic conditions.27c Complexes (25) and (26)
do not adopt the normal uz;-n? parallel structure found
for Os, clusters and the C-C axis of the organic ligand
is perpendicular to an Os-0Os bond.27c Proton NMR
experiments determined that the attachment of the
Et,NC,H ligand in (26) as a whole to the Os, triangle
is rigid. These observations were rationalised in terms
of the g-donor abilityof the NR, substituent being strong
enough to rotate the R,NCzCH ligand from a parallel to
perpendicular orientation.

It is of note that the adducts (24), (25) and (26)
are the products of exclusive nucleophilic addition to
the g-carbon which is in contrast to the reactivity of H,0 and
EtOH towards (22a), in which appreciable amounts of g-
carbon attack products are formed.

Clusters containing pz-acetylide ligands show -
considerable nucleophilic reactivity at the acetylide a;
carbon; this feature being confirmed by ultraviolet-
photoelectron spectroscopy.28 Carbon-13 NMR data for a
range of iron group polynuclear acetylide complexes with
py,-n?, us-n? and p, -n? alkynyl groups has been presented.29
For doubly bridging u, n?-acetylides of Fe, Ru and Os,
the a-carbon resonance lies in the range § 65 - 110
downfield of TMS, while B-carbon shifts are found over the range

§ 90 -110, In ps-n?-complexes the g-carbon lies in the

region § 115 - 220 and is always downfield of the g-carbon
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resonance (8 43 - 153). For u,-n?-acetylides, the o-carbon
is also downfield of B-carbon resonances with values lying
in the ranges § 185 - 230 and & 91 - 165, respectively.
The a-carbon resonance generally moves to lower field in
the sequence uz—n2<U3-ﬂ2<Uu—ﬂ2asthe number of metals inter-
acting with the acetylide unit increases. This obvious
deshielding of the a-carbon is attributed to the development
of a positive change density on this atom due to coordination
to electrophilic M(CO) fragments.29 A "metal effect" on
the Ca shifts is also observed with a shift to low field
in the sequence Fe—Ru—Os.29

The C, hydrocarbyl moiety shows varying degrees of
saturation on trinuclear clusters. In acetone, alkynes
reacted with [Fe,(y-H) (CO),,]1” to give [Fe;(u-H) (p3-n?-CCHR) -
(CO) 417 (R= Ph, Pr; CQ;Me, COMe) as dark brown or dark red
solids. Initial formation of [Fej;(u3;-CCH,R) (CO) 1,1
probably occurs; heating the vinylidene under CO (20 atm)
gave the alkylidyne complex, which on refluxing in acetone,
reformed the vinylidene. P At higher temperatures -
(refluxing 2-methoxyethanol), the acetylide anions [Fe ;-
(u3—n2-C,R) (CO) 4]~ (R= Pr, Ph) were formed, thus completing
the transformation RC=CH - CCH,C -+ RCH=C= - RC=C- on the Fe,
cluster.

This chapter describes the preparation of some bimetallic

clusters of iron and iridium, examples of which are rare.

The reactivity of a usz-n’-acetylide cluster is also examined.
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RESULTS AND DISCUSSION

Reaction of Ir(C,Ph) (CO) , (PPhj) , with Fe, (CO)q

A suspension of Ir(C,Ph) (CO) ,{(PPhj;), and Fe,(CO) 4
was found to react readily in refluxing tetrahydrofuran
to give a mixture of four products (Equation 1). Initial
chromatographic separation afforded pure fractions
containing Fe (CO),(PPhj;) and the expected trinuclear
cluster Fe,Ir (u3;-n®-C,Ph) (CO)4(PPhj;) (27) in 33% yield. —
Fractional crystallisation of the band eluted last gave
poor yields of the di-iridium cluster, Felr,(u;-n*-PhC,C,Ph)-
(CO) 7 (PPh3) , (28) and secondly, Fe,Ir(u;-n?-C,Ph) (CO), -
(PPhy) , (29) .

Complexes (27), (28),.and (29) were formulated by the usual
microanalytical and spectroscopic techniques. The molecular
structures of complexes (27) and (28) were determined by X-ray

crystallography.

Structure of Fe,Ir (us-n°-C,Ph) (CO) g (PPh,)  (27)

The molecular structure of (27) is shown in Figure i,?'
while Table 1 collects the bond distances and angles. fhe
iridium and iron atoms adopt a triangular arrangement with
the two iridium-iron distances being essentially equal
[Ir-Fe (1) 2.701(1) and Ir-Fe(2) 2.693(1)&]. These wvalues
are similar to the value found for the non-CO bridged
vector in the only other structurally characterised Ir-Fe
cluster, (ns—CsMes)IrFez(CO)931(22) [Ir-Fe(2) 2.698(7)%]
and significantly shorter than the Ir-=Fe bond [2.960(1)3}

3

2
in Felr (p-PPhy)(CO) s (PPhy), (31)the only other structurally

characterised iron-iridium metal complex.
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Feg(CO)g + Ir(C2Ph)(CO)2(PPh3)2

\ thf, A

Ph C

Ph

(PPh3)(CO), Ir\ 7Fe (CO)3

Fe(CO),(PPhg)

+

Fe(CO)4(PPh3)

Equation 1
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Selected interatomic parameters for

Fe,Ir (U3-N°-CoPh) (CO) g (PPh3) (27)

Bond Lengths

Fe (1)
P (1)
Fe (2)
Cc(9)
c(8)
C(10)

=== Ir 2.701(1)

-— Ir 2.351(2)

-—= Fe(l) 2.483(2)
-—— Fe(l) 2.050(8)

-- Fe(2) 1.761(10)

Bond Angles

Fe (2)
C(10)
C(10)
C(9)
C(11)
Fe (2)
P (1)
C(1)
C(9)
Cc(9)
Cc(9)
C(10)
Fe (1)

c(9) - Ir
c(9)y - Ir
C(9) - Fe(2)

C(10) - Fe (1)
C(10) - C(9)

Ir - Fe (1)
Ir - Fe(2)
Ir - Fe (2)
Ir - Fe (1)
Ir - P(1)
Fe(l) - Fe(2)
Fe(l) - Ir
Fe(2) - Ir

-== Fe(2) 2.098(7)

84.0(3)
152.9(6)
72.5(5)
68.5(5)
143.7(7)
54.8(1)
153.6(1)
96.1(3)
49.2(2)
104.3(2)
53.8(2)
80.1(2)
62.7(1)

C(10)
Fe (2)
C(9)
C(10)
C(9)

c(9)
C(10)
C(10)
Fe (2)
C(10)
Fe(2)
Cc(9)
P(1)
C(9)
Fe(2)
C(9)
C(10)
C(10)
Fe (1)

C(9)
Ir
Ir
Fe (1)
Fe(2)

Fe(2) -
Fe(2) -
Fe (2) -
c() -
c(9) -
c(10) -

c(10) -

Ir -
Ir =
Fe(l) -
Fe(l) -
Fe(l) -
Fe(2) -
c(9) -

1.294(10)
2.693(1)
1.934(7)
2.133(8)
2.087(7)

Ir 45.6(2)
Fe(l) 54.7(2)
C(9) 36.0(3)
Fe(l) 73.7(3)
Fe (1) 75.5(5)
Fe(1) 71.8(2)
Fe(2) 71.5(4)
Fe (1) 104.7(1)
Fe(2) 50.4(2)

Ir 62.4(1)
Ir 45.5(2)
Cc(9) 36.0(3)
Ir 80.9(2)
Ir 85.3(3)-
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]
oo’i
A >
[ r Fe(CO)3

The Fe-Fe separation in complex (27) [2.483(2)&] is shorter
than the analogous distances in(gg) as expected from the
presence of a bridging acetylide group in the former
complex. The Ir-Pl distance [2.351(2)&] implies that a
conventional 2e-donor interaction of a tertiary phosphine
with a metal atom is present and this value is close to

that observed in (31) [2.349(2)&] for the terminal Ir-PPh,
bond. The bridging acetylide ligand adopts the familiﬁr
u3-n’-(o+2m) or n?-|| bonding mode with the C=C and I;—d&d
distances [1.294(10) and l.934(7)£, respectively] consistent
with those found in other homo- and heterometallic Ua-ni-
acetylide clusters.3 The symmetric disposition of the
bridging acetylide ligand is evidenced by its distance from
the two iron atoms [Fe(1)-C(9),C(10) 2.050(8), 2.233(8)A;
Fe(2)-C(9),C(10)2.087(7), 2.098(7)]. Coordination at the
metal atom is completed by carbonyl ligands [Ir-CO 1.894£ av.;
Ir-C-0 176.80 av.; Fe=C0O l.??lﬁ av.; Fe-=C-0 177.5° av.].

An electron count shows that the C,Ph ligand functions as

a 5e-donor to the cluster which is electron precise (48e)



205.

and gives rise to a closo, trigonal bipyramidal, 6 skeletal
electron pair (SEP), 5 vertex structure.

Spectroscopic data obtained for complex (27) are in
accord with the crystallographically determined structure.
Its solution infrared spectrum showed only terminal v (CO)
bands, which gave a seven-band pattern. Resonances found
at § 174.5 and 212.1 in the '3C{'H} NMR spectrum were
assigned to carbonyl ligands on the iridium and iron atoms,
respectively, by comparison with similar resonances in the
related complexes, FeRh(u—Pth)(CO)u(PEtg)z32 and Ir, (CO) 59—
(u=CO), (1,5—Cyclooctadiene).33 The observation of only two
signals suggests that the carbonyls on both metals are
fluxional at ambient temperature or are accidentally
equivalent. The CQ(G 165.5, s) and CB(G 99.6, s) signals
were in environments similar to those of other uzm2-acetylide
clusters.29 A resonance at § 14.9 in the 3!P{'H} NMR spectrum
was assigned to PPh; [cf § 14.0 for Ir-PPh; in the related
complex, FeIr(u—Pth)(CO)S(PPhg)z]::)2 The FAB mass spectrum

showed a molecular ion at m/z 892 which fragmented by steép-

wise loss of eight carbonyl ligands.

Structure of Felr, (u;-n’-PhC,C,Ph) (CO),(PRhs), (28)

The molecular structure of (28) is shown in Figure 2.
Relevant bond distances and angles are listed in Table 2.
Although the accuracy of the determination only allows the
molecular connectivities to be seen, some discussion.of
the structure will be given.

The three metal atoms form a triangular arrangement in
which the Ir-Fe distances [2.613(8) and 2.617(8)&] are
similar to those found in (27) and (30). The homometallic

=]
bond distance [Ir(2)-Ir(l) 2.743(4)A] is comparable to
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the average Ir-Ir bond length [2.73£ av.] in the Ir,
cluster; [Iru(_CO)lo(1,5—cyclooctadiene)].33 The two
phosphorus atoms are disposed essentially trans to each
other with respect to the Ir-Ir vector and with bond
lengths [Ir(1)-P (1) 2.33(2) and Ir(2)-P(2) 2.36(2)&]
similar to those found in the previously mentioned
complexes. The most interesting feature of complex (28)

is the presence of the diphenyl diacetylene ligand.

The crystallographic data suggests the ligand adopts the
familiar ps-n?-(||) bonding modeu designating a parallel
arrangement of the coordinated alkyne carbons with respect
to the Ir-Ir vector. The two formal og-bonds are Ir(1l)-C(8)
1.92(5) and Ir(2)-C(9) 2.18(5)A while the m-bond lengths
are C(9)-Fe 2.17(5) and C(8)-Fe 2.18(5)A. The coordinated
C, moiety shows the expected lengthening®" [C(8)-C(9)

1.40(2) compared with the uncoordinated triple bond.
[C(10)-C(11) 1.22(7)&]. The pendant phenyl acetylene
molety is essentially linear [C(9)C(10)C(11l) 174(5)°;
C(10)C(11)C(18) 172(6)°]1. The alkyne ligand adopts a - -
distorted parallel coordination but does not approach
perpendicular coordination; the Ir(2)-C(8) [2.78&] distance
is non bonding. This distortion suggests a bonding mode in
between n?-|| and n?-].. This is possibly due to a solid
state freezing out of oscillatory motion that has been noted
for other n?-|| complexes in solution.ss'36 The carbonyl

ligands are unexceptional. A formal electron count shows

that none of the metals are electron_deficient _and _that the

ns—n?-alkyne ligand acts as a 4e-donor to the electron
precise (48e) cluster. Spectroscopic data were in accord

with the structure of complex (28).
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Table 2. Selected interatomic parameters for the structure of (28)
Ir(2) -—— Ir(1l) 2.743(4) Fe —-—— TIr (1) 2.613(8)
P(1l) -—— Ir(l) 2.333(17) P(2) === Ir(2) 2.356(17)
Fe —-—= Ir(2) 2.627(8) C(4) === Ixr(2) 1.899(50)
C(9) === TIr(2) 2.176(51) C(9) -—-- Fe 2.168(52)
C(8) =—---= Fe 2.178(48) C(9) -—-—-= C(8) 1.400(17)
C(10) === C(9) 1.436(70) C(11) === C(10) 1.216(68)
C(18) --- c(11) 1.350(70) Cc(8) === Ir(l) 1.917(51)
Fe - Ir(l) - Ir(2) 58.7(2) P(1) - Ir(l) - Ir(2) 100.6(4)
P(1) - Ir(1) - Fe 149.0(5) C(8) - Ir(l) - Fe 54.9(14)
C(8) - Ir(l) - Ir(2) 70.8(12) Fe - Ir(2) - Ir(l) 58.2(2)

C(8) - Ir(l) - p(1) 98.3(14) P(2) - Ir(2) - Fe 107.6(4)

P(2) - Ir(2) - Ir(l) 164.7(4) C(9) - Ir(2) - Ir(l) 70.3(11)
C(9) - Ir(2) - Fe 52.6(13) C(9) - Ir(2) - P(2) 97.0(12)
Ir(2)~- Fe - Ir(l) 63.1(2) C(8) - Fe - Ir(2) 70.1(12)
C(8) - Fe ~ Ir(1) 46.1(13) C(9) - Fe - Ir(1) 73.0(12)
C(9) - Fe - Ir(2) 52.9(13) C(9) - C(8) - Ir(l) 118.8(38)
Fe - C(8) - Ir(l) 79.0(19) Fe - C(9) - Ir(2) 74.4(17)
C(9) - Cc(8) - Fe 70.8(27) C(8) - C(9) - Fe 71.6(30)
C(8) - C(9) - Ir(2) 99.9(35) C(10) - C(9) - Fe 125.6(33)
C(10)- C(9) - Ir(2) 126.6(31) C(11) - C(10) - C(9) 173.9(52)
C(10)- C(9) - C(8) 132.4(47)

The FAB mass spectrum of (28) contained a molecular
ion at m/z 1362 which decomposed by stepwise loss of
six CO groups and C,Ph.

The phosphorus atoms in (28) P(1) and P(2), attached
to Ir(l) and Ir(2), respectively, (cf. Figure 2), are in
different relative chemical environments and this is
reflected in the *'P{'H} NMR spectrum of (28) which contained
two singlets at § 8.5 and -15.2 and were assigned to the two

PPh; ligands.
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The other trinuclear diiron-iridium cluster isolated
from the reaction of Ir{(C.Ph) (CO):(PPhs) ., and Fe, (CO) 4
was Fe,Ir (u3-n°~C,Ph) (CO) 7 (PPhy), (29) . Its solution i.r.
spectrum comprised a six-band pattern showing only terminal
v(CO) bands. The 'H NMR spectrum contained a multiplet
resonating between § 7.1-7.7 for the phenyl protons.
Singlet resonances at § 180.1 and 243.8 in the '3c{'H} NMR
spectrum are assigned to iridium-carbonyl and iron-
carbonyl signals, respectively. The signal at 6§ 80.0 was
assigned to CR and the signal for Ca was not observed. The
phenyl resonances were found in the usual region. The
*1p{'H} NMR was particularly informative and contained two
resonances at 6 -8.1 and 76.4. The former was assigned to
IrPPh; and the latter was assigned to FePPhs [cf & 74.2 in
FeIr (u-PPh,) (CO) s (PPh3s) » (él)]iz The FAB mass spectrum of

(28) showed a molecular ion at m/z 1126 which fragmented by

consecutive loss of seven CO groups.

Reaction between Ir (C,Ph) (CO), and Fe (CO) s

It was of interest to study the chemistry of compound
(27) and a higher yielding synthesis was sought. However,
stirring a tetrahydrofuran solution of Ir(C,Ph) (CO) » (PPh3),
and Fe(CO) s at ambient temperature for 4 days resulted in a
much lower yield of (27) (12%), after thin layer chromoto-
graphic separation. The only other major tractable product

was (28) (3%).



(PPhg)(CO),lre=—|=—/=Fe(CO),

Fe(CO)
//Ph
Ir(CoPh)(CO),(PPh3), + Fe(CO)5 o - + /C
£, RT, 4 days Ph\\ Céﬁ,
/C_C\/
(PPh3)(CO),lr Ir(CO),(PPhj)
Fe (28; 3% )
(CO)3

In a similar reaction, a refluxing thf solution of
Ir (C,Ph) (CO) . (PPh3) , and Fe(CO) s afforded a higher yield

of (27) (25%) than the previously mentioned room temperature

reaction. Complex (29) was also obtained in 15% yield.

/Ph

/ -
N / @z

(PPh3)(CO) 2|r< =F

Fe(CO)3

IF(C,Ph)(CO)5(PPhg), + Fe(CO - )
(C2Ph)(CO)o(PPhs), (CO)s thf, A, 90 min Ph

-
c
c— /

AN
(PPhs)(CO)zlr< —/7Fe(CO)s  (29; 15 %)

Fe(CO),(PPhs)
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B. Preparation of Fe,Rh(u;-n?-C,Ph) (CO); (PPh,) (4)

A suspension of Rh (C,Ph) (CO) (PPh,), and Fe, (CO) 4 in
tetrahydrofuran rapidly darkens to red when heated at 60°C
for a short time. Preparative tlc enabled the isolation
of two major products. One was the well-known Fe3 (CO) ;..
The other product was identified as Fe,Rh (u3-n?-C,Ph) (CO) 4-
(PPh;) (32) on the basis of microanalytical and spectro-
scopic data. The infrared spectrum of (32) was similar to
that of complex (27) and contained only terminal v (CO) bands.
The 'H NMR spectrum contained a multiplet at § 7.32 which
was assigned to the phenyl proton resonances. The phenyl
carbon resonances of (32) were found between § 128-134 in
the '3®C{'H} NMR spectrum. The only other signal in this spectrum
was found at § 212.1 and as no 103Rh coupling was observed
it was assigned to carbonyl groups on the Fe. The 3!p{ly}
NMR spectrum contained a doublet signél at § 15.6 with J
(RhP) 122Hz; this value is comparable to that observed in
RhRu3(u3-PPh)(uz—CO)(CO)e(PPha) [§ (RhPPh3) 30.9 and J (RhP)
128Hz]3.7 A weak molecular ion was found at m/z 802 in thé =
FAB MS of complex (32) which decomposed by consecutive loés
of eight CO groups.

A possible mechanism for the formation of complexes (27),
(28) and (29) is pictured in Scheme 1. When Ir (C,Ph) (CO) ,-
(PPh3), is dissolved in solvents such as CHCl; or CH,C1,
carbon monoxide is rapidly liberated giving the four co-
ordinate square planar complex, Ir(CzPh)(CO)(PPhg)z.38
This monocarbonyl complex undergoes addition reactions readily
at the metal centre and in some cases at the triple bond of

38

the acetylide moiety. It is possible that this mono-

carbonyl acetylide complex may react with a coordinatively



Fe(CO)4(PPh3)
-PPh; =
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unsaturated iron fragment to form the binuclear intermediate
(A) . It has been known for some time that the reaction of
Fe, (CO) ¢ with tetrahydrofuran produces a tetracarbonyl iron

39
fragment stabilized by a solvent molecule (Equation 2).

Fe, (CO) g (thf) ——Fe (CO) 4, (thf) + Fe(CO) 5. ({(Equation 2)

Carty and co-workers have reported the isolation of binuclear
complexes similar to the postulated intermediate (A) from
40

the reaction of phosphinoacetylenes with Fe, (CO), in benzene

(Equation 3).

+ other iron
products

Feg(CO)g + PhQPCECR

(R= Ph, Bu', Pr', Cy) \ /

(Equation 3)

These complexes readily undergo phosphine substitution a£ the
iron centre which has the acetylide ligand o-bonded to i£.
Reaction of an intermediate of type (A) with a further
e(CO)qI unit followed by loss of PPh; would give complex (27) .
This probably proceeds by initial coordination of the 'Fe(CO)q'
unit to the acetylide triple bond giving adduct (B) which then

condenses by virtue of the presence of the late transition

—

Ph
\ /’

A

(PPhs)(CO}er

(CO)sFe Fe(CO),




214.

metal being of sufficient size to form metal-metal bonds
with iron. Similar M,{py-n?-acetylide} (CO), complexes

are known [M = Co,Fe] and were described in the introduction
to this chapter.

The formation of complex (29) could be easily explained
by employing a similar reaction pathway to that postulated
for the formation of complex (27) i.e. intermediate (A) and
a Fe(CO), (PPh,) fragment. This, however, ignores the well-
known substitution inertness of Fe(CO)q(PPh3),‘+1 (obtained
as a product in the reaction of Ir(C,Ph) (CO), (PPh,), with
Fe, (CO)y) . Another possible route to complex (28) is CO-
substitution of intermediate (A) with PPh, liberated in
the formation of complex (27), this new intermediate would
then react with an hFe(CO)q'—fragment in a similar manner
to that postulated for the formation of complex (27). A
pathway which also cannot be discounfed is simple CO-
substitution of complex (27), although the Fe atoms are not
the preferred site of phosphine attack (see later).

Similarly, the reaction of intermediate (A) with one

equivalent of Ir(C, Ph) (CO), (PPh,) probably proceeds with

2 7

initial coordination of the carbon-carbon triple bond of

the incoming acetylide to the Fe(CO), moiety of intermediate

(A) . Subsequent rearrangement involves an acetylide-

acetylide coupling reaction of which there are few examples
42 43

in the literature. '

Several complexes containing the ligand 1,4-diphenyl-

1,3-butadiyne have been reported. Some involve addition of
_ 2,44 47
the diyne as a ligand or oxidative coupling
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L2 43
of phenyl acetylide groups on metal centres. !

A mixed metal analogue of complex (28) has been described,

although not structurally characterised; FeNi,(ps;—n?-PhC,C,Ph)-~

(CO) 3(n-CsHs) , (33) was obtained from the reaction of

8
[Ni(n-CsHs) ] , {pu~PhC,C,Ph} and iron carbonyl. Complex

(33) was also obtained from the reaction of Ni(C,Ph) (PPh;,)-

(n-CsHs) with Fe, (CO) 3 along with the binuclear complex
48

FeNi(C,Ph) (CO) 3 (PPh;) (n-CsHs) (34), this latter complex could

be important in regard to the validity of (A) as a reaction

intermediate (Scheme 1).

o
Ph =
\/C_—-_—_ C\/
(n-CsHs)Ni /Ni(Tl‘CsHs)
Fe
(CO»  (33)

-

Thermal decomposition of Mo (C,Ph}CO) 3(n-CsHs) at ca. 110°C

in octane results in the coupling of phenylacetylide units

to give the structurally characterised,

[Mo (CO) . (n-CsH5) 15—
43

(u-n*-PhC,C,Ph) (35).
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Reactivity of Fe,Ir (uz—n’-C,Ph) (CO)g{PPhg) (27)

-

Treatment of (27) with sodium amalgam in tetrahydrofuran
at low temperature followed by protonation (H,P0O,), and
subsequent work-up afforded the hydrido vinylidene complex
Fe,Ir (y=H) (y;-n?~-CCHPh) (CO) ¢ (PPh;) (36), in low yield (2%) and
the hydrido alkyne cluster FeZIr(p—H)(u3—n2—HC2Ph)(CO)8—
(PPh,) (37) in 47% yield. The complexes were identified by
the standard spectroscopic and microanalytical techniques;
the structure of (36) was determined unambiguously by X-ray--

diffraction methods.

Structure of Fe;Ir{p—H}(Ug—nz—CCHPh){CO)R(PPhq) (36)

The structure of (36) is shown in Figure 3 (see also
Table 3). There is a familiar triangular arrangement of
the metal atoms with the two Ir-Fe distances in (;g)[Fe(l)—Ir
2.705(1); Fe(2)-Ir 2.656(1)&] being cpmparable to the two
Ir-Fe distances in the starting acetylide cluster (27)
[Fe(l)-Ir 2.701(1); Fe(2)-Ir 2.693(1)&] and to
the other Ir-Fe distances mentioned previously. The Fe-Fe
separation shows a significant lengthening compared to Eher<
analogous distance in (27)(ca. O.llg) and suggests that the
hydride present in the complex bridges this bond and this
is supported by the 'splayed-out' nature of C(5)0(5) and
C(6)0(6). The Ir-p(1) distance [2.362(1)A] is unexceptional
and similar to the analogous interaction in(27) [2.351(2)&]
and (28) [2.33(2) and 2.36(2)&]. The hydrocarbon moiety
interacts in a distorted n?-fashion with Fe(2)[C(9)4Fé(2),
C(10)-Fe(2) 2.806(4), 2.282(5), rcspectively] while c(9) is
within bonding distance of Fe(1)[1.900(5)A], and Ir[2.034(5)Al.

[=]
The C(9)-C(10) distance [1.406(7)A] has appreciably lengthened
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PLUTO plot of the molecular structure of
Fe,Ir (u-H) (13-n*-CCHPh) (CO) s (PPh3) (36)
(by M.R. Snow and E.R.T. Tiekink)
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Selected interatomic parameters for Fe,Ir (U-H)-

(H3=n*-CCHPh) (CO) g (PPh3) (36)

o
Bond distances (a)

Fe(l) --- Ir
P(1) =--- Ir
Fe(2) --- Fe(l)
C(9) —-—- Fe(l)
C(9) =-—- Fe(2)
C(29) -—— P(1)
C(23) —— P (1)

Bond angles (°)

Fe (2)
P(1)
C(9)
C(9)
Fe (1)
C(9)
C(10)
C(10)
Fe (2)
C(10)
C(10)

1

Ir -
Ir
Ir
Fe(l) -
Fe(2) -
Fe(2) -
Fe(2) -
Fe(2) -
C(9)
C(9)
C(9)

1

I

\S]

-705(1)

.362(1)
.591 (1)

. 006 (4)
.832(4)
.826 (4)

Fe (1)
Fe (2)
Fe (1)
Fe (2)
Ir
Ir
Fe (1)
c(9)
Ir
Ir
Fe (2)

2
2
1.900(5)
2
1
1

57.
148.
44.
50.
62.
49.
78.
37.
82.

128
81

8(1)
9(1)
5(1)
2(1)
0(1)
3(1)
6(1)
6(2)
2(2)
-7(4)
-9(3)

0(8)
Fe (2)
C(9)
C(10)
c(17)
Cc(10)

P(1)
C(9)
Fe(2)
c(9)
C(9)
c(10)
Fe(l)
Fe(2)
C(10)
C(9)
C(1)

-—= C(8)
=== Ir
== Ir
-—= Fe(2)
-—= P(1)
-== C(9)

— Ir —
- Ir ==
- Fe(l) -
- Fe(l) -
- Fe(2) -
- Fe(2) -
e C(9) =
- Cc(9) -
- Cc(9) -
- C(10) -
- Ir —

HENDNNDDDD R

Fe (1)
Fe(2)
Ir
Ix
Fe (1)
Ir
Ir
Fe (1)
Fe (1)
Fe(2)
Fe (1)

.145(7)
.656(1)
.034(5)
.282(5)
.830(3)
.406(7)

106.
48.
60.
48.
46.
77.
86.
83.

138.
60.

139.

4(1)
4(1)
2(1)
7(2)
7(1)
7(1)
8(2)
0(2) -
5(4)
5(3)
8(2)



219.

from the corresponding value in (al)[1.294(10)£]. These
data are consistent with the presence of a p3—-n? vinylidene
ligand and the distorted side-on coordination of the ligand
to Fe(2) is also shown by the mixed-metal vinylidene

16,49
clusters, Co,Ru(us-n2-CCHR) (CO)s (R=Ph,But), in which the

vinylidene ligands are n? bound to the ruthenium atom with
ca. 0.34£ difference in Ru-C distances.

The precise position of the bridging hydride ligand was
not found from the structure determination. A formal B
electron count shows that Fe(l) is electron deficient,

suggesting that the hydride ligand bridges Fe(l)-Fe(2).

The spectroscopic data agree with this formulation.
The infrared spectrum contains only terminal v (CO) absorptions
giving an eight band pattern. The !H NMR spectrum contains
signals at 6 7.35, whichwere assigned to the phenyl groups
and § 6.93, which was assigned to the CH proton of the vinylidene
unit although it shows no coupling to phosphorus [cf. similar
values in Co,Ru(u3;-n?-CCHPh) (CO)s at § 6.8916 and Ruj;Au,-
(14-n?-CCHBut) (CO)s(PPhs), at & 6.30 1. There are two _
doublets of equal intensity which integrate as 0.5H each
showing a 13Hz coupling to 3!P. This suggests that (36)
exists as a mixture of isomers in solution possibly resulting
from the vinylidene fragment switching from an n?-bonding

mode from Fe(2) to Fe(l) (Scheme 2).

The signal for the vinylidene proton is relatively broad
and could, in fact, be the product of two overlapping.
doublets which are not resolved as a result of the vinylidene
proton exhibiting a smaller coupling to **P than the metal
bound hydride.

The '3C{!H} NMR has signals at § 126-130 assigned

to the phenyl carbons. Two peaks at ¢ 101.7 and 145.5 are
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assigned to Cy and Cg of the vinylidene moiety, respectively.
The former resonance was assigned with the aid of an off-
resonance decoupling experiment. A sharp singlet at § 5.1
in the 3'P{!H} NMR spectrum was assigned to PPhs bound to
the Ir above. The FAB MS showed a molecular ion at m/z 894
together with a fragmentation pattern due to successive loss
of eight CO ligands.

Spectroscopic data confirmed that complex (37) was also

'y

related to (27) by the addition of two hydrogens. The
NMR spectrum contained a high field doublet at § -23.48
[7(PH) 12Hz] and was assigned to a bridging hydride ligand.
A characteristic low-field doublet signal at § 7.81

[d, 7(PH) 5Hz, 1H] was found for the CH proton of the alkynyl
unit. The singlet at & 112.5 in the '°C{'H} NMR spectrum was
assigned to the alkynyl carbons with the aid of an off-
resonance decoupling experiment. The resonances at § 152.8
and 171.2 were assigned to carbonyl ligands on Ir while the
peaks at ca. § 210 were assigned to the analogous Fe signals.
The FAB mass spectrum contained a molecular ion at m/z—8§4
and fragmentation ions formed by stepwise loss of eight CO
ligands.

The preceding data suggest that complex (37) has the

structure shown in Figure 4.

H Ph
/p:::::%\
| Fe(CO
(PPh3)(CO)olIr = e(CO)3
Fe—H Figure 4
(CO)s (37)

Figure 4
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The Ug—nz—ll alkyne bonding mode is one of the most common
found in either homo- or hetero-metallic alkyne clusters.3
The structure postulatedfor (37) is consistent with the
observation of the trend shown by (us;-n?-|]|)-bonded alkyne
clusters, in which the formal p-bond is directed towards the
least electron rich metal.

Complexes (36) and (37) appear to be the result of
hydride addition to the acetylide ligand and protonation
at the cluster core of complex (27) - This was confirmed by
the reaction of (27),in tetrahydrofuran, with x-Selectride
[K{BH(CHMeEt) 3}; a source of H~] followed by protonation
(H3PO,) . This reaction gave a similar distribution of
products as the reaction of (27)with sodium amalgam/H;3; PO,
and suggests this latter reaction proceeds by simple hydride
abstraction from the solvent followed by protonation at the

cluster core. These results are consistent with the

electrophilic nature of Ca of ps-n?-acetylide clusters

leading to the formation of alkynes, parallel to one

51 b ,
edge of the cluster:. and hence to structures comparable
to (37).

These H™/Ht reactions correspond, at least formally,
to the addition of hydrogen to the acetylide cluster (27).
Indeed, the hydrogenation of (27) in cyclohexane,
resulted in the isolation, after suitable work-up, of the
hydrido-vinylidene cluster (36) which was identified by .
comparison with an authentic sample. The major product
from this reaction, however, was an unidentified brown
complex, (38). Its infrared spectrum contained two bridging

(1855m, 1820m cm™!) as well as six terminal v (CO) bands.
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The only distinguishing features of its 'H NMR spectrum
were a broad singlet at § -23 assigned to a metal bridging
hydride ligand and the ubiquitous .phenyl resonances at
§ 7.47. It was not possible to obtain a FAB mass spectrum
of Qég)using any of the established solvent matrices. It was
also not possible to obtain crystals suitable for X-ray
structural analysis. There is no evidence for the identity
of (38) at this time due to the obvious complexity of the
reaction; there were at least eleven compounds observed
after thin-layer chromatographic separation. However, in
several cases the hydrogenation of hydrocarbyl containing
clusters results in reduction of the hydrocarbyl ligand S
e.g. hydrogenation of Ruj; (u-H) (u3-n2-C,But) (CO) s gives
alkylidyne complex Rug(u—H)3(u3—CCH2But)(CO)95.2 It is
interesting to note that hydrogenation of (36), under the
same conditions as (27) results only in decomposition while

similar hydrogenation of (37) gave a multitude of products,

one of which was identified as (38).

Pyrolysis of Fe,Ir (u—H) (u3-n?-HC,Ph) (CO), (37)

Heating a toluene solution of (37) at reflux for 90 min
results in almost quantitative conversion to the vinylidene cluster
(36) . This represents a formal 1,2-hydrogen shift, a
subject which has aroused much recent interest, in mono-

54 55 1 16 49,56
nuclear as well as cluster chemistry.

The transformation of complex (27) by successive addition
of H™/HY into a hydrido alkyne cluster followed by thermal
rearrangement to a vinylidene cluster (36) is depicted in

Scheme 3. Although(gé) is obtained from the reaction of

H™/H* with the acetylide cluster it is, in fact, a minor
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product (<5%) while the alkyne cluster (37) is by far the
major productf A theoretical study57on the acetylide
cluster, Ruj;(p-H) (p3-n?-C,Me) (CO) s indicated that the most
likely site of nucleophilic attack was at Cy. Experimentally,
Deeming27has shown that nucleophilic attack on Os(u-H)-
(p3=n?-C,H) (CO) 5 is predominately at Co while attack at

CB is also possible. We believe initial H™ attack at O

of (27) gives the anionic alkyne intermediate (37a) (Scheme 3)
and protonation at the metal core gives the alkyne clustér
(37). It is not possible to say conclusively at this time
whether H™ attack at CB affords an analogous anionic
vinylidene intermediate, which after protonation gives (36)
because of the facile nature of the thermal rearrangement
of (37) to (36). This rearrangement was found to occur in
solution even at room temperature, glbeit slowly. An
alternative explanation for the formation of (36) is initial
H™ attack at the metal core giving an anionic hydrido-
acetylide cluster which then rearranges to an anionic
vinylidene intermediate giving (36) after protonation.

The addition of H™/H' corresponds to the formal
addition of H, to the cluster and it is probable that the
initially formed product in the hydrogenation of (27) is
.complex (37) which then under the prevailing reaction
conditions rearranges to (36). As mentioned previously
alkyne-vinylidene interconversion on metal clusters has

18

been the subject of a theoretical study in which Silvestre

and_Hoffmann _concluded that in-bi=_andtri-nuclear systems

the isomerisation proceeded via a hydrido acetylide inter-
mediate, formed by oxidative addition of the CH bond of

the alkyne to the cluster. (Scheme 4).
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In mononuclear complexes the analogous process was calculated
to be of higher energy than a situation involving nl-alkyne
slippage and consequent 1,2-hydrogen shift.18 Reactions
between Co,Ru(CO)i; and HC,R gave ujz—-alkyne complexes which
rearranged in boiling hexane to uj3;-vinylidene complexes._mrl‘h9
Both complexes for R=Bul were characterised crystallographic-
ally from which it could be seen that the conversion is
associated with a gradual inclination of C=C bond with respect
to the M; plane. The extremely facile interconversion of

the hydrido acetylide cluster Ru;Pt (u-H) (uy-n2-c=cBut) (co) ¢-
(dppe) to the tautomeric vinylidene cluster RusPt (u,-n?-

56

C=CHBut)(CO)9(dppe) occurs at ambient temperatures and lends
1.8

support to the mechanism proposed by Silvestre and Hoffmann

(Scheme 4 ).
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Synthesis of trimetallic clusters by incorporation of

gold fragments

Addition of [O{Au(PPh3)}3][BFq]/[ppn][Co(CO)q] to (27)

resulted in the formation of the pentanuclear cluster
Au,Fe Ir(p,-n?-C,Ph) (CO) 7 (PPhy) (39) . This complex was
characterised unambiguously by X-ray structural analysis

as well as spectroscopic and microanalytical techniques.

Structure of Au,Fe,Ir(u,—-n?-C,Ph) (CO) ; (PPh,) 5

The molecular structure of (39) is shown in Figure 5.
Table 4 collects significant bond distances and valence
angles fcr (ég). The structure of (39) is closely related
to the structure of (27), the major difference being the co-
ordination of a Au, (PPh,) , unit to the Ir atom with an
additional interaction between Au(2) and C(8) of the
acetylide ligand. The cluster metal core comprises a
'bow-tie' arrangement of the five metal atoms with the two
halves of the tie defined by the Ir(l)Fe(l)Fe(2) and
Ir(l)au(l)au(2) triangles. The dihedral angle between the
planes is 86.0°. The Ir-Fe [2.709(3)&, 2.744(4)&],Fe—Fe
[2.501(5)A] and Ir-P(1)[2.287(6)A] distances are all comparable
to those found in complex (27). The Au-Ir distances [Ir-Au(l)
2.6331; Ir-Au(2) 2.726(1)&] are close to that expected from
the sum of the metallic radii (2.794&)58 and the Ir-Au(l)
interaction falls within the range found for the analogous
distance in other mixed-metal clusters (2.593—2.675&) o
The coordination mode of the acetylide ligand in (39) can
be described as distorted Uq—nz—(_l_)s6 with the angle between
the C=C axis and the bridged Fe(l)-Fe(2) vector being ca 103°.

o o
The Ir-C, distance [1.957(23)A] and C=C distance [1.340(31)A]
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Figure 5. PLUTO plot of the molecular structure of
Au,IrFe, (uy-n2-C,Ph) (CO) ; (PPhj) 5 (39)
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Table 4. Selected interatomic parameters for (39)

[+]
Bond distances (A)

Au(2) --- Au(l) 2.847(1) C(8) --- Au(2) 2.387(22)
P(3) =-—= Au(l) 2.269(6) Au(2) —--- Ir(1) 2.726(1)

Au(l) --- Au(2) 2.847(1) Fe(2) --- Ir(l) 2.744(4)

Au(l) —-—— Ir (1) 2.633(1) Fe(2) --- Fe(1l) 2.501(5)

Fe(l) -—- Ir (1) 2.709(3) Au(2) -—-- P(2) 2.269(6)

Ir(l) --- c(8) 1.957(23) Au(l) —-—- P(3) 2.269(6)

Fe(2) -—-- C(8) 2.079(23) Fe(l) --- C(8) 2.074(23)
Fe(l) -—— C(9) 2.141(22) C(9) === C(8) 1.340(31)
Ir(l) --= Au(2) 2.726(1) Fe(2) --- C(9) 2.063(23)
Ir(l) --- P(1) 2.287(6)

Bond angles (°)

Ir(l) - Au(l) - Au(2) 59.5 Fe(2) - C(9) - Fe(l) 73.0(8)
P(3) = Au(l) - Ir(l) 166.0(2) C(8) = C(9) - Fe(2) 71.8(14)
Ir(l) = Au(2) - Au(l) 56.3 P(3) = Au(l) - Au(2) 132.7(2)
P(2) - Au(2) - Ir(1l) 170.0(2) P(2) - Au(2) - Au(l) 122.4(2)
C(8) = Au(2) - Ir(1l) 44 .4 (6) C(8) - Au(2) - au(l) 91.2(6)
Au(2) - Ir(l) - Au(l) 64.1 C(8) - Au(2) - P(2) 142.6(6)
Fe(l) - Ir(1) - Au(2) 86.5(1) Fe(2) = Ir(1) - Aau(l) 144.8(1)
Fe(2) - Ir(1l) - Au(2) 107.1(1) Fe(2) - Ir(1l) - Fe(l) 54.6(1)
Fe(2) - Fe(l) - Ir(1) 63.4(1) C(8) - Fe(2) - Fe(l) 52.9(6)
Fe(l) - Fe(2) - Ir(l) 62.0(1) Fe(l) - C{(8) - Au(2) 113.0(10)
C(8) = Fe(2) - Ir(1) 45.3(6) Fe(2) — C(8) - Au(2) 160.2(10)
Ir(l) = C(8) - Au(2) 77.0(7) Fe(2) - C(8) - Fe(l) 74.1(8)
Fe(l) - C(8) - Ir(1) 84.4(10) C(9) =C(8) - Ir(l) 151.4419)
Fe(2) - C(8) - Ir(1) 85.6(9) C(9) =-C(8) - Fe(2) 70.5(13y -
C(9) - C(8) - mu(2) 128.7(17) C(8) =~ C(9) - Fe(l) 68.7(14)
C(9) = C(8)y - Fe(l) 74.2(13) Fe(l) - Ir(l) - Au(l) 90.3(1)
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39
fall within the values found for uu—nz(L) acetylide ligands

and are comparable to those in (27). An interesting

feature of the structure of (39) is the Au(2)-C(8)

interaction [2.387(22)%]. Gold-carbon interactions

have been noted previously in the complexes [(n-CsHs)Fe-
59

(n-CsHy)Au, (PPh;) ,]1 [BF,]1, [AuW, (u-CCcH,Me-4), (CO), (n-CsHs) ,1-

60
[PF¢], and [(n°-CsHs)MoMn(u=PPh,) {p-o:n"*-CH(Me) -

61
CHCHAu (PMe,Ph) } (CO),] where Au-C contacts of 2.16(3), -

2.12(2) and 2.19(1)&, respectively, were found. The longer
distance in (39) might be a result of steric interaction
between the PPh; ligand on Ir, which is bonded cis to Cq

of the acetylide ligand, and the AuPPh; group interacting
with Cgy.

In (39) the seven CO groups are distributed three to
each iron and one to the iridium. Although the least
hindered site of attack on the iridium atom in (EZ)is the
position occupied by C(2)0(2) (see Figure 1), which is trans
to Co of the acetylide ligand, comparison of the two
structures suggests that C(1)0(1) has been substituted by
Au,(P2h,), which allows interaction of the digold unit with
Ca .

Spectroscopic data obtained for (39) were in accord
with the determined structure and will be discussed in
conjunction with the characterisation data obtained for
the analogous rhodium compound AuzFeth(Uq—nz—CzPh)(CO)7-
(PPhy); (40) . Complexes (39)and (40)were obtained from the
addition of [ppn] [Co(CO),] and [O{Au(PPh;)},;]I[BF,] to thf
solutions of (27) and (32) respectively, at room temperature.
For both cases thin layer chromatographic separation gave

good yields of (27)and (32) as well as the binuclear complex
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AuCo (CO) , (PPh;) . The infrared spectra of (39) and (40)

were similar and contained only terminal v (CO) bands.
Multiplets, assigned to phenyl group resonances, were

the only signals observed in the 1H NMR spectra of (39)

and (40); the compounds proved too insoluble to obtain

13C gpectra. The 3!P{'H} NMR spectrum of (40) contained

two broad singlets at & 40.8 and 47.8 which were assigned
to AuPPh; also a sharp doublet at § 52.6 was assigned to
RhPPh, on the basis of the observed 141 Hz coupling to IWEh;
By analogy the broad singlets at § 42.8 and 47.6 and the
sharp singlet at § 30.6 were assigned to AuPPh; and IrPPhgj,
respectively, in the *!P{'H} NMR spectrum of (39). The FAB
mass spectra of (39) and (40) contained weak pseudomolecular
ions at m/z 1784 and m/z 1694, respectively, corresponding
to [M + H] and [mM + 2H], respectively. These ions decomposed
by successive loss of seven CO groupé and AuPPh; . Both

the spectra of (39) and (40)contained strong ions at m/z 721
and m/z 459 assigned to [Au(PPh;)z]" and [Au(PPhs;)17,
respectively. An ion corresponding to [{AUz(PPhg)z}H]+\qu;
also found at m/z 919 in the FAB spectrum of (39).

Various routes to (39) were investigated. For preparative
purposes it was found that treatment of the acetylide cluster
(27) with [ppn] [Co(CO)+1/[0{Au(PPhs)}s]1[BF4s] was the best
synthesis {83%), however, the reacticn of (27) with [O{Au-
(PPh3) } 3] [BFy] alone also gave (39) but the yield was consider-
ably lower (24%). The orange solution obtained from fhe -
reaction of the gold oxonium salt with [ppn] [Co(CO),] in thf
did not react with (27) to form (39). This suggests that the

cluster may have been reacting with an unstable intermediate
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'{Au(PPh,;) },0' formed by removal of Au(PPhj;) from the
oxonium salt as AuCo(CO), (PPhj3). Recently it has been
found that [ppn] [C1] or [ppn][0Ac]/[O { Au(PPh,) };][BF,]
achieves the same results giving in the former case
AuCl (PPhj3) as a side product which can be recycled.62

This gold oxonium/anion reagent appears to be useful
in introducing digold 'Au, (PPhs3),' units into clusters which
have the facility to lose CO readily, obviating the require-
ment that the cluster be a dianion or multihydride complex-.
Various methods of introducing one, two or three AuPh; units

50, 58 65—67
have been developed, but no rational route to
digold substitution of neutral clusters has appeared.

Evans and Mingos68 have examined the bonding tendencies
of Au(PPh,;) fragments and have shown that these groups have
a single sp-hybridised orbital which makes them isolobal
with H,CH;,Co(CO).,. Lauher and Walds_9 have argued that the
isolobal relationship between H and AuPPh; may be used to
provide evidence for hydrido-ligand positions in transition
metal complexes. -

It is thought that the isolobal relationship between
Au(PPhj;) and H is of limited use in predicting structures
when more than one gold atom is present.GSbleeli;his is because
of the propensity of gold to form Au-Au bonds. However, the
digold unit 'Au,(PPhj),' is isolobal with H, and complex (39)
might model the way hydrogen reacts with complex (27) . The
formal addition of H, (= H™/HY) to (27) was demonstrated
previously giving initially the hydrido-alkyne cluster (37)
which was shown to rearrange thermally to the hydrido-

vinylidene cluster (36) . Similarly, hydrogenation of (27)

gave (36) which we believe derives from initially formed (37)
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(see Scheme 3).

Formal substitution of a CO group by Au:(PPhs) . results
in the formation of (39) (Scheme 5). A situation can be
envisaged in which cleavage of the Au-Au bond and one of
the Ir-Au bonds could give rise to structures (g) and (D)
which are isolobal with (36) and (37), respectively. However,
no evidence was found for the formation of complexes of this
type in the pyrolysis or hydrogenation of complex (39). A
simple electron count requires the acetylide ligand to
contribute 5e, the digold unit contributes 2e to give an
electron precise count of 48 electrons. The conversion of
the acetylide ligand into the 4e donor depicted in (C) or
(D)  requires the addition of two electrons; and this might
be achieved by the addition of CO.

Although on the surface it seems that 'Au:z(PPhj) 2’
might be used to model the reaction of H; on clusters this
analogy must be treated with caution. The reaction of
'Au, (PPhs) »' with the pentanuclear cluster Rus (us-n?2-
P—CZPth)(u—Pth)(CO)137lwas found not to parallel the _

53 i
reaction of H, with this cluster.

Reactions ofan iron-iridium cluster anion with aurating

reagents

The trigold-oxonium reagent [0{Au(PPhj)}s] [BFus] was
72
first reported by Nesmeyanov et al and has since been
shown to introduce up to three Au(PPhj;) moieties onto cluster
50 65767 = '

anions.

As was discussed earlier the reaction of (27) with Na/Hg
or K[BH(CHMeEt) ;] is believed to generate a hydrido-anion.

Tetrahydrofuran solutions of the anion, generated using
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Feolr(ig-n®-CoPh)(CO)s(PPhg) (27) + 'Aus(PPhy),!
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sodium amalgam, reacted readily with the gold-oxonium
reagent. The dark red solutions which were obtained
afforded numerous bands after thin-layer chromatographic
separation. The major band was crystallised and identified
as AuFe,Ir (u3-n2-HC,Ph) (CO) 3 (PPh;) , (41) by microanalytical
and spectroscopic data. A small amount of (39) (15%) was
also isolated and identified by comparison of its spectral data
to an authentic sample prepared as described previously.
The solution infrared spectrum of complex (41) contaiﬁed
only six terminal v(CO) bands. The 'H NMR spectrum contained
resonances at & 7.14-7.62 which were assigned to the phenyl
groups. A characteristic low field signal was found at § 9.18
[d, J(PH) 13Hz, 1H] and was assigned to the CH proton of an
alkyne unit [cf similar values in Co,Ru(u;-n?-HC, Ph) (CO)
at § 9.53 16]. The multiplet between § 126.0-135.0 in the
13Cc{'H} NMR spectrum, assigned to the phenyl groups, and the
signal at § 102.5, assigned to the alkyne carbons, were the

only resonances observed. The FAB mass spectrum contained

a weak pseudomolecular ion at m/z 1353 ([mM + H]+) which -
decomposed by the step-wise loss of eight CO groups and an
Au(PPhj;) fragment. The gold containing ions at m/z 721 and

m/z 459 were assigned to [Au(PPh3)2]+ and [Au(PPhé)g+,

respectively.
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Although the isolobal analogy between AuPPh; and H
has been demonstrated in cases where the hydride ligand
has been located in the molecular structure of a complex,
as in, for example, NiOsj;(U-H) 3 (CO) ¢ (Nn-CsHs), and the
corresponding AuNiOs3; cluster has been shown to have the
Au(PPhi3) unit occupying the position of the H atom which
it replaces.73 Unfortunately, crystals suitable for an
X-ray structure determination of either (37) or (41) could
not be obtained therefore the precise position of the
Au(PPh3) group cannot be stated. In most examples of
mixed metal clusters, however, AuPRs units are usually
found in a H2-edge bridging or us3-face capping situation
but M4- and Us- modes are also encountered.58

Complex (41) is also obtained from the reaction of
the anion of (27) generated using either Na/Hg or K[BH-
(CHMeEt) 3] in thf, and AuCl (PPhs); Sﬁall amounts of (39)
were also obtained. This observation supports the premise
that initial nucleophilic attack of H™ occurs at Ca of
the acetylide ligand in (27). Bruce and Nicholson7q obsérved
a similar reaction with Fes (CO)s (us3-n?-CNBut). The cluster
band isocyanide was found to add H™ to give ([Fes (CO)q-
(Ua—nz—HCNBut)]“, which could be protonated or aurated to
give Fes (U-H) (u3-n°-HCNBu®j(CO) ¢ and AuFes; (n3-n?-HCNBut) (CO)sPPh,,
respectively (Scheme 6).

The reaction of (27) with K[HB(CHMeEt) ;] followed by
the oxonium reagent gave a number of compounds, after suitable
work-up, one of which was identified as AusFe,Ir (C,HPh)-

(CO) 7 (PPh;)y (42). A small amount of (39) was also identified

by comparison of its spectral data with a sample prepared
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previously. Complex (42) gave microanalytical data

which were consistent with the presence of two CH,Cl:
molecules of cfystallisation. This was confirmed by

the observation of a peak at § 5.3 in the 'H NMR

spectrum of (42). The broad unresolved peak at § 7.05

is barely separate from the phenyl resonances but

might be assigned to the -CCHR of a vinylidene ligand
although it seems to be of too low field for such an
assignment when compared with the resonances of the
analogous protons in the extensive series of psz-vinylidenc
compounds reported by Vahrenkamp et al%5’1gimple electronic
book-keeping requires a 4e donor ligand to be present in
(42) rather than the 5e acetylide ligand. The FAB mass
spectrum of complex (42) contained a molecular ion at m/z
2242 and ions related to this by successive loss of six
CO groups and loss of PPh,. Gold containing ions were
found at m/z 1377, 1115 and 721 and were assigned to

[Au; (PPh3) 5], [Au, (PPhs) 2]t and [Au(PPh;).]1% , respect-
ively. It is not surprising that a tris-gold adduct has
been found given the nature of the aurating reagent used.
What is unclear at this time is the disposition of the
three Au(PPhs) units in the structure of (42).

No reaction was found between complex (39) and gold
oxonium therefore stepwise addition of three Au(PPhj)
groups giving (42) can probably be ruled out. It has been
stated that the principle which seems to govern constfuction
of multi-Au(PR3) containing clusters is that the first unit

occupies the position of H in the corresponding hydride

cluster, if steric effects allow. The successive gold atoms
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add to the least hindered triangular faces next to existing
gold atoms. This leads to a compact arrangement of face-
sharing tetrahedra with as many adjacent gold atoms as

g b
*8/85% Thus, it is likely that complex (42)

possible.
contains a Au,(PPh,;) ; ligand attached to the iron-iridium
triangle on the opposite face to that occupied by the
hydrocarbyl ligand.

Scheme 7 summarises the auration of iron-iridium c_.

clusters discussed in this work.
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(39) (40)
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Scheme 7(a) (i) [O{Au(PPhg)s][BF,]/ [ppn][Co(CO),]
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(39) + (42) + (41) (41)
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Scheme 7(b) (i) Na/Hg, thf: (i) K[HB(CHMeEt)s];
(iii) [O{AU(PPh3)3][BF4]; (iv) AuCI(PPhy)

Scheme 7
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Reactions of Fe,Ir(p;-n?-C,Ph) (CO) 4(PPh,) (27)

with some tertiary phosphines and phosphites

(a) Reaction of (1) with PEts

Treatment of a solution of (27) in thf at room
temperature with a twofold excess of PEt, gave three
compounds: the zwitterionic, Fe,Ir (y,-n2?-PhC,PEt,)-
(CO)B(PEta) (43) and substitution products, Fe,Ir-
(13=n?-C,Ph) (CO);(PEt;) (PPh3) (44) and Fe,Ir (us;-n?-C,Ph)-
(CO) , (PEt;), (45) (Scheme 8 ). Complexes (43), (44)
and (45) were identified by the usual spectroscopic

and microanalytical techniques and in the case of

(43) , by X-ray structure analysis.

Structure of FeZIr(us—nz—PhCZPEta)(éO)e(PEts) (43)

The molecular structure of (gg) is shown in Figure
6 and Table 5 collects relevant bond distances and angles.
The Ir-Fe and Fe-Fe distances in (43) are comparable to
the analogous distances in the other structurally
characterised Ir-Fe clusters prepared in this work,

which are collected in Table 6.
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(27) + 2 PEts
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Scheme 8
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Table 5. Selected bond lengths and angles for the molecular structure

of (gé)_

[»]
Bond lengths (A)

Fe(l)-— Ir 2.662(2) Fe(2)--- Ir 2.642(2)
P(1) --- Ir 2.371(4) C(10)--- Ir 2.056(15)

Fe (2)-—- Fe(l) 2.538(3) C(10)--- Fe(2) 2.086(14)
C(9) --- Fe(l) 1.858(20) C(9) --- P(2) 1.861(18)
C(9) —-—-- Fe(2) 2.075(20) C(10)—-—- C(9) 1.478(14)
Angles (°)

Fe(2)- Ir - Fe(l) 57.2(1) c(1l) - 1Ir - Fe(l) 93.5(6)
P(1) - Ixr - Fe(2) 110.4(1) C(10)- Ir - Fe(2) 50.9(4)
C(10)- Ir - Fe(1l) 71.2(4) Fe(2)- Fe(l) - Ir 61.0(1)
Fe(l)- Fe(2)- Ir 61.8(1) C(9) - Fe(2) - Fe(l) 46.2 (1)
C(9) - Fe(2)- Ir 71.0(1) C(10)- Fe(2) = Ir 49.9(4)
C(10)- Fe(2)- Fe(l) 73.5(4) Fe(2)- C(9) - Fe(l) 80.2(1)
C(10)- C(9) - Fe(l) 113.0(6) C(10)- C(9) = Fe(2) 69.6 (6)
C(10)-= C(9) - P(2) 117.1(6) Fe(2)- C(10) - Ir 79.2(5)
Cc(9) - C(10)- Ir 102.3(7) C(9) - C(10) - Fe(2) 68.8(5)

P(1) - Ir - Fe(l) 167.5(1) C(9) - Fe(l) - Fe(2) 53.7(1)



Table &

o
Selected metal-metal and metal ligand distances (A) in new structurally characterised iron-iridium complexes obtained from this work.

Complex Ir(1)-Fe(l1) Ir(1)-Fe(2) Fe(l)-Fe(2) Ir(1)-Ir(2) Ir(2)-Fe(1) Ir(1)-Au Au-Au Ir-P Au-P Ir-CO av. Fe-CO av.
(27)  2.701(1) 2.693(1) 2.483(2) - - - - 2.351(2) - 1.894 1.771
(28)  2.613(8) - - 2.743(4) 2.627(8) - - 2.33(2) - 1.90 1.77

2.36(2)
(36)  2.705(1) 2.656(1) 2.591(1) - - - - 2.362A1) - 1.904 1.788
(39)  2.709(3) 2.744(4) 2.501(5) - - 2.633(1) 2.847(1)  2.287(6) 2.269(6) 1.85 1.75
2.726(1) 2.269(6)
(43) 2.662(2) 2.642(2) 2.538(3) - = = = 2.371(4) - 1.89 1.77

(a) Numbering schemes used in this table are as per the corresponding figures in the text.

*9vc
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The alkyne ligand is bonded to Fe(l) and Ir (1) wvia
o-interactions and to Fe(2) in a —fashion. The acetylene-
metal bonding can be considered y’-n2-| | with the Fe-C
(m—alkyne) bond distances [Fe(2)-C(10) 2.09(1); Fe (2)-C(9)
2.08(2)&] lying within the range of values normally
associated with trinuclear alkyne complexesf
The formal o-bond Ir(1l)-C(10) [2.06(2)&] is comparable to
the analogous interactions in complex (2§)[2.l8(5),1;92(5yi]
while the other o-interaction in (43) [Fe (1)-C(9) 1.89(2)£]does not
differ from the similar distance in [Fe ,Ni(ps-n2-C,Ph,)-
(CO) & (n=CsH) 1™ [1.907(5)A] .

Attachment of the PEt,; moiety to Cq results in the
formation of a phosphonium centre on P(2). The zwitterionic
complex, Os;(u-H) (p3-n?-HC,PMe,Ph) (CO), contains a

similar phosphonium centre 1.76(2)£ distant from the alkyne
carbon to which it is attached.quhe analogous interaction
in complex (43) [P(2)-C(9) 1.86(2)&] is slightly longer

but comparable to the P-C(sp?) distances [1.798—1.800(77&1.
in related phosphonium salts.75 The C-C lengths [C(9)-C(10)
1.48(1)£ ] is similar to the analogous interaction in (28)
[1.40(2)£] and is within the range found for pj;-n®-alkyne ligands.
The bonding is best described as a zwitterionic contribution
from the alkyne ligand with the positive charge on the
phosphorus and the negative charge on Fe(l). A formal
electron count indicated that Fe(l) is electron defiéient,

thus formulation of the negative charge on this atom fulfills

its electronic requirements. It is obvious from the
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position of the phenyl ring on the alkyne ligand that
initial attack of the phosphine was at C, of the
acetylide ligand and subsequent to that a rotation of
the ligand has occurred reflecting the previously
mentioned flexibility of parallel-coordinated alkyne
ligands.
51,76

Recent literature has discussed the transform-
ation of us-n?-| acetylide or alkyne clusters which have
closo, trigonal bipyramidal, 6 skeletal electron pair
(SEP), 5 vertex structures to psz-n®-|| alkyne clusters
with nido, 7 SEP, 5 vertex structures,by the addition N
of two electrons, either electrochemically or by the
addition of a 2e donor. Opinion differs as to whether
the alkyne ligand is viewed simply as a 4e-donor,which is
generally accepted for nido usz-n®-|| clusters,or alternat-
ively as six- or five-electron donors and are considered
to be a part of the cluster skeleton, as espoused by
Wade.77 The latter theory allows the closo~u;-n’-]|
cluster to attain a 48e count and the former theory
suggests that these clusters are electronically unsaturéted
46e clusters. Support for this former hypothesis was
gained in the electrochemical reduction of closo-
Fe; (u3—-n®-|-RC,R) (CO) s which gives the spectroscopically
characterised [Fe;(ps-n®-]||-RC,R) (CO) 412", " However,
Sappglfound that addition of a 2e donor ligand, PPh,,
to Fe,Ni(us-n’-]-C,But) (CO)s (n-CsHs) gave the CO-substitution
product—rather—than—addition product—resulting—in—alkyne———

re-orientation.
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This transformation is probably best viewed as the simple
addition of one skeletal electron pair to the closo

5 vertex trigonal bipyramidal cluster giving a nido

5 vertex octahedral cluster. This behaviour was predicted
by theoretical considerations. e

Obviously, the major product (43) obtained from the
reaction of PEt; with (27) supports the 46e hypothesis
although phosphine substitution products were also observed.

The spectroscopic data obtained for complex (éi) were
in accord with the determined structure.

Only terminal v(CO) bands were found in the solution
infrared spectrum of (43) giving a four-band pattern in
CH,Cl,. From the 'H NMR spectrum it was obvious that
substitution of the PPh, ligand by PEt,; had occurred. The
multiplets centered on § 0.91 and 1.13 were assigned to
the CH; resonances of the PEt; moieties while the methylene
groups gave multiplets centered on § 1.43 and 1.70. The
remaining multiplet at § 7.15 was assigned to the phenyl
protons of the alkyne ligand. Two resonances were obsefveg_
in the °*!'P{!H} NMR spectrum at ¢ -10.2 and § 38.3. The °
latter signal was assigned to the phosphonium centre on
the basis of its low field position {cf free PEt,; (& -20) o
on forming the phosphonium salt [Et,PC1IC1(S§ 114)67}
while the former signal (§ -10.2) is assigned to the Ir-PEt;
resonance [c.f §(IrPEt;) -8.5 in (dppe)Rh(u—H)3Ir(PEt3)3].81
The FAB mass spectrum of (43) contained a molecular ioh
at m/z 866 which fragmented with the step-wise loss of eight

CO groups. The strong metal free ion at m/z 219 was assigned
to [PEt,C,Ph]T.

The minor products from the reaction of (27) with PEt,

were isolated by crystallisation after thin-layer chroma-
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tographic separation. Complexes (44) and (45) had very
similar but distinguishable solution infrared v (CO)
spectra containing four terminal bands. The *H NMR
spectrum of (44) contained multiplets at § 0.91 and 1.58
which were assigned to the methyl and methylene protons, respect-
ively, of the coordinated phosphine ligands and a multiplet at
8§ 7.42 which was assigned to phenyl protons of the acetylide
group. The °'P{'H} NMR spectrum of (44) contained two
resonances at § 5.8 and 22.3; the lower field resonance
was assigned to Ir-PPhs and the higher field resonance
was assigned to Ir-PEts;. A similar trend in 3'p{'H}
chemical shifts was observed in complexes FeRh (u-PPh,) -
(Co), (PR,;) (R= Ph, Et) where assignment: was aided by the
observation of 103Rh coupling. The 1H NMR spectrum of
complex (45) contained multiplets at ¢ 1.16 and 2.10 which
were assigned to the PEt, groups and the phenyl protons
resonated in the usual region. A singlet at § 7.6 was
observed in the 31P{1H} NMR spectrum of (45) and was
assigned to two equivalent IrPEt; resonances. Complexes .
(44) and (45) gave molecular ions in their FAB mass spectra
at m/z 982 and 838, respectively, both fragmenting through
successive loss of seven CO groups.

The reaction of (27) with two equivalents of PEt,
was performed under several different reaction conditions
in an attempt to determine the mechanism operating in this
system (see Scheme 9 ).

The best yield of complex (4%) was obtained from

extended reaction times but was accompanied by a poor yield

of (44); no evidence of complex (43) being present was found.



251.

Ph_ ,PEtg _Ph ,Ph
C——=C
/ \ Phgp}
(PEt3)(CO)slr _/FG(CO)g + CO}ir | ‘:Fe(CO)3 + (PEt3)2(CO Ir—| «Fe(CO)a
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Scheme 9



252,

Similarly, complex (43 ) was not present after work-up of
the analogous reaction at low temperature although a
reasonable yield of (éi) and a small amount of (gi) were
isolated.

It was observed in the 31p {1} NMR spectrum of (43)
that, with time, the signals attributable to (43) decreased
with concomitant increase in size of a new resonance at
¢ 7.6 which was readily assigned to complex (45). This
suggested that (43) underwent thermal conversion to (fé)
and this was confirmed by the pyrolysis reaction of (jﬁ)
in dichloromethane which gave (45) in 80% yield, after
suitable work-up. A minor product of the pyrolysis
reaction was identified as the PEt3; analogue of (27),
Fe,Ir(us;-n®-C,Ph) (CO) g (PEt,) (46). This complex is better
prepared (ca 50% yield) from direct parbonylation of (EE)
(25 atm, 80°C, 3h). Complex (46) was identified spectro-
scopically, having a very similar infrared v (CO) spectrum
to that of complex(El)enuicontainingsix terminal v (CO)
bands. A high field resonance at § -12.5 in the 31P{lH‘}
NMR spectrum of (46) was assigned to IrPEt;. Character-
isation was supported by observation of a molecular ion
at m/z 748 in the FAB mass spectrum of (46) and ions
related to [M]+ by step-wise loss of eight CO groups
was also observed.

The conversion of the zwitterion (43) to (43) has.
precedent in the previously mentioned conversion of (18)
= (19), where a structure determination revealed that
substitution had occurred at the metal to which the
vinylidene ligand was o-bonded in the starting cluster.22
This phenomenon was not observed with the zwitterionic alkyne

24
cluster, Osj (p-H) (p3-n2-HC,PMe,Ph) (CO) .
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The regiospecific substitution of a phosphine on the
metal o-bound toan acetylide ligand has been observed for
Rua(u—H)(ug—n2—7C2But)(CO)982 and was confirmed by subsegquent
structural studies. These data support the formulation of
(45) as a bis-Ir substituted acetylide cluster.

The reaction of complex (27) with only one equivalent
of PEt; in CH,Cl, resulted in complexes (43), (44) and (45)
being isolated in 20, 17 and 4% yields, respectively, also
58% of (27) was recovered. This result suggests that
competitive reaction between phosphine addition at C
of (27) and CO-substitution at the Ir atom occurs. Complex
(45) is probably formed by thermal conversion of (fi),
although bis-substitution at the iridium cannot be ruled
out. The addition reaction, however, is further complicated

by PPh,~-substitution and rotation of the alkyne ligand.

Variable-Temperature 3!P{!H} NMR experiment

The reaction of two equivalents of PEt; with complex
(27) was monitored by 3'P{!H} NMR over a 205 - 293K temper-
ature range in a further effort to elucidate the mechanism
operating in this reaction. The spectra obtained are given
in Figure 7. The two most intense signals in the low
temperature spectrum (205K) were readily assigned to the
coordinated PPh, ligand in (27) (ca § 15.0) and free PEts
(ca § -20). However, the appearance of two low intensity
signals at ca & -5 and 40 demonstrated that the reaction
of (27) with PEt, begins below 205K. These latter signals
gradually increase in size with increase in temperature
with concomitant decrease in size of the signals due to
the starting materials. The position of the new signals

suggest the formation of a complex similar to (43) [cf
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Figure 7. Variable temperature 31p{lp} NMR experiment.

Reaction of Fe,Ir (M3-N°-CpPh) (CO)s (PPhs) (27) with PEtj
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Figure 7 (continued)
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S (C,PEt,) 38.3; 8 (IrPEt;) =10.2] but the abundant Presence
of free PEt; and the lack of a signal attributable to free
PPh; suggest that the new signals arise from a similar
zwitterionic intermediate, denoted (E) . The structure

shown below is postulated for ().

It was established previously that nucleophilic attack on
complex (27) occurs at Cq of the acetylide ligand. The
signal at ca. & 40 is assigned to a phosphonium centre _
in (E) and the signal at ca. 6§ -5 is assigned to Ir-PPhj. )
This latter signal broadens considerably with increasing
temperature. This is probably due to a fluxional process
involving the coordinated PPh, ligand undergoing localised
Site exchange as a result of steric interaction with the
relatively bulky PEt, moiety believed to be attached to
Cy in (E).

A signal attributable to free PPh; (ca. § -7) is
first observed at 263K; and igs seen Lo 1ncrease in size

with concomitant decrease in signal due to free PEt,;

accompanied with the appearance of signals attributable
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to complex (43), (only visible in expanded spectra) which
are more pronounced at 273K. Further increase in temper-
ature results in the signals due to (ﬂi) and free PPh,
increasing while the resonances of () diminish in size.
This suggests that dissociation of PPh, from iridium is
concomitant with the formation of (43).

A separate 3!P{lH} NMR study of a preparative scale
reaction mixture of (27) with two equivalents of PEt, at
room temperature showed negligible amounts of (£) remained
after two hours. Small intensity signals attributable to
complexes (44) and (45) are observed at 283K. The
mechanism believed to be operating in this reaction is
shown in Scheme 10.

Initial nucleophillic attack of PEt; on Ca gives
intermediate (E) and as a result of steric interaction the
PPh; ligand attached to Ir becomes labile allowing
substitution by a second PEt; group. It is unclear at
this time whether substitution precedes or is concomitant
with alkyne rotation.

It is possible to postulate several mechanisms for
the formation of (44); either intramolecular CO-substitution
by PEt; attached to Ca of intermediate (E), or possibly
intermolecular CO-substitution at Ir of (27) by PEt;.
Although, the formation of (45) can be rationalized by
thermal conversion of (43), an alternative mechanism is’
initial CO-substitution of (E) by PEtj; at Ir, followed by
intramolecular substitution of PPhj; by the PEt; group
bound to Ca in (E). The reaction is obviously complex

judging by the numerous unidentified low-intensity signals



EtsP /‘\ /c

N/

\ 7Fe (CO)3

Fe(CO)s

(PhsP )(CO)zlr

258.

Ph

—_— e

Scheme 10

(PhgP)(CO)lr
(E)

——Fe(CO)3

Fe
(CO)s




259.

present in the spectra.

Recently, Carty and Fogg have reported the reaction

of PMe; with Ru, (p-n?-C,But) (u-Ph,P=0) (CO) ¢ which gives

a ca 1l:1 ratio of the bis- and unsubstituted compounds.

They suggest that the mono-substituted product is more

rapidly substituted than the unsubstituted complex.

*1p{1H} NMR evidence is consistent with initial nucleophilic

attack at C, of the acetylide which produces a zwitterionic

two carbon bridge in which flipping of the acetylide has

occurred.

+ PMe3

RU(CO)z(PMes)

Ph,P=0

|

+
t
BU\ /PMea
C=C
/0
(CO)3Ru Ru(CO);
Ph,P=0

The reaction of (27) with other phosphines and phosphites

It proved impossible to grow suitable crystals of

either (44) or (43) in order to confirm their formulation

by X-ray crystallographic methods.

other group 15 bases were tried.

Therefore some
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(a) PMe,Ph - Treatment of a solution of (27)
in thf with ca two equivalents of PMe,Ph resulted in
an immediate darkening in colour. Suitable work-up
gave Fe,Ir (u;-n?~C,Ph) (CO), (PMe,Ph), (47) in 65% yield
readily identified by the usual spectroscopic and
microanalytical techniques. The solution infrared
spectrum of (47) was similar to those of complexes (44)
and (45) and contained only four terminal v (CO) bands.
The multiplets at § 1.97 and 7.68 in the 'H NMR spectrum
of (47) were assigned to the methyl resonances of the
PMe,Ph ligandsand the phenyl groups of PMe.Ph and C,Ph,
respectively. The *'P{'H} NMR spectrum of (47) contained
a singlet at ¢ 16.0 which was assigned to two equivalent
Ir-PMe,Ph resonances. The FAB mass spectrum contained
a molecular ion at m/z 878 which fraémented by the usual

loss of CO-groups.

(b) with P(OMe), - The reaction of (27) with two

equivalents of P(OMe), in thf at 45°C gave, after thin-
layer chromatographic separation, two major products.
These were identified by the usual spectroscopic and
microanalytical techniques as Fe,Ir (u;-n?-C,Ph) (CO) ,{p-
(OMe)s HPPh,) (48) and Fe,Ir(y,;-n?-C,Ph) (CO),{P(OMe),},
(49) . The solution infrared spectra of (éﬁ) and (ég) were
similar to the spectra of (45) and (47) and contained-only
terminal v (CO) bands. The doublet signals at § 3.47

[7 (PH) 8Hz] and 3.65 [J(PH) 13Hz] in the 'H NMR spectra

of (48) and (49), respectively, were assigned to the
methyl groups of the P(OMe); ligands. Both complexes

gave [M]' ions in their FAB mass spectra at m/z 988 [(48)]
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and 850 [(49)], each fragmenting with consecutive loss of
seven CO groups.

The *'P{’H} NMR spectrum of (49) contained a singlet
at ¢ 112.2 which was assigned to two equivalent Ir-P (OMe) s
resonances.

Crystals of complex (47) were obtained but they
decomposed in the X-ray beam and, therefore, were not
suitable for a structural study. Well-formed single
crystals of (48) or (ég) could not be obtained.

There was no evidence for the formation of complexes
analogous to (gé) which is readily identified by its
characteristic infrared V (CO) spectrum.

The reaction of (27) with PMe,Ph and P (OMe); resulted
in the bis-substitution products and for P (OMe;) the mono-
substitution product. For P (OMe) ; this is readily explained
in the decreased basicity with respect to PEt;, even though
P(OMe) ; has a smaller cone angle than PEt;. Dimethylphenyl-
phosphine on the other hand has both smaller cone anglé
and is relatively more basic than PEtj, but gave the bis-
substitution product. Perhaps in this case nucleophilic
attack at Ca and subsequent conversion to the bis-substitution
product [analogous to the (éé)-+(é§) conversion] 1is too

rapid to isolate a zwitterionic intermediate.

31p NMR studies on some iron-iridium clusters

The 3!P NMR data gathered in the course of this work
(Table 7 ) proved invaluable in formulating the cluster
complexes obtained. The presence of dissimilar metals

allowed conclusive assignments to be made as to which metal



Table 7 31p{1lg} NMR data for mixed metal clusters obtained in this work.

—— — -— ——— —

Complex a,b 8§ (Ir-PPhy) § (Rh~-PPhj) 6(Fe—Pph3) § (Au-PPh3) G(Ir—PEta) § (Ir-PMe ;Ph) 6(Ir-i>(OMe)3)
Fe,Ir (U3-n2-C,Ph)(CO) g (PPhj) (27) 14.9 - - - - = -
FeIr; (H3-N°-PhC,C,Ph) (CO) 7 (PPh3) , (28) 8.5 _ _ _ B B )
-15.2

Fe,Ir (M3-N*~CPh) (CO) 7 (PPh3) 2 (29) -8.1 - 76.4 - ~ - -
Fe»Ir (U-H) (M3-N*-C=CHPh) (CO) ¢ (PPh3) (36) 5.1 - - - - - -
AupFepIr (Uy—N*-C2Ph) (CO) 7 (PPh3) 3 (39) 30.6 - - 42.9¢ - - -

47.6 5
Fe,Ir (U3-N°-PhC,PEt;) (CO) g (PEt3) (43) = - - - -10.2f - - )
FeoIr (u3—n’-C,Ph) (CO) 7 (PEt3) (PPhy) (44) 22.3 = - - 5.8 - -
Fe,Ir (M3-n?-CyPh) (CO) 7 (PEt3) 2 (45) - - - - 7.6 - =
Fe,Ir (13—N2-C,Ph) (CO) 7 (PMe,Ph) » (47) - = - - - 16.0 -
Fe,Ir (M3-Nn?-C,Ph) (CO) 7{P (OMe) 3}, (49) - - - - - - 112.2
Fe,Ir (H3-n?-C,yPh) (CO) g (PEts)  (46) - - - - -12.5 - -
Fe,Rh (13-N°~C,Ph) (CO) g (PPh3)  (32) - 15.6° - - - - =
AupFe,Rh (11,=n?~C,Ph) (CO) 7 (PPh) 3 (40) - 52.64 - 40.8¢ - - -

47.8
(a) External reference 0.1 M HC1/0.01 M H3P0q/in D,0 (§0.8) (b) solvent CH,Cl, (c) doublet, J(RhP) 122Hz

(d) doublet, J(RhP) 141Hz (e) “broad signals () (C+PEt3) 38.3
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the PR3 ligand was attached. A metal effect was observed

in M-PPh; resonances in which the general trend was the

shift to lower field in the sequence Ir>Rh>Fe, The Rh
resonances were easily assigned on the basis of observed
103Rh coupling. Iridium-PEts; shifts ranged in value from

6 =12.5 - 7.46 while Ir-PPh; shifts were found in the

range ¢ -8.0 - 30.6. These ranges show considerable

overlap but the Fe-PPhj; resonance of (29) was at significantly
lower field (& 76.4). Complexes (47) and (49) had signals
at ¢ 16.0 and 112.2, respectively, which were assigned to
Ir-PMe, Ph and Ir-P(OMe) , respectively, and reflected the differiﬁg
basicity of the coordinated phosphines.

Replacement of CO in complexes(27) and (32)by Au, (PPh,),
resulted in downfield shifts of their respective M-PPh,
resonances.

The phosphonium centre in (43) resonated at § 38.3,
considerably downfield from free PEt,.

The chemical shift data obtained for the mixed-metal
clusters described in this work allowed the assignment ofr
M-PR; resonances. However, the utility of 3P NMR studies
in characterising clusters relies on having a large body

of data for comparison.
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CONCLUSIONS

The reaction of Ir(C,Ph) (CO), (PPh;}), and iron
carbonyls has afforded new iron-iridium trinuclear
clusters. 1In one of these clusters Felr, (u;-n?-
PhC,C,Ph) (CO) , (PPh;),, an oxidative coupling of two
phenylacetylide moieties has occurred.

It has been established that Fe,Ir (y;-C,Ph) (CO) 4-
(PPh;) (27) undergoes nucleophilic attack at Ca by H~
and PEt; and is substitutionally labile at the Ir
towards relatively basic phosphines.

Reduction of the bridging acetylide ligand was
achieved by the step-wise addition of H™/HT and the
products isolated were the hydrido-alkyne and hydrido-
vinylidene clusters Fe,Ir (u-H) (u3;~-HC,Ph) (CO) g (PPhy)
and Fe,Ir (y-H) (u;-C=CHPh) (CO) g (PPh;), respectively.
The reduction is also achieved by direct hydrogenation
of the acetylide cluster which gives the hydrido-
vinylidene cluster in comparable yield. This latter
complex is also the thermal isomerisation product of
the alkyne cluster which is another example of the
facile alkyne vinylidene transformation on a cluster
framework. The vinylidene cluster was found to be
structurally similar to the congeneric Co,Fe and Co,Ru
U3-vinylidene cluster prepared by Vahrenkamp and co-
workers with the hydrocarbon moiety interacting in--
a distorted n?-fashion with one of the less electron
rich metals present in the complex.

The acetylide cluster Fe,Ir (u;-n?-C,Ph) (CO) g (PPhs)

reacted with hydride or sodium amalgam to form an anion
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which was aurated using AuCl (PPh;) or [O{Au(PPh,) },]-
[BF4] to give mono-, di- or tri-gold adducts. The Au-C
interaction present in the structure of the digold
cluster Au,Fe,Ir(p,-n?-C,Ph) (CO) ,(PPh,), leads us to
believe that the 'Au, (PPh,),' unit may model an inter-
mediate stage of addition of dihydrogen to the acetylide
cluster.

The digold cluster was best prepared from the
reaction of the neutral acetylide cluster with [O{Au(PPh;)}s]—
[BF4]1/[ppn] [CO(CO),]. This reagent is believed to be a
source of 'Au, (PPhj),' units, which are capable of replacing
labile CO groups, and provides a rational route to the
preparation of digold clusters.

Reactions of (27) with PEt; resulted in nucleophilic
addition to the a-carbon of the acetylide ligand affording
the zwitterionic complex Fe,Ir (u3;-n®-PhC,PEt;) (CO) 4 (PEt,)
in which an apparent reorientation of alkyne ligand has
occurred, presumably for steric reasons. A variable
temperature *'P{!'H} NMR experiment suggested that this\
complex is formed via similar zwitterionic complex whiéh
has not yet been isolated. The addition reaction competes
with CO- and PPh;- substitution, which occur exclusively
at the Ir atom to give the mono- or di- substituted clusters,
Fe,Ir (u3-n®-C,Ph) (CO) ; (PEt;) (PPh,) and Fe,Ir (u,;-n2-C,Ph)-
(CO) 7 (PEt3),. This latter complex was found to be the
thermal rearrangement product of (43) suggesting that
intramolecular migration of ligands from C to Ir may Occur.
Reaction of (27) with PMe,Ph and P (OMe); also gave analogous

di-substituted clusters. In its reactions with tertiary
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Phosphines Fe,Ir (u3;-n?-C,Ph) (CO)s (PPh;) resembles the
previously mentioned FeCo, complex where substitution
was observed exclusively at the Group 9 metal; (27) was
stable towards thermally induced phosphine migration
unlike the phosphine substituted Co2Ru clusters.

The reactions of (27) clearly demonstrate the
readiness of this closo formally 46e acetylide cluster
to enter into reactions with nucleophiles to give

electronically more saturated clusters.
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EXPERIMENTAL

General conditions and instrumentation used were as

described in Chapter 1.

Starting materials

Literature methods were used to prepare Ir(C, Ph) (CO), -
38 8 4 85

(PPhj) ,,  Rh(C,Ph) (CO) (PPh;) ,,  AuCl(PPh,), [0{Au-
(PPha)}3][BFq],72 and [ppn][Co(CO)q].86 Iron carbonyls
[Fe(CO) s and Fe, (CO) 4] and phosphines (PEt; and PMe,Ph)
were purchased from Strem Chemicals and used as received;
P(OMe) ; (Strem) was distilled from 4A molecular sieves
before use. Hydrogen (Commonwealth Industrial Gases) and
carbon monoxide (Matheson Gas Products) were commercial

products. Orthophosphoric acid (H,PO,,Sp.Gr.1.75) was

obtained from B.D.H. Chemicals.

Syntheses
A. Reaction of Ir (C,Ph) (CO), (PPh,),

(a) with Fe, (CO)4 - A mixture of Ir(CzPh)(CO)z(PPhj)2
(2140 mg, 2.45 mmol) and Fe, (CO), (1068 mg, 2.94 mmol) in
thf (60 ml) was refluxed for 50 min. After filtration, the
resulting red solution was evaporated to dryness and the
residue chromatographed (Alumina, 3 x 20 cm). Elution with
CH,Cl,-1light petroleum (1:10) gave a light yellow fraction
which was evaporated to dryness in vacuo and the residue
crystallised from acetone/light petroleum to give light-
yellow crystals of Fe(CO), (PPh;) (390 ng, 31%), m.p.
198=199°C. Infrared (cyclohexane): v (CO) 2055m, 1985m,
1950vs cm™1? [Liti;.p. 201-203°C. Infrared (CCl,): v (CO)

2059m, 1984m, 1946vs cm~']. Further elution with CH,Cl,-

light petroleum (1:4), followed by removal of solvent
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in vacuo and crystallisation from CH ,C1l,/MeOH gave dark

red crystals of FeZIr(Ug—nZ—CZPh)(CO)B(PPha)(%Z)(721 ng,
33%), m.p. >150°C (dec.). [Found: C, 45.82; H, 2.26;

M (mass spectrometry) 892; C,,H, Fe,IrO4P requires C,
45.81; H, 2.26%; M 892]. Infrared (cyclohexane): v (CO)
2072m, 2035s, 2022s, 2008s, 1981lm, 1969m, 1952w; (thf):

v (CO) 2066m, 2029vs, 2015s, 1999vs, 1967m, 1957m cm 1.
"1H NMR: §(CDC1l,) 7.44 (m, Ph). 13C{!H} NMR: g§[CDCl,,Cr=
(acac),] 99.6 (s, CB); 128.2-134.2 (m, Ph); 165.5 (s,

Ca); 174.5 (s, 2x CO, IrCo); 212.1 (s, 6x CO, FeCO).
31p[1H} NMR: §(CH,Cl,) 14.9 (s, PPh;). FAB MS: 832,

tult, 24; 864, [(m - col™, 100; 780, [m - 4col’, 17, 752,

(w - 5C0], 7; 724, [m - 6c0l*, 68; 696, [m - 7CO17, 54;
667, [m - 8CO], 8. Elution with CH,Cl,-light petroleum
(10:1) gave an orange fraction which was evaporated to
dryness and the residue crystallised‘from CH,C1l ,/MeOH

to give an orange powder of FeIrz(ua—nz—PhCZCZPh)(CO)7—
(PPh,) , (28) (341 mg, 20%) m.p. 190° (dec.). [Found: C,
50.93; H, 2.93; M (mass spectrometry) 1363; ngquFeIr;O7Pf
-0.5CH,Cl, requires C, 50.84; H, 2.94%; M 1363]. Infrared
(CH,Cl,): v(CO) 2055s, 2024s, 2006s, 1996m, 1978w, 1956w
cm 1. 1H NMR: §(CDCl,) 5.31 (s, 1H, CH,Cl,); 7.41 (m, Ph).
31p (1H} NMR: §(CH,Cl,,205K) 8.46 (s, Ir-PPhj;); -15.24 (s,
Ir-pPh,). FAB MS: 1362%, [m]*, 22; 1334, [m - CO17, 7;
1306, [x - 2col1t, 3; 1261%, [w - c,pnl?, 4; 1278, [w - 3c01¥,
100; 1250, [u - 4col’, 22; 1222, [m - 5co01™, 60; 1194, |
(M - 6CO]+, 14, Reduction in volume of the supernatant

and cooling (ca 10°C) resulted in



269.

red crystals of Fe,Ir (u;-n?-C,Ph) (CO), (PPh,), (29) (64 mg,
2%), m.p. >173° (dec.). [Found: C, 55.01; H, 3.73; M (mass
spectrometry) 1126; Cg;, H;4Fe,Ir0,P, requires C, 54.41; H,
3.13%; ¥ 1126]. Infrared (CH,C1,): v (CO) 2042s, 2014sh,
1997vs, 1965m, 1941m, 1920sh cm™ . 1H NMR: §(CDC1,)
7.1-7.7 (m, Ph). !3C{!H} NMR: g§[CDCl,, Cr(acac);] 80.0 (s,
Cgli 127.3-137.4 (m, Ph); 180.1 (s, Ir-CO); 213.8 (s, 6x CO,
Fe-CO); Co - not observed. 3?!P{lH} NMR: §(CH,Cl,) -8.1

+

(s, Ir-PPh3); 76.4 (s, Fe-PPhj). FAB MS: 1126, [mM]', 2;

1098, [m - col™, 3; 1042, [u - 3co)™, 68; 1014, [m - 4co]™,

5; 986, [ - 5C01", 89; 958, [ - 6CO]T, 100; 930, [m — 7c0]T,

34. Evaporation of the supernatant and separation of the
residue by preparative tlc (acetone-light petroleum; 1:4)
afforded a major dark red band (R, 0.68), after triple
development, crystallisation from CH,Cl,/MeOH gave red
crystals of (29) (17 mg, <1%). |

(b) with Fe(CO)s at ambient temperature - A solution

of Ir(C,Ph) (CO) , (PPhj;), (101 mg, 0.116 mmol) and Fe (CO)s
(0.05 ml, 0.380 mmol) in thf (10 ml) was stirred at amﬁient
temperature for 4 d, after which time the reaction was
adjudged complete (tlc). The resulting dark orange solution
was evaporated to dryness and the residue separated by
preparative tlc (acetone-light petroleum, 1:4, doubly
developed) to give four bands. Band 1, (R 0.66, yellow,
trace) not identified. Band 2 (R 0.62, red-brown) was
crystallised from CH,Cl, /MeOH to give dark red crystais of
(27) (12 mg, 12%). Band 3 (ke 0.46, orange) was crystallised
from CH;Cl, /light petroleum to give orange crystals of (28)
(9 mg, 12%). Band 4 (Baseline, brown) intractable. Bands

2 and 3 were identified by comparison of their i.r. v (CO)
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FAB mass and *'P{lH}NMR spectra with those of authentic

samples prepared above.

(c) with Fe (CO) . at elevated temperature - A solution

of Ir(C,Ph) (CO), (PPh,;), (100 mg, 0.114 mmol) and Fe (CO)s

(0.05 ml, 0.380 mmol) in thf (10 ml) was heated at 100°C

for 30 min. Analysis of the reaction mixture (tlc) indicated
that all the Fe(CO); had been consumed leaving unreacted

Ir (C,Ph) (CO), (PPh,),. A further portion of Fe (CO). (0.05 ml,
0.380 mmol) was added and the reaction continued for a

further 1 h. Evaporation and preparative tlc (acetone-

light petroleum; 1:3) revealed seven bands. Band 1 (rf 0.86,
colourless) not identified. Band 2, (Rg 0.74, brown) Fe (CO) s
(identified by comparison of its i.r. v(CO) spectrum with

that of an authentic sample). Band 3, (rRf 0.62, red-brown)

was crystallised from CH,Cl,/MeOH to give dark red crystals

of (27) (25 mg, 25%). Band 4, (Rf 0.52, dark red) was
crystallised from CH,Cl,/MeOH to give dark red crystals of (29)
(19 mg, 15%). Bands 5 and 6 (Rg's 0.49 and 0.46, respect-
ively) were present in trace amounts and not identified.

Bands 3 and 4 were identified by comparison of their i.r.
v(CO), FAB mass and 3*!P{lH} NMR spectra with those of
authentic samples prepared above.

B. Reaction of Rh(C,Ph) (CO) (PPh,), with Fe, (CO) ,

A suspension of Rh(C,Ph) (CO) (PPh,), (380 mg, 0.502
mmol) and Fe, (CO)y (734 mg, 2.02 mmol) in thf (15 ml) was
heated at 60°C for 15 min, after which time the reacfion
was adjudged complete (tlc). The dark red reaction mixture
was cooled and filtered to remove unreacted Fe, (CO)y (90 mg,
12%) . The filtrate was evaporated to dryness and the

residue separated by preparative tlc (acetone-light petroleum;
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1:4) giving ten bands. Band 1, (rRg 0.85, green) Feg(CO)12

(2 mg, 0.2%). Identified by comparison of its i.r. y (CO)
- 88
spectrum with that of an authentic sample. Band 2, (Rf

0.62, colourless) trace, not identified. Band 3, (R, 0.53,
dark red-brown) was crystallised from CH,Cl, /MeOH to give
dark red crystals of Fe,Rh(p;-n?-C,Ph) (CO) 4 (PPh,) (32)

(105 mg, 26%), m.p. 155—1560C. [Found: C, 50.59; H, 2.59;

M (mass spectrometry) 802; C,,H,,Fe,0,PRh requires C, 50.91;
H, 2.51%; M 802]. Infrared (cyclohexane): v (CO) 2068m,
2037s, 2019vs, 2011sh, 1983m, 1963sh, 1968m cm~!. 'H NMR:
§(CDC1l3) 7.32 (m, Ph). *3C{'H} NMR: &[(CDCl,,Cr(acac),]
128.1-133.7 (m, Ph); 212.1 (s, Fe-CO); the remaining carbons
were not observed. 3'P{'H} NMR: §(CH,Cl,) 15.6 [d, J(RhP)
122 Hz]. FAB MS: 802, [mM]1', 2; 774, [# - CO1", 3; 690,

¥ - 4col™, 100; 662, (M - 5c017, 2; 634, [m - 6col™, 32:
606 [mM - 7CO]+, 26; 579, [M - 8CO]+,-8. The remaining bands
were present in trace amounts and were not identified.

C. Reaction of Fe,Ir (ys-n?-C,Ph) (CO)s (PPh;) with

(a) Sodium amalgam - A solution of (27) (163 mg, 0.183.

mmol) in thf (15 ml) was added to a freshly prepared sample
of sodium amalgam (ca 100 mg Na in 1.0 ml Hg) at -64°C

and stirred for 15 min. The dark red reaction mixture was
warmed to 0°C and stirred for a further 1 h. After standing
for a period to allow the amalgam to settle, the solution
was transferred via syringe to a schlenk flask and filtered
through celite. The solution was then treated with_

HaPOy (5 drops, excess) and stirred at 0°C for 10 min. The
dark red solution was evaporated to dryness, the residue
extracted with CH;Cl, /water (25:10) and filtered through

phase separating paper. The organic layer was evaporated to
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dryness and the residue was separated by preparative tlc
(acetone-CH,Cl,-1light petroleum; 7:1:12) giving ten bands.
Band 1 (rRf 0.67, red-pink) was crystallised from Et,0/light
petroleum to give red crystals of Fe,Ir (u-H) (us—n?-CCHPh)-
(CO) ¢ (PPhy) (36) (3 mg, 2%). Identified by comparison of
its spot tlc behaviour and i.r. v(CO) spectrum with those
of a sample prepared below(p.274)Band 2 (Rf 0.61, orange-
brown) crystallised from Et,0/light petroleum to give dark
red crystals of Fez Ir (u-H) (u3-n’-HC,Ph) (CO) s (PPhj;) (37)

(77 mg, 47%), m.p. >150°C (dec.). [Found: C, 45.41; H,
2.56; M (mass spectrometry) 894; C3;4,H,;Fe,IrOgP requires

C, 45.71; H, 2.48%; M 894]. Infrared (cyclohexane): v (CO)
2076w, 2047s, 2023m, 2009vs, 1986m, 1970m, 1955w cm~'.

'H NMR: §(CDClj;) 7.81 [d, J(PH) 5Hz, 1H, CH]; 7.1-7.5 (m,
20H, Ph); -23.48 [d4, J(PH) 12Hz, 1H, Fe-H]. '*C{'H} NMR:
§[CDCls,Cr (acac) 3] 112.5 (s, HcCPh); 126.5-133.4 (m, Ph);
152.8 (s, Ir-CO); 171.2 (m, Ir-CO); 210.4, 212.1, 213.0
Fe-CO). FAB MS: 894, [m]', 19; 838, [ - 2c0]", 3; 810,

[¥ - 3col™, 100; 782, (¥ - 4col™, 33; 754, [m - sco]™, 19; .
726, [# - 6cO0l", 83; 698, [ - 7c01", 13; 670 [m - 8col™,
4. The remaining eight bands were present in trace amounts

and were not identified.

(b) with K-Selectride, K[BH(CHMeEt);] - A solution of

(27) (103 mg, 0.116 mmol) in thf (20 ml) at 0°C was treated
with K[BH(CHMeEt) ;] (0.16 ml of a 1.0 mol L~ solution in
thf, 0.16. mmol), and stirred for 60 min. The now darkened
solution was warmed to ambient temperature and H,PO, (3
drops, excess) was added. After stirring for a further
10 min, the solution was evaporated to dryness and the

residue extracted with equal volumes of CH,Cl,/H,0 (10 ml).
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The organic layer was separated by filtration through phase
separating paper and then evaporated to dryness. The
residue was separated by preparative tlc (acetone-light
petroleum; 1:4) giving twelve bands. Band 1 (R 0.92, red-
pink) gave solid Fe,Ir (u-H) (u3;-n2-CCHPh) (CO) 4 (PPh,) (36)

(3 mg, 3%) and was identified by comparison of its spot tlc
behaviour and i.r. v(CO) spectrum with that of an authentic
sample (see p.274). Band 2 (rf 0.86, red-brown) was crystal-
lised from Et,0/light petroleum giving dark red crystals of
(37) (20 mg, 19%), identified by comparison of its i.r. v{Co),
'H NMR and FAB mass spectra with those of an authentic
sample. Band 3 (Rr 0.42, orange) was crystallised from
CH,Cl,/light petroleum (2 mg) but was not identified.
Infrared (cyclohexane): v(CO) 2084m, 2052s, 2020m, 2010s,
1994m, 1981m, 1964w cm™ 1.

(c) with dihydrogen - A solution of (27) (48 mg, 0.054

mmol) in cyclohexane (20 ml) was hydrogenated in an auto-
clave (30 atm., 80°C, 7 h). The resulting brown suspension
was filtered, the filtrate evaporated to dryness and the
residue separated by preparative tlc (acetone-light petrol-
eum; 1:4) to give eleven bands. Band 1 (Rfg 0.87, red) gave
solid Fe,Ir (u-H) (pus-n*-CCHPh) (CO) 4 (PPh3) (36) (1 mg,2%),
identified by comparison of its spot tlc behaviour and i.r.
v(CO) spectrum with those of an authentic sample (see p.274)
Bands 3 and 4 (Ry's 0.75 and 0.68, respectively) contained
trace amounts and were not identified. Band 5, (R¢ 0:61,
brown) was crystallised from CH,Cl,/pentane to give brown
needles of (38) (12 mg) , m.p. >150°C (dec.). [Found: C,
42.08; H, 2.46]. Infrared (cyclohexane) : v(CO) 2064m,

2043m, 2029s, 2009s, 1997m, 1970m, 1855m, 1820m cm™!.
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'H NMR: ¢(CD,Cl,) -23.0 [s(br), 1H, MH]; 7.47 (m, 20H, Ph).
Not identified. Band 7, (Rf 0.50, yellow) (1 mg). Infrared
(cyclohexane) : y(CO) 2053m, 2004sh, 1999s, 1981w, 1802m,
1791m cm™ 1. Not identified.

The remaining bands were present in trace amounts and

were not identified.

D. Hydrogenation of Fe,Ir (u-H) (p.-n?-CCHPh) (CO) , (PPh,) (36)

and Fe,Ir (u~H) (p;-n?-HC,Ph) (CO) , (PPh.) (37)

Hydrogenation of (36), under the same conditions as
above resulted only in decomposition, while the hydregenation
of (37) (20 mg, 0.022 mmol) as above resulted in many
bands (after preparative tlc). One of these was identified

as (38) (5 mg), by spot tlc analysis and i.r. v(CO) spectroscopy.

E. Pyrolysis of Fe,Ir(y-H) (u,-n?-HC,Ph) (CO) ; (PPh,) (37)

A solution of (37) (42 mg, 0.047 mmol) in toluene (15
ml) was heated at reflux for 1.5 h, after which time the
reaction was adjudged complete (tlc). The burgundy coloured
solution was evaporated to dryness and the residue sepaféted
by preparative tlc (acetone-light petroleum; 1:4) to give
one major band (R 0.78, red). Crystallisation from hexane
gave dark red crystals of Fe,Ir (u—H) (y;—n?-CCHPh) (CO) 4 (PPh,)
(36) (35 mg, 83%), m.p. >200°C (dec.). [Found: C, 44.99; H,
2.53; M (mass spectrometry) 894; C,,H,,Fe,IrO,P requires C,
45.71; H, 2.48%; M 894]. Infrared (cyclohexane): v(CO)
2072m, 2045vs, 2022s, 2009vs, 1986s, 1971m, 1961w, 1954w
cm=l. 'H NMR: (CDClg) =17.959[d, 7 (PH) 13Hz, 0.5H, FeH];
-17.962 [d4, g (PH) 13Hz, O0.5H, FeH]; 6.93 (s, 1H, CCHPh); 7.35
(m, 20H, Ph). *°C{*H} NMR: g§[CDCl,,Cr(acac),] 101.7 (s, CcHPh);

126.0-134.0 (m, Ph); 145.5 (s, cCHPh); 170.2, 176.1 (s, 2xIr-CO);
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209.8, 212.7, 214.0, 247.8 (m, Fe-CO). 31P{lH} NMR:
§(CH,C1,) 5.1 (s, Ir-PPh,). FAB MS: 894, [u] ', 5; 866,

v - col™, 5; 810, [m - 3cOl™, 89; 782, [m - 4COl’, 33;
754, [m - 5C017, 22; 726, [m - 6CO]", 100; 698, [m - 7COTF,

70; 670, [m - 8COl ', 9.

F. Incorporation of gold into some mixed metal clusters

(a) the reaction of [O{Au(PPh,)}.][BF,]/[ppn] [Co(CO),] with

(i) Fe,Ir(ps—-n?-C,Ph) (CO) 4 (PPh,) (27) - A solution

of (27) (54 mg, 0.061 mmol) in thf (20 ml) at ambient temper-
ature wastreated successively with [O{Au(PPh,) };][BF,]

(90 mg, 0.061 mmol) and [ppn] [Co(CO),] (45 mg, 0.063 mmol).
After ca 1 min the red-brown mixture cleared to an orange
solution. Evaporation and preparative tlc (acetone-light
petroleum; 3.5:10) afforded two bands. Band 1 (rRf 0.53,
colourless) gave solid AuCo(CO), (PPh;) (35 mg), identified

by comparison of its i.r. v (CO) spectrum with that of an
authentic sample.gGBand 2 (Rg 0.17, orange) was crystallised
from CH,Cl,/MeOH to give orange crystals of Au,Fe,Ir-
(1y-n2-C,Ph) (CO) ; (PPhy) ;5 (39) (90 mg, 83%), m.p. >150°C—1dec.).
[Found: C, 45.97; H, 2.74; M (mass spectrometry) 1784;
C¢gHs oAU, Fe, Ir0O,P3 requires C, 46.51; H, 2.83%; » 1783].
Infrared (CH,Cl,): v(CO) 2018m, 1978m, 1962m, 1885w, 1876sh cm™ *.
'H NMR: §(CDCl;) 7.33 (m, Ph). 3C{'H} NMR: &§[CDCl,, Cr(acac);]
126.0-134.0 (m, Ph); 215.2 (m, Fe-CO). 3!P{'H} NMR: §{(CH,Cl,)
30.6 (s, Ir-PPhj); 42.8 [s(br), AuPPh;]; 47.6 [s(br) . AuPPh,].
FAB MS: 1784, [u + H]', 6; 1699, [» - 3col*, 50; 1671, [u -
4c01™, 2; 1643, [m = 5c01*, 47; 1615, [m - 6col™, 74; 1587

v - 7c01', 3; 1324, [M-AuPPh;1', 5; 919, [{Au, (PPhs),} + H]'”

12; 721, [Au(PPhs),]t, 100; 459, [Au(PPh,)]T, 53.
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(ii) Fe,Rh(us;-n2-C,Ph) (CO), (PPhs) (32) - A solution

of Q;g)(40 mg, 0.050 mmol) in thf (10 ml) at 20°C was treated
successively with [0{Au(PPh3) }3] [BF4] (75 mg, 0.051 mmol) and
[ppn] [Co (CO) 4] (36 mg, 0.051 mmol). The initial dark red
suspension cleared to a dark brown-black solution. Evaporation
and preparative tlc (acetone-light petroleum; 1:2.5) afforded
one major band (rRfg 0.30, black) which was crystallised from
CH,Cl,/MeOH to give black crystals of Au,Fe,Rh(u;-n’*-C,Ph)-
(CO) 7 (PPh3) 5, (40) (68 mg, 80%), m.p. >200°C (dec.). [Found:~

C, 48.84; H, 2.94; M (mass spectrometry) 1694; CgoHsoAu,Fe,07P3Rh
requires C, 48.16; H, 2.98%; M 1692]. Infrared (CH,Cl;):

v(CO) 2008s, 1981m, 1970s, 1954s, 1904w cm™!. 'H NMR:

§(CDCl;) 7.32 (m, Ph). 3'P{'H} NMR: §(CH,Cl,) 40.8 [s(br),
AuPPhs]; 47.8 [s(br), AuwPPh;]; 52.6 [d, J(RhP) 141Hz, RhPPhj].
FAB MS: 1694, [m + 2H]', 4; 1609, (¥ - 3c01™, 17; 1524,

(v - 6colt, 28; 1496, [m - 7c01t, 13; 1234, [m - Au(PPhs)]1T,
12; 721 [Au(PPh3)2]+, 100; 459, [Au(PPhg)]+, 91.

(b) Reactions of Fe,.Ir (y3;-n2-C,Ph) (CO) g (PPhs) (27)

(i) with [0{Au(PPh,)};][BF,] - A solution of ~(27)

(31 mg, 0.035 mmol) in thf (10 ml) was treated with [O{Au-
(PPh;) };1[BF,] (51 mg, 0.035 mmol) and the resulting suspension
stirred for 24 h. The dark orange solution was evaporated to
dryness and the residue separated by preparative tlc (acetone-
light petroleum; 3-5:10) to give five bands. Bands 1 and 2

(Rg 0.88 and 0.85, respectively ) contained trace amounts and
were not identified. Band 3, (Rf 0.45, orange) was crystal-
lised from CH,Cl,/MeOH to give orange crystals of (39) (15 mg,
24%) . 1Identified by comparison of its i.r. v (CO) and FAB

mass spectra with those of an authentic sample. The remaining

bands were present in trace amounts and were not identified.
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(ii) with K[BH(CHMeEt).,] and [0{Au(PPh;)},][BF,] -

A solution of (27) (50 mg, 0.056 mmol) in thf (10 ml) at -64°C
was treated with K[BH(CHMeEt) ;] (0.1 ml of a 1.0mol L=! solution
in thf; 0.10 mmol). After 5 min the red-brown solution was
warmed to ambient temperature and stirred for 35 min, after
which the darkened solution was cooled to -64°C. After 15
min, [O{Au(PPh,)};][BF,] (95 mg, 0.064 mmol) was added and

the mixture warmed to ambient temperature. After stirring

for 30 min the solution was evaporated to dryness and the -
residue separated by preparative tlc (CH,Cl,-acetone-cyclo-
hexane; 6:1:4) to give eight bands. Bands 1, 2 and 3 (Rg's
0.96, 0.93 and 0.90 respectively) containedonly trace amounts
and were not identified. Band 4 (R 0.86, black-brown) was
further separated by preparative tlc (CH,Cl,-acetone-
cyclohexane 6:1:4) to give two bands. Band 1 (R 0.72, orange)
was crystallised from CH,Cl,/MeOH to give orange crystals of
(39) (4 mg, 4%) which was identified by comparison of its
i.r. v(CO) and FAB mass spectra with those of an authentic
sample. Band 2 (Ry 0.67, black) was crystallised from -
CH,Cl,/MeOH to give black needles of a compound formulated

as Au,Fe,Ir (C,HPh) (CO) , (PPh,), (42) (24 mg, 19%), m.p. >200°C
(dec.). [Found: C, 45.43; H, 2.82; M(mass spectrometry)

2242; Cg7Hge¢AuzFe,Ir0,P,-CH,Cl, requires C, 45.40; H, 2.90%;

M 2242]). Infrared (CH,Cl,): v(CO) 2024w, 1988s, 1962m,

1933m, 1918w, 1893w cm '. H NMR: §(CDCl,) 5.31 (s, CH,Cl,);
7.00-7.54 (m, Ph). FAB MS: 2242, [ml', 0.4; 2214, (¥ - col™,
0.5; 2186 [m - 2c0]t, 0.9; 2158, [y - 3colt, 0.9; 2130,

[# - 4cO0]1™, 16; 2102 [y - 5cO)1T, 10; 2074, [# - 6CO1 ", 2;

2048, [w - 7c01™, 0.6; 1896, [y - 3CO - PPh,l ", 6; 1868,

[v - 4CO - PPh,]", 5; 1840, [¥ - 5CO - PPh,] , 21; 1812, [m -
6CO - PPh,]Y, 18; 1377, [Au, (PPh,);] , 62; 1115, [Au;(PPh,),1",

14; 721, [Au(PPh.),]1™T. 100.
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(1ii) with sodium amalgam and [O{Au(PPh,) };] [BF,] -

A solution of (27) (55 mg, 0.062 mmol) in thf (10 ml) was added
to a freshly prepared sample of sodium amalgam (ca 100 mg

Na in 1.0 ml Hg) and the mixture was stirred at ambient temp-
erature for 1 h. The dark red solution was filtered through
celite, cooled to 0°C and [O{Au(PPhy)},;]1[BF,] (92 mg, 0.062
mmol) was added. The mixture was warmed to ambient temperature
and stirred for 1 h. Evaporation and preparative tlc (CH,Cl,-
acetone-cyclohexane; 4:1:5) gave ten bands. Band 1 (Rg 0.76,
red) was crystallised from CH,Cl,/light petroleum to give

dark red rosettes of AuFe,Ir (p;-n?-HC,Ph) (CO) 4 (PPh,), (41)

(20 mg, 24%), m.p. >176°C (dec.). [Found: C, 45.82; H, 2.89;
¥ (mass spectrometry) 1353; C;,H, AuFe,IrO,P requires C, 46.24;
H, 2.61%; m 1352]. Infrared (CH,Cl,): v(CO) 2040m, 2008sh,
1999vs, 1985s, 1959m, 1923m cm~!. 1H NMR: §(CDCl;) 7.14-7.62
(m, 35H, Ph); 9.18 [d, J(PH) 13Hz, 1H‘, HC,Ph]. 13C{1H} NMR:
§(CDC1l;) 102.5 (s, HcCPh); 126.0-135.0 (m, Ph); other carbon
resonances were not observed. FAB MS: 1353, [y + H]+, 2;

1296, [y - 2c01", 9; 1268, [u - 3cO]T, 41; 1240, [y - 4CO]T,
39; 1212, [m - 5CO]+, 33; 1184, [M - 6CO]+, 81; 1156, [M -
7c0]1T, 100; 1128, [x - 8colt, 7; 1079, [m - Au(CH4) 1T, 14;
894, [(m + H) - Au(PPh3)]+, 15; 721, [Au(PPh,4):2 , 60; 459,
[Au(PPhg)]ﬁ 46. Band 5, (Ry 0.62, orange) was crystallised from
CH,Cl,/light petroleum to give orange crystals of (39) (14 mg,
15%) . Identified by comparison of its i.r. v(CO) and FAB

mass spectra with those of an authentic sample. The rémaining

bands were present in trace amounts and were not identified




279.

(iv) with sodium amalgam and AuCl (PPh;) - To a

freshly prepared sample of sodium amalgam (ca 180 mg Na in

1.0 ml1 of Hg) was added a solution of (27) (82 mg, 0.092 mmol)
in thf (10 ml).and the mixture stirred for 20 min. The

dark red solution was transferred via syringe to a schlenk
flask and filtered through celite into a solution of AuCl-
(PPhi) (50 mg, 0.10lmmol) in thf (10 ml) and stirred for

1 h. Evaporation and preparative tlc (acetone-light

petroleum; 1:4) afforded eight bands. The major band (rRf 0.69,
red-pink) was further separated by preparative tlc (CH,Cl,-
acetone-cyclohexane; 6:1:4) to give a major band (rRfg 0.72,

red-pink) which was crystallised from CH;Cl,/heptane to afford

oo

red crystals of (41) (30 mg, 24%). Identified by comparison of
i.r. v(Co) and 'H NMR spectra with those of an authentic
sample. The remaining bands were present in trace amounts

and were not identified.

(v) with K[BH(CHMeEt),] and AuCl(PPh,) - A solution

of (27) (50 mg, 0.056 mmol) in thf (10 ml) was treated with
K[BH(CHMeEt) ;] (0.08 ml of 1lmol L™ ! solution in thf, 0.08
mmol) and stirred for 1 h at ambient temperature. The
solution was cooled to 0°C and AuCl(PPh;) (40 mg, 0.081 mmol)
was added followed by a gradual warming to ambient temperature.
After stirring for 1 h, the mixture was evaporated to dryness
and the residue separated by preparative tlc (acetone-light

petroleum, 1:3) to give eleven bands. Band 1, (Rgf 0.064, red-

brown) gave solid (27) (10 mg, 20%). Band 3, (R 0.53, red-

pink) gave solid (41) (9 mg, 15%). Band 7, (Rf¢ 0.38,'orange)
gave solid (39) (15 mg, 19%) and Band 8, (rRr 0.32, dark red-
black) gave solid (42) (4 mg, 4%). These bands were identified

by comparison of their i.r. v(CO) spectra and spot tlc
behaviour with those of authentic samples. The remaining

bands were present in trace amounts and were not identified.
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G. Reaction of Fe,Ir(u,—n?-C,Ph) (CO), (PPh,)(27) with some

tertiary phosphines and phosphites

(a) Reaction of (27) with PEt,

(i) in thf at ambient temperature - A solution of (27)

(102 mg, 0.114 mmol) in thf (20 ml) was treated with PEt;,
(0.05 ml, 0.34 mmol) and stirred at ambient temperature for

2 h, after which time the reaction was adjudged complete

[the disappearance of the i.r. v (CO) bands of (27) at 2066,
2029 and 1999cm™! were monitored]. Evaporation of the dark
red solution to dryness and fractional crystallisation of

the residue from CH,Cl, /MeOH gave dark red crystals of

Fe,Ir (u3—n?-PhC,PEt;) (CO) 4 (PEt;)(43) (40 mg, 41%), m.p. 195-
197°C. [Found: C, 38.68, H, 4.06; M (mass spectrometry)

866; C,gH3;sFe,IrO4P, requires C, 38.86; H, 4.08%; M 866].
Infrared (CH,Cl,): v(CO) 2038s, 1985vs, 1952s, 1915s cm '.

lH NMR: §(CDCl,) 0.91 (m, 9H, IrPCH,CH;); 1.13 (m, 9H,
C-PCH,Ci3); 1.43 (m, 6H, IrPCH,CH,); 1.70 (m, 6H, CPCH,CH;);
7.15 (m, SH, Ph). 3!P{!H} NMR: §(CH,Cl,) =-10.2 (s, Ir-PEts);
38.3 (s, C,PEt,). FAB MS: 866, [#] , 6; 839, [( - CO) +u",
5; 810, [m - 2col1™, 12; 782, [m - 3cot, 100; 754, [m - 4col™,
66; 726, [y - 5C01", 12; 698, [u - 6cOl*, 25; 770, [(m - 7017,
27; 742, [y - 8colt, 26; 219, [PEtsC,Ph]", 81. The super-
natant was evaporated to dryness and the residue separated

by preparative tlc (acetone-light petroleum; 1:3) to give
nine bands. Band 1, (Rg 0.94, colourless) gave solid PPhj.
Identified by tlc and mixed melting point. Band 2, (Rf 0.58;
red-pink) was crystallised from CH,Cl,/MeOH to give dark red
crystals of (43) (7 mg, 7%). Identified by comparison of its
i.r. v(CO) and FAB mass spectra with those of an authentic

sample. Band 3, (Rg 0.55, red-brown) was crystallised from
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CH,Cl,/MeOH to give dark red crystals of Fe,Ir (u;-n’-
C,Ph) (CO)7(PEts) (PPh3) (44) (12 mg, 11%), m.p. 194-195°C.
[Found: C, 47.41; H, 3.64; M (mass spectrometry) 982;
C39H;35Fe»,Ir0O,P», requires C, 47.72; H, 3.59%; M 982].
Infrared (CH.Cl,): Vv(CO) 2030s, 1983vs(br), 1945sh,
1932m cm™?!. 'H NMR: §(CDCls) 0.91 (m, 9H, PCH,CH3);
1.58 (m, 6H PCH,CH3); 7.42 (m, 20H, Ph). 3'P{’H} NMR:
8§(CH,Cl,) 5.8 (s, Ir-PEty); 22.3 (s, Ir-PbPh;). FAB MS:

* 6; 954, (M - colt, 3; 898, [ - 3cO0lT, 100;

982, [m]
870, [m - 4col™t, 4; 842, [M - scol™, 6; 814, [M - 6col™,

90; 786, [M - 7CO0]1", 11; 758, (M - 8col’, 7. Band 4,

(R 0.49, brown-red) was crystallised from CH,Cl,/MeOH

to give dark-red crystals of Fe,Ir(us;-n?-C,Ph) (CO) ; (PEt;) ,
(45) (8 mg, 8%), m.p. >150°C (dec.). [Found: C, 38.67;

H, 4.17; M (mass spectrometry) 838; C,7H;3sFe,Ir0,P,
requires C, 38.72; H, 4.21%; M 838]. Infrared (CH,Cl,):
v(CO) 2027s, 1978vs(br), 1939sh, 1922m cm~'. 'H NMR:
§(CDCl,) 1.16 (m, 18H, PCH,CH3); 2.10 (m, 12H, PCH,CH;3);
7.50 (m, 5H, Ph). 3'P{'H} NMR: &(CH,Cl,) 7.6 (s, Ir-PEt,). -

t 22; 810, [ - co1t, as; 782, [m - 2co1t.

FAB MS: 838, [#]
40; 754, [m - 3colt, 30; 726, [ - 4colt, 100; 698,
¥ - 5colt, 31; 670, [ - 6col™t, 35; 642, [m - 7cOT', 81.

The remaining bands were present in trace amounts and

were not identified.

(ii) in CH,Cl, at ambient temperature - A solution_
of (27) (40 mg, 0.045 mmol) in CH,Cl, (5 ml) was treatéd
with PEts (0.9 ml of a ca 0.1 mmol ml~1 solution in
CH,Cl,, 0.09 mmol) and the resulting dark red solution was

stirred for 59 h. Evaporation and preparative tlc
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(acetone-light petroleum; 1:4) afforded eight bands.
Band 1, (Rf 0.42, red-brown) was crystallised from

CH,Cl,/MeOH to give dark red crystals of (44) (6 mg,
14%). Band 2, (Rf 0.36, brown-red) was crystallised

from CH,Cl,/MeOH to give dark red crystals of (45)

X

(11 mg, 29%). Bands 1 and 2 were identified by
comparison of their i.r. v(CO) and 'H NMR spectra with
those of authentic samples. The remaining bands were

present in trace amounts and were not identified.

(iii) in CH,Cl, at 0°C - A solution of

(30 mg, 0.034 mmol) in CH,Cl, (5 ml) at 0°C was
treated with PEt; (0.75 ml of ca 0.1 mmol ml~! solution
in CH,Cl,, 0.075 mmol) and stirred for 9 h. The dark
red solution was evaporated to dryness (at 0°C) and
the mixture separated by preparative tlc (acetone-
light petroleum; 1:4) to give six bands after double
development. Band 1 (R 0.60, red-brown) was crystal-
lised from CH,Cl,/MeOH to give dark red crystals of
(44) (15 mg, 45%). Band 2, (R 0.54, brown-red)
was crystallised from CH,Cl,/MeOH to give dark recd
crystals of (45) (3 mg, 11%). Bands 1 and 2 were
identified by comparison of their i.r. v (CO) spectra
and spot tlc behaviour with those of authentic
samples. The remaining bands were present in trace

amounts and were not identified.
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(iv) in CH,Cl, at 0°C under a carbon monoxide

atmosphere - A solution of (27) (26 mg, (.029 mmol) in
CH,Cl, (20 ml) saturated with CO was treated with PEt
(0.65 ml of ca 0.1 mmol ml 'solution in CH,Cl,, 0.065
mmol) and stirred under a CO atmosphere for 1 h.

The solution was warmed to ambient temperature and
stirred for 48 h. Evaporation and preparative tlc

(acetone-light petroleum; 1:3) gave two bands. Band 1

).

oe

(Rfg 0.55, brown-red) gave solid (27) (18 mg, 69
Band 2, (Rp 0.41, brown-red) was crystallised frcm
CH,Cl,/MeOH to give dark-red crystals of (44) (6 mg,
21%). Bands 1 and 2 were identified by comparison of
their i.r. v(CO) and FAB mass spectra with those of
authentic samples.

(v) in CH,Cl, with one equivalent of PEt; - A

solution of (27) (60 mg, 0.067 mmol) in CH,Cl, (10 ml)
was treated with PEt3 (0.01 ml, 0.068 mmol) and

stirred for 2 h. Evaporation and preparative tlc
(acetone-light petroleum; 1:4) gave three bands.

Band 1 (rRf 0.67, red) was crystallised from CH,Cl ,/MeOH
to give dark-red crystals of (27) (35 mg, 58%). Band 2
(Rg 0.53, red) was further separated by preparative tlc
(CH,Cl,~acetone-cyclohexane; 40:15:65)giving three bands.
Band 1 (Rg 0.79, brown-red) gave solid (44) (11 mg, 17%).
Band 2 (R 0.72, red) gave solid (43) (12 mg, 20%). Band

3 (Rf 0.66, red) gave solid (45)(2mg, 4%). Bands 1, 2 and 3 were
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identified by comparison of their 3!P{H} NMR and i.r. v (CO)
spectra with those of authentic samples.

(b) Reaction of (27) with PMe,Ph - A solution of

(50 mg, 0.056 mmol) in thf (20 ml) was treated with PMe ,Ph

(0.12 m1 of ca 1 mmol ml™' solution in thf, 0.12 mmol). An
immediate darkening in colour to deep red was observed. After 40 m
the solution was evaporated to dryness and the residue
chromatographed (Florisil, 1 x 10 cm). Elution with light
petroleum removed traces of unreacted PMe,Ph. Further

elution with acetone-light petroleum (1:4) gave a red eluate.
Removal of the solvent in vacuo and crystallisation of the
residue from CH,Cl,/heptane afforded dark red crystals of
Fe,Ir(u3-n®-C,Ph) (CO) ; (PMe,Ph), (47) (32 mg, 65%) m.p. 185-186°C.
[Found C, 42.16; H, 3.12; ¥ (mass spectrometry) 878,
C31Hz7Fe,Ir0,P, requires C, 42.43; H, 3.10%; ¥ 878]. Infrared
(CH,C1l,): v(CO) 2032m, 1985s(br), 1948sh, 1930w cm™?!.

"H NMR: 6(CDCls) 1.97 (m, 12H, PCHsPh); 7.68 (m, 15H, Ph).

*'P{'H} NMR: §(CH,Cl,) 16.0 (Ir-PMe,Ph). TFAB MS: 878, (],

8; 850, [ - cOl", 8; 794, [ - 3colt, 100; 738, [u - 5c0]7;
74; 710, [# - 6col’, 53; 682, [ - 7c01t, 21.

(c) Reaction of (27) with P(OMe), - A solution of

(50 mg, 0.056 mmol) in thf (20 ml) was treated with P (OMe)s
(0.80 ml of 0.113 mmol ml™ solution in thf, 0.090 ml) and
stirred at ambient temperature for 2 h. The solution was
heated to 45°C and stirred for a further 17 h, during which
time the solution colour changed from red-brown to orange.
Evaporation and preparative tlec (acetone-1ight petroleum,
1:4) gave five bands of which the two major bands were
isolated. Band 1, (R 0.5, red) was crystallised from

Et,0/light petroleum to give red crystals of Ele] Y=
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(u3-n%-C,Ph) (CO) ; [P (OMe) 3] (PPh3) (48) (6 mg, 11%), m.p. 197-
199°C. [Found: C, 43.12; H, 3.05; M (mass spectrometry)

988; Cy¢H,qFe,Ir0; P, requires C, 43.79; H, 2.96; M 988].
Infrared (cyclohexane): v (CO) 2044s, 1999vs, 1965w, 1950m
cm™'. 'H NMR: &§(CDCls) 3.47 [4d, J(PH) 8Hz, 9H, POCH3l;

7.41 (m, 20H, Ph). FAB MS: 988, (m]*, 3; 960, [m - COl", 4;
904, [ - 3co]™, 94; 845, [m - 5c01F, 26; 820, [m - 6CO1T,
100; 792, [m - 7c01%, 10. Band 2, (R, 0.45, orange) was
crystallised from Et,0/light petroleum to give orange
crystals of Fe,Ir (u3;-n?-C,Ph) (CO) ;[P (OMe) 5], (49) (34 mg,
72%), m.p. 203-205°C. [Found: C, 29.58; H, 2.76; M (mass
spectrometry) 850; C,1H,3Fe,Ir0;3P, requires C, 29.70; H,
2.73%, M 8501. Infrared (cyclohexane): v(CO) 2048m, 2006sh,
1998s, 1964w, 1949m cm~'. 'H NMR: &§(CDCls) 3.65 [d, J(PH)
13Hz, 18H, POCH,]; 7.55 (m, 5H, Ph). 3'P{'H} NMR: &(CH.,Cl;)
112.2 [s,IrP (OMe)s]. FAB MS: 850, [m]%, 6; 822, [(# - col™,
18; 794, [m -2c01F, 19; 766, [# - 3colt, 6; 748, [m - 4col™,
54: 720, [M - 5co]’, 100; 692, [M - 6col™, €3; 651,

v - 7c0]™", 18.

H. Pyrolysis of Fe,Ir(u3;-n?-PhC,PEt,) (CO) 5 (PEt;)

A solution of (43) (20 mg, 0.013 mmol) in CH,Cl, (20
ml) was heated at reflux, while being purged with nitrogen,
for 8 h. Evaporation and preparative tlc afforded four
bands. Band 1 (Rf 0.88, orange) gave solid Fe,Ir (y3-n2?-C,Ph)-
(CO) ¢ (PEt ;) (46) (2 mg, 12%). Identified by comparison of
its i.r. v(CO) and FAB mass spectra with those of an
authentic sample (see below). Band 2 (Rg, 0.78, red) was
not identified. Infrared (CH,Cl,): v(CO) 2029s, 1983vs(br),

1942sh, 1931w cm~!. Band 3, (Rf 0.71, red) was crystallised
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from CH,Cl,/MeOH to give dark red crystals of (45) (15 mg,

80

oe

). Identified by comparison of its i.r. v (CO) and

FAB mass spectra with those of an authentic sample.

I. Carbonylation of Fe,Ir (u-n?-C,Ph) (CO) 7 (PEts) »

A solution of (45) (20 mg, 0.023 mmol) in cyclohexane
(20 ml) was carbonylated in an autoclave (25 atm, 80°C,
3 h) and the resulting brown-orange solution was filtered,
evaporated to dryness and the residue separated by prepar-
ative tlc (acetone-light petroleum; 1:4) to give six bands.
Only the major band (R 0.58, orange) was isolated and
gave solid Fe,Ir (us;,n?-C,Ph) (CO)s (PEts) (46) (8 mg, 47%),
m.p. >150°C (dec.). Infrared (CH,Cl,): (CO) 2064s, 2024vs,
1994s, 1963m, 1950m, 1934sh cm™'. 3!P{'H} NMR: & (CH,Cl;)

*, 28; 720, [M - colt,

-12.5 (s, Ir-PEt;). FAB MS: 748, [M]
62; 692, [m - 2c0]1", 16; 664, [ - 3col’, 100; 636,
¥ - 4colt, 78; 608, [M - 5col™, 13; 580, [M - 6col™, 24;

552, [ - 7c01t, 31; 524, [ - 8co], 9.

J. 3'P NMR experiment. Variable temperature study (205K-293K)

of the reaction of (27) with two equivalents of PEtgj

A solution of (27) (88 mg, 0.099 mmol) in CH,Cl, (2 ml),
cooled in a liquid nitrogen bath, was treated with PEt,
(0.030 ml, 24 mg, 0.203 mmol). The 10 mm NMR tube which was
used for this reaction was then transferred to the probe of
NMR spectrometer (see General Experimental Conditions) which
had been previously cooled to 205K. |

At each temperature, between 1500 - 2001 transients
were collected over 8192 points, with a sweep width of 9804 Hz.

The spectra were referenced to internal PEts; (8§ - 19.0).
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At the end of the NMR experiment, the dark red solution
was evaporated to dryness and the residue fractionally
crystallised from CH,Cl,/MeOH, to give dark red crystals
of (43)(58 mg, 68%), which was identified by comparison
of its i.r. v(CO) and FAB spectra with those of an
authentic sample prepared as above. The supernatant was
evaporated to dryness and the residue separated by
preparative tlc (acetone-light petroleum; 1:3) to give
12 bands which were present in trace amounts and were

not identified.

X-ray structure determination of (39)

General techniques and details given below apply to
the structure of (39) , determined by the author.

A suitable crystal (0.11 x 0.18 x 0.11 mm) of (39)
was grown from CH,Cl,/EtOH by solvent diffusion at 10°C
and was mounted on a glass fibre using cyanoacrylate
'super glue'.

Lattice parameters were determined from a least sguares
fit to the setting angles of 25 high angle reflections on.
an Enraf-Nonius CAD-4F four-circle diffractomatesgusing
graphite monochromated Moko (A = O.7107£). The crystal
was found to be monoclinic with systematic absences
hkl:h+k=2n and h0l:1=2n defining the space group cc (C;
No.9) or c¢2/c (C§y,No.15); subsequent analysis confirmed

Cc as the true space group.

Crystal data Au,Fe,Ir(u,-n?-C,Ph)(CO), (PPhj) ; -EtOH

M 1828.0, monoclinic, space group Cc (C& s No.9),

o [+]
12.956(1), b = 26.604(4), ¢ =19.190(2)A, B8 = 97.14 (3) r

v
I

o
6563.1A%, Dcalc = 1.850 gem™ ®, Z = 4, F (000) = 3511

<
Il

=
Il

293(2) K.
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Intensity data were measured using a w:20 scan
technique measured in the range -13<h<l3, 0<k<£20,
-20=51<1. Three standard reflections (202, 532, 532)
were monitored every hour of X-ray exposure time, to
check for crystal and machine stability. Data reduction
and application of Lorentz and polarization corrections
were undertaken with the programs PREABS o and PROCES.90
An analytical absorption correction was applied using
the SHELX—7691 system of programs, 0 range 1.5-22.5°;
of 4616 measuEed ref%ections 4508 were found to be
unique, with_iéZ.SoCé), u 69.87 cm™!, maximum and minimum

transmission factors 0.2964 and 0.1983, R and Ry values

0.0476 and 0.0467. Reflections with intensities I22.5¢

s

(I) were rejected; while equivalent reflections were
averaged.

The metal atom positions were found, using direct
methods (SHELXS—86)92 and remaining non-hydrogen atoms
were located by means of Fourier difference maps. The
structure was refined by full-matrix least squares proéédures
in which the function I w A? was minimized, where w was the
weight applied to each reflection and A = HFOI - ]Fc”.
Phenyl rings were included as hexagonal rigid groups
(C-C 1.39£) with isotropic thermal parameters and anisotropic
thermal parameters were used for the core atoms [Au,Fe,Ir,-
C(8),C(9) and P]. The heavy atom positions were found to be
disordered such that about each atom two residual electron
density peaks were located approximately li from the parent
atom. These were modelled successfully with 2% occupancy

factors. Hydrogen atoms were placed in calculated

(o]
positions (0.97A) with common group thermal parameters.
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The solvent molecule of crystallisation, EtOH, was refined
el
with constrained bond lengths (C-0 1.45, C-C 1.5327) owing

to high thermal motion associated with the molecule.

In the final refinement cycles the following

2

weighting was employed: w = [¢? (1) + |g| F?17%, at

convergence g = 0.005857, R = 0.0476 and Ry, 0.0467.
The SHELglprocedure UNDO was used to determine the
absolute configuration (Rg 0.0713 cf. Rg 0.0606 for
the preferred configuration. Bond lengths, valence
angles, non bonding distances and their standard
deviations were all calculated using SHELX 76.91 least
squares planes and dihedral angles were calculated
using the program LSPLAN93 and diagrams from PLUTO.QH
All programs were implemented on the VAX11/785 computing
system at the University of Adelaide. Neutral atom
scattering factors for C, H, O and P were those listed
in SHELX—7§1and those for Au, Ir and Fe were obtained from
the International Tables, the values being corrected for
anomalous dispersion.

The listings of observed (Fg), calculated (F()

structure factors, positional and thermal parameters for

the structure-are in Appendix 2.
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298.

Supplementary data for [Ru{C(OMe)Me}-

(PPhs) 2 (n=CsHs) ] [PFs] (24) (Chapter 1).

Table

Table

Table

Table

Table

1.1

Fractional atomic coordinates and

thermal parameters for non-hydrogen atoms

Positional and thermal parameters for

hydrogen atoms

Interatomic distances

Interatomic angles

Observed and calculated structure factors



tom

Ru
P(1)
P(2)
P(3)
F (1)
F{2)
F{3)
F{4)
F(5)
F(6)
0(1)
C(1)
C(2)
C(3)
C(4)
C(5)
C(6)
C(7)
C(8)
C(9)
C(L0)
C(l1)
C(12)
C(13)
C(1l4)
C(15)
C(16)
C(17)
c(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)

X

—-19498(4)
-3116(2)
-654(2)
-6043(3)
-5517(9)
-5472(10)
-6585(7)
~4979(9)
-6492 (11)
-7071(9)
-394 (4)
-2807(6)
-3399(7)
~2725(8)
-1683(8)
-1698(8)
-1057 (6)

310(7)
=1045(9)
-4024(3)
-4381(3)
-4380(3)
-4023(3)
-3667(3)
-3667(3)
-1903(4)
-1484(4)
-1747(4)
~2429(4)
-2848(4)
~2585(4)
-4480(3)
-5426(3)
-6337(3)
—-6302(3)
-5357(3)

Y

253 (4)
-746(1)
-1093(1)
-1339(2)
-2140(6)
-682 (6)
-567(5)
~1331(8)
-1975 (6)
-1387(9)
-255(3)
202 (6)
684 (6)
1370 (6)
1305 (6)
607 (6)
344 (5)
-52(7)
1253 (5)
-1896 (3)
-2718(3)
-3485(3)
-3430(3)
-2607(3)
-1840 (3)
-1678(3)
-1804 (3)
-1192(3)
-452(3)
-326(3)
-938(3)
749 (3)
1168 (3)
652 (3)
-284(3)
-703(3)

4

-18001(2)
-1136(1)
-2047(1)
-3908(1)
~3545 (4)
-3487(7)
~-4292(4)
-4288(6)
-4365(6)
-3529 (6)

-852(2)
-2712(4)
=-2272(4)
~2023(4)
-2309(4)
-2722(4)
~1109(4)

-337(4)

-825(5)
-1983(2)
-2217(2)
-1856(2)
-1261(2)
-1027(2)
-1388(2)

-247(2)

331(2)
784 (2)
659 (2)

81(2)

-372(2)

-881(2)

-642(2)

~453(2)

-505(2)

-744(2)

U(11)

342(3)
30(1)
32(1)

116 (2)

201 (3)

243(3)

163(3)

174 (3)

311(3)

167(3)
47(2)
48 (2)
50(2)
86 (3)
78(3)
73(2)
38(2)
58(2)
91 (3)
51(2)
65(2)
55(2)
56(2)
42 (2)
35(1)
45(2)
59(2)
62(2)
57(2)
42 (2)
31(1)
50(2)
60 (2)
68(2)
60(2)
53(2)

U(22)

315(2)
35(1)
40(1)
58(1)

107 (2)

110(3)

104 (2)

249 (3)

137(3)

301(3)
57(2)
75(3)
79(2)
48 (2)
44 (2)
68(2)
40(2)
90 (3)
38(2)

U(33)

277 (3)
27(1)
29(1)
56(1)

102(2)

281(3)

119(2)

197(3)

225(3)

249(3)
29(2)
32(2)
52(2)
45(2)
59 (2)
24 (2)
42 (2)
53(2)
94 (3)

U(23)

48 (3)
3(1)
=3(1)
9(1)
40(2)
-48(3)
44 (2)
140 (3)
-68(3)
135(3)
-10(2)
16(2)
33(2)
14(2)
25(2)
23(2)
=-1(2)
-19(3)
=17(2)

U(13)

38(3)
0(1)
1(1)

27(2)

-6(3)

-97(3)
42(2)
103(3)
-151(3)
129(3)

-2(2)
0(2)
1(2)
4(2)
4(2)

13(2)

12 (2)

-16(2)
8(3)

U(12)

36(3)
0(1)
2(1)
-18(1)
-5(3)
-28(3)
33(2)
69(3)
46 (3)
52 (3)
-5(2)
8(2)
30(2)
29(2)
8(2)
20(2)
=7(2)
7(3)

-15(2)
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Table 1.1 (continued)

Atom x Yy z U(11)
C(26) -4446(3) -186(3) ~-933(2) 35(1)
Cc(27) -1809(3) -1789(3) -3046(2) 50(2)
C(28) -1966(3) -2000(3) -3650(2) 67(2)
C(29) -1099(3) -1865(3) -4060(2) 73(2)
C(30) ~-74(3) -1520(3) ~3865(2) 62(2)
C(31) 83 (3) -1309(3) -3261(2) 50 (2)
C(32) -785(3) -1444(3) -2851(2) 38(1)
C(33) ~1210(3) -2916(3) ~-1807(2) 50(2)
C(34) -1137(3) -3724(3) -1491(2) 59(2)
C(35) —-396(3) —3802 (3) -1009(2) 60(2)
C(36) 272 (3) =3073(3) -844(2) 63(2)
C(37) 199(3) -2264(3) -1160(2) 51(2)
C(38) -542(3) ~2186(3) -1642(2) 33(1)
C(39) 1665 (4) -1350(3) -2088(2) 56(2)
C(40) 2781 (4) -1069(3) -2091(2) 72(2)
C(41) 3037 (4) -156(3) =-2041(2) 70(2)
C(42) 2179 (4) 476 (3) ~1987(2) 62(2)
C(43) 1063 (4) 195(3) ~1984(2) 48(2)
C(44) 807 (4) =718(3) -2035(2) 38(1)

Where the anisotropic thermal parameter is given by the following expression:
Taniso=exp [~21% (h%a*2U;; + k2b*U,, + 12c*?U;33 + 2hka*b*U, »
+ 2hla*c*U1 3 + 2klb*c*U, 3)].
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Table 1.2. Positional (X 10%) and thermal parameters for

hydrogen atoms.

Atom X £ z U(11)
H(1) -3112(6) —-347 (6) -2985(4) 105(3)
H(2) -4251(7) 544 (6) -2138(4) 105(3)
H(3) ~2970(8) 1851 (6) -1684(4) 105(3)
H(4) -970(8) 1732 (6) -2217(4) 105(3)
H(5) -1009(8) 401 (6) ~3005 (4) 105(3)
H(71) 771(7) ~646(7) -207(4) 117(3)
H(72) -206(7) 168(7) 33(4) 117(3)
H(73) 891 (7) 477(7) -456(4) 117(3)
H(81) -1609 (9) 1692 (5) -1066(5) 117 (3)
H(82) -208(9) 1527 (5) -840 (5) 117(3)
H(83) -1315(9) 1198(5) -364(5) 117(3)
H(9) -4025(3) -1302(3) -2262(2) 89 (2)
H(10) -4658(3) —2761(3) -2677(2) 89 (2)
H(1l1l) -4657 (3) —-4122(3) ~2037(2) 89 (2)
H(12) -4023(3) —-4024 (3) -982(2) 89 (2)
H(13) -3390(3) —-2565(3) -567(2) 89(2)
H(15) -1700 (4) -2152(3) -598(2) 89 (2)
H(16) -956(4) —-2376(3) 428(2) 89(2)
H(17) -1422(4) -1290(3) 1232(2) 89(2)
H(18) -2632 (4) 22(3) 1010(2) 89(2)
H(19) -3376(4) 247 (3) -16(2) 89 (2)
H(21) ~-3775(3) 1149 (3) -1027(2) 89(2)
H(22) -5453(3) 1892 (3) ~-602(2) 89(2)
H{(23) -7069 (3) 976 (3) ~268(2) 89 (2)
H(24) -7007 (3) -683(3) ~359(2) 89(2)
H(25) -5330(3) -1427(3) -784(2) 89 (2)
H(27) -2481(3) -1894 (3) -2729(2) 89(2)
H(28) -2759(3) -2267(3) -3801(2) 89(2)
H(29) -1220(3) -2028(3) -4527(2) 89 (2)
H(30) 598 (3) -1415(3) -4182(2) 89(2)
H(31) 876 (3) -1042 (3) -3110(2) 89(2)
H(33) -1783(3) -2855(3) -2180(2) 89(2)
H(34) -1654 (3) -4289(3) ~1619(2) 89 (2)
H(35) -340(3) -4428(3) -765(2) 89(2)
H(36) 845(3) -3133(3) -471(2) 89(2)
H(37) 715 (3) -1699(3) -1032(2) 89(2)
H(39) 1467 (4) -2056(3) -2128(2) 89 (2)
H(40) 3446 (4) -1558(3) -2133(2) 89(2)
H(41) 3901 (4) 61 (3) -2043(2) 89(2)
H(42) 2377 (4) 1183 (3) -1948(2) 89(2)

H(43) 398(4) 684 (3) =1943(2) 89 (2)



Table 1.3.

P (1)
C(1)
C(3)
C(5)
C(14)
C(26)
C(38)
F(1)
F(3)
F(5)
Cc(6)
C(2)
C(3)
C(5)

Ru

Ru

Ru

Ru

P (1)
P (1)
P (2)
P(3)
P (3)
P (3)
0o(l)
C(1)
C(2)
C(4)

i e TR SR SR

.333(2)
.290(8)
.257(8)
.250(8)
.842 (5)
.848(5)
.863(5)
.570(8)
.572(8)
.490(10)
.321(9)
.405(12)
.411(13)
.387(12)
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o
Interatomic distances (A)

P(2)
C(2)
C(4)
C(6)
C(20)
C(32)
C(44)
F(2)
F(4)
F(6)
c(7)
C(s)
C(4)
c(8)

Ru

Ru

Ru

Ru

P (1)
P (2)
P (2)
P (3)
P (3}
P (3)
0(1)
C(1)
C(3)
Cc(6)

HHHP R PR HRMPBB MO

-336(2)
.248(8)
.238(8)
.932(8)
.838(5)
.873(5)
-830(5)
.515(10)
.527(9)
.490(9)
.455(10)
.454(12)
.402(12)
.491(11)



Table

P (2)
c(1)
c(2)
c(3)
c(3)
C(4)
C(4)
c(4)
c(5)
c(5)
C(5)
C(6)
c(6)
C(6)
c(14)
C(20)
C(26)
C(32)
c(38)
c(44)
F(2)
F(3)
F(4)
F(5)
F(5)
F(6)
F (6)
F(6)
c(2)
c(5)
c(3)
c(2)
C(4)
c(S)
c(1)
c(4)
c(8)
c(13)
c(19)
C(25)
c(31)
c(37)
c(43)

P(1)
P (1)
P (1)
P(2)
P(2)
P (2)
P (3)
P (3)
P(3)
P (3)
P (3)
P(3)
P(3)
P(3)
c(1)
c(1)
c(2)
C«3)
C(3)
Cc(4)
C(5)

- C(9)
- C(6)

C(14)
C(20)
c(26)
C(32)
c(38)
C(44)

Interatomic angles ( )

- P(1)
- P(2)
- P(2)
- P(1)
- c()
- P(1)
- C(1)
- C(3)
- P(2)
- C(2)
- c(4)
- P(2)
- C(2)
- C(4)
- Ru

- C(1l4)
- C(14)
- Ru
- C(32)
= [CR(I2A)
- F(1)
- F(2)
- F(2)
- F(1)
- F(3)
- F(1)
- F(3)
- F(5)
- Ru

- C(2)
- Ru

- Ru
- €(2)
- Ru

- Ru
- c()
- Ru
- P(1)
- P(1)
- P (1)
- P(2)
- P(2)
- P(2)

101.
99.
185
109.
61.
145.
61.
36.
88.
60.
36.
89.
bhSe)S
96.
1le6.
105.
99.
111.
103.
100
89
93.
87.
90.
86.
30.
90.
93.
70.
104.
72.
71.
106.
2.
12.
108.
124.

123.
118.
118.
121.
119.
120.

2(1)
7(2)
1(3)
3(2)
3(3)
5(2)
1(3)
3(3)
3(2)
5(3)
0(3)
8(2)
7(3)
8(3)
9(2)
6(2)
5(2)
6(2)
1(2)

.3(2)
.4(6)

0(6)
S(1)
9(5)
6(5)
1(6)
3(3)
5(8)
3(5)
9¢(8)
1(5)
4(4)
1(8)
5(5)
8(5)
1(8)
a9
0(1)
4(1)
7(1)
6(1)
4(1)
4(1)
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o

c(1)
C{2)
c(2)
C(3)
Cc(3)
C(4)
C(4)
C(5)
C(5)
C(5)
C(6)
C(6)
c(6)
C(6)
C(20)
C(26)
c(26)
C(38)
C(44)
C(44)
F {3}
F(4)
F(4)
F (5)
F(S)
F(6)
F(6)
Cc(7)
C (%)
C(1)
C(3)
C(4)
C(3)
C(%)
C(4)
0(1)
Cc(8)
C(9)
C(15)
C(21)
c(2m)
C(33)
C(39)

P (1)
P (1)
P (1)
P (2)
P (2)
P(2)
P (3)
P(3)
P (3)
P (3)
P(3)
P (3)
P (3)
o(1)
C(1)
C(2)
C(2)
c(3)
c(4)
c(4)
c(5)

- C(6)
- C(6)

c(14)
C(20)
C(26)
c(32)
c(38)
Cc(44)

P (1)
P (1)
C (1)
P (2)
C(2)
P (2)
C(2)
P (1)
Cc(1l)
C(3)
P (1)
C(1l)
C(3)
C(S)
Ru
Ru
C(20)
Ru
Ru
C(38)
F (1)
F(1l)
F(3)
F(2)
F(4)
F(2)
F(4)
C(6)
Ru
Ru
C(1)
Ru
Ru
C(3)
Ru
Ru
0(1)
P(1)
P (1)
P (1)
P(2)
P (2)
P (2)

110.
93,
36

148
36
113.
60.
148.
37
60.
86.
157.
100
124.
1175
116.
98.
123.
114.
101.
177.
87.
91.
173.
85s.
93.
177.
123.
69.
73.
110.
71.
72.
109.
71.
120.
T114.
116,
120.
119.
118.
120.
119.

7(2)
0(2)

.0(3)
.1(2)
.5(3)

0(2)
2(3)
0(2)

.3(3)

9(3)
7(2)
8(3)

-61(3)

1(3)
3(2)
5(1)
0(2)
6(2)
2(2)
0(2)
5(5)
6(5)
9(5)
6(8)
6(8)
0(8)
S(7)
2(7)
8(4)
6(4)
8 (8)
1(5)
6(5)
9(9)
S (5)
7(95)
9(7)
8(1)
6(1)
6(1)
2 (1)
6(1)
6(1)
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Table 1.5. Observed and calculated structure factors

OBSERVED AND CALCULATED STRUCTURE FACTORS FOR CPRU(PPH3) 2[C(OME)CH3} 4/112 PAGE 1
H K L 10FO 10FC H XK L 10F0 10FC H K L 10FO 1GFC H X L 10FO 10FC H K L 10FO 10FC
2 0 0 185 187 160 3 0 214 191 11 6 0 148 137 2 11 0 341 405 1 0 1 672 690
4 0 0 280 260 11 3 0 435 449 12 6 0 219 23¢ 511 0 197 175 2 0 1 593 635
6 0 0 394 414 12 3 0 296 278 1 7 0 777 775 7 11 0 449 429 3 0 1 2397 393
8 0 0 1257 1264 13 3 0 108 74 3 7 0 333 375 9 11 0 385 382 4 0 1 339 2323
10 0 0 512 568 0 4 0 261 236 4 7 0 477 478 1111 o 272 271 5 0 1 621 692
12 0 0 367 342 1 4 0 516 528 6 7 0 a3 a7 012 0 300 284 6 0 1 158 179
1 1 0 2095 2250 2 4 0 1250 1244 7 7 0 464 414 212 0 635 623 7 0 1 439 461
2 1 0 1137 1082 3 4 0 938 917 8 7 0 196 165 4 12 0 225 211 8 0 1 130 132
3 1 0 1635 1667 4 4 0 302 316 9 7 0 398 391 6 12 0 392 389 9 0 1 148 108
4 1 0 224 194 5 4 0 964 905 10 7 0 191 176 8 12 0 477 S10 11 0 1 397 380
6 1 0 327 308 6 4 0 566 537 11 7 0 238 249 912 0 157 128 13 0 1 215 223
7 1 0 1058 1057 7 4 0 206 223 13 7 0 191 152 10 12 0 352 323 -14 1 1 324 303
8 1 0 158 152 8 4 0 416 436 0 € 0 931 978 113 0 461 439 =11 1 1 186 193
9 1 0 959 966 10 4 0 451 465 1 8 0 262 272 213 0 156 131 =10 1 1 248 297
12 1 0 132 129 11 4 0 227 248 2 8 0 139 181 313 0 586 618 -9 1 1 170 188
0 2 0 2346 2561 12 4 0 462 460 4 8 0 294 311 513 0 243 227 -8 1 1 253 251
1 2 0 125 115 13 4 0 197 183 5 8 0 298 328 713 0 416 415 -7 1 1 207 203
2 2 0 1915 1904 1 5 0 1289 1329 B 8 0 422 468 913 0 372 347 -6 1 1 911 908
3 2 0 850 854 2 5 0 353 387 10 8 0 357 342 014 0 641 643 -5 1 1 294 282
4 2 0 741 7153 3 S 0 563 584 12 8 0 144 171 114 0 222 167 -4 1 1 552 542
S 2 0 220 193 4 S 0 455 457 1 9 0 559 576 2 14 0 374 326 -3 1 11031 983
6 2 0 380 372 7 5 0 493 486 3 9 0 246 231 414 0 121 98 =2 1 1 1512 1505
7 2 0 253 257 8 5 0 292 274 5 9 0 259 225 514 0 201 204 =1 1 1 641 645
8 2 0 913 968 9 5 0 406 413 7 9 0 389 372 6 14 0 2322 304 0 1 1 129 125
9 2 0 525 476 10 s 0 202 198 8 5 0 211 216 8 14 0 392 395 1 1 1 652 647
10 2 0 572 538 11 S 0 490 539 $ 9 0 S71 592 115 0 405 385 2 1 1 1477 1499
12 2 0 331 283 0 6 0 1376 1362 010 0 693 759 215 0 148 134 3 1 11022 966
13 2 0 229 275 1 €6 0 572 S75 2 10 0 492 483 315 0 360 358 4 1 1 566 550
1 3 01110 1137 2 6 0 817 B8Ol 310 0 363 400 715 0 342 314 S 1 1 322 297
2 3 0 372 366 3 6 0 261 249 4 10 0 201 231 016 0 533 532 6 1 1 897 910
3 3 0 643 613 5 6 0 167 167 S 10 0 412 378 116 0 247 248 7 1 1 209 211
4 3 0 802 795 6 6 0 28B4 313 610 0 153 197 216 0 330 320 8 1 1 256 257
5 3 0 395 375 7 6 0 235 222 8 10 0 620 594 316 0 197 194 3 1 1 1%0 187
6 3 0 147 149 8 6 0 268 291 9 10 0 189 182 616 0 293 278 10 1 1 255 302
7 3 0 547 592 9 6 0 146 134 10 10 0 241 266 117 0 300 310 11 1 1 221 193
9 3 0 564 Se0 10 6 0 614 640 1 11 0 1027 1047 217 0 162 167 12 1 1 220 219
OBSERVED AND CALCULATED STRUCTURE FACTORS FOR CPRU{PPH3) 2 [C(OME)CH3] 4/112 PAGE 2
H X L 10FC 10FC H K L 10FO 10FC H K L 10FO 10FC H K L 10FO 10FC H K L 10FO 10FC
14 1 1 323 304 0 3 1 157 147 12 4 1 204 187 1 6 1 644 613 -11 8 1 278 271
-14 2 1 137 126 1 3 11142 1093 13 4 1 428 454 2 6 1 334 320 -10 8 1 179 182
=13 2 1 234 246 2 3 1 894 847 =13 s 1 226 217 3 6 11008 1004 -9 ® 1 205 187
=12 2 1 191 201 3 2 1 386 344 =12 5 1 498 484 4 6 1 989 954 -8 B 1 210 221
=11 2 1 251 252 4 3 1 1632 1601 -10 S 1 252 216 5 6 ! 1195 1219 -7 & 1 345 2327
-10 2 1 136 162 5 3 1 709 713 -7 5 1 293 243 6 6 1 442 435 -6 B 1 590 569
-8 2 1 341 343 6 3 1 295 215 -6 S 1 979 946 7 6 1 253 285 -5 8 1 665 644
=7 2 1 605 613 7 3 1 142 178 -5 5 1 807 795 11 6 1 332 351 -4 8 1 440 447
-6 2 1 113 135 8 3 1 347 344 -4 5 1 1467 1451 12 6 1 251 224 -3 8 1 593 574
=5 2 1 297 31 12 3 1 435 416 ~3 5 1 598 550 13 6 1 395 395 -2 #® 1 671 655
-4 2 1 269 23¢ 13 3 1 139 188 =2 5 1 760 149 -13 7 1 287 269 -1 8 1 697 686
-3 2 1 863 861 14 3 1 272 250 -1 5 1 540 497 -12 7 1 373 366 0 B 1 554 546
-2 2 11126 1072 =13 4 1 432 452 0 5 1 799 797 =11 7 1 236 252 1 8 1 740 683
-1 2 1 1353 1352 -12 4 1 190 186 1 5 1 554 497 -10 7 t 280 283 2 B8 1 683 654
0 2 1 1557 1559 -11 4 1 260 258 2 5 1 778 7s6 -8 7 1 397 2383 3 8 1 599 572
1 2 11355 133¢ -10 4 1 101 117 3 5 1 628 573 -7 7 1 329 313 4 8 1 419 440
2 2 11112 1066 -9 4 1 319 294 4 5 1 1448 1429 -6 7 1 570 557 5 8 1 642 637
3 2 1 844 835 -8 4 1 396 2383 5 5 1 813 790 -5 7 1 433 de4 6 8 1 602 558
4 2 1 293 258 =7 4 1 423 426 6 5 1 968 945 -4 7 1 8%4 909 7 B 1 345 1331
5 2 1 315 2322 -5 4 1 982 1041 7 5 1 298 239 -3 7 1 772 1753 8 8 1 210 222
6 2 1 135 145 -4 4 1 664 622 3 S 1 110 115 -2 7 1 958 937 9 & 1 191 185
7T 2 1 624 623 -3 4 1 1246 1231 10 5 1 247 215 -1 7 1 429 425 10 8 1 186 182
8 2 1 343 2337 -2 4 1 461 445 12 5 1 509 483 0 7 1 78 87 11 8 1 284 267
10 2 1 168 165 -1 4 1 604 573 13 5 1 217 218 1 7 1 446 433 12 8 1 183 196
11 2 1 256 256 0 4 1 616 610 -13 6 1 397 298 2 7 1 939 943 -10 9% 1 300 295
13 2 1 241 245 1 4 1 593 556 -12 6 1 224 219 3 7 1 774 756 -8 9 1 247 241
=14 3 1 253 244 2 4 1 445 425 ~11 6 1 336 23s1 4 7 1 886 901 -7 9% 1 125 139
-12 3 1 426 413 3 4 11225 1210 ~-10 6 1 137 164 5 7 1 442 455 -6 9 1 725 727
-8 3 1 335 233p 4 4 1 667 628 -7 6 1 252 275 6 7 1 516 558 -5 9 1 481 452
-7 3 1 167 186 5 4 11008 1039 -6 6 1 458 441 7 7 1 342 2313 -4 9 1 499 521
-6 3 1 317 331 6 4 1 158 185 =5 6 1 1216 1225 8 7 1 402 385 -3 9% 1 428 438
~5 3 1 714 699 7 4 1 422 423 -4 6 1 989 957 10 7 )} 274 zu4 =2 9 1 618 688
-4 3 1 leis 1617 B 4 1 393 am =3 1-1001 1001 77T 1 231 287 =l 9 1 823 665
=3 3 1 384 343 9 4 1 322 294 -2 6 1 328 324 127 1 382 3s1 6 9 1 186 182
~2 3 1 893 877 10 4 1 101 116 -1 6 1 655 623 13 7 1 278 266 1 9 1 656 662
-1 3 1 1109 1098 11 4 1 240 257 0 6 1 182 206 12 8 1 197 197 £ 9 1 624 688
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Table 1.5 (continued)
OBSERVED AND CALCULATED STRUCTURE FACTORS FOR
H K L 10FO 10FC H K L 10FO -10FC
3 9 1 407 423 4 11 1 680 725
4 3 1 493 519 S 11 1 421 428
5 9 1 495 464 6 11 1 537 546
6 9 1 717 728 7 11 1 134 133
8 9 1 234 246 8 11 1 167 143
10 9 1 303 298 10 11 1 204 194
-11 10 1 143 143 -9 12 1 188 176
-8 10 1 151 122 -8 12 1 121 103
-7 10 1 412 430 -7 12 1 196 220
=6 10 1 242 251 -6 12 1 182 195
-5 10 1 555 545 -5 12 1 459 450
~4 10 1 234 250 -4 12 1 345 330
-3 10 1 541 530 -3 12 1 387 2385
-2 10 1 S89 538 312 1 391 2394
=110 1 512 503 4 12 1 332 326
010 1 262 259 $ 12 1 451 437
110 1 526 509 712 1 209 223
210 1 573 532 -8 13 1 160 146
310 1 546 538 -6 13 1 232 224
4 10 1 242 260 -4 13 1 408 2388
510 1 509 521 -3 13 1 211 237
6 10 1 256 249 -2 13 1 239 217
710 1 422 433 =113 1 128 116
B 10 1 116 119 013 1 273 2316
10 10 1 257 245 213 1 226 216
-8 11 1 126 146 313 1 206 228
-7 11 1 123 133 4 13 1 404 391
-6 11 1 558 547 513 1 141 135
-5 11 1 423 422 6 13 1 232 220
-4 11 1 685 731 -5 14 1 338 133¢
=3 11 1 402 443 -4 14 1 208 230
-2 11 1 283 256 -3 14 1 351 364
-1 11 1 228 242 3 14 1 354 359
111 1 218 233 4 14 1 243 235
2 11 1 310 273 5 14 1 344 330
311 1 386 432 -6 15 1 207 201

OBSERVED AND

K

b R N P O FOrars

L

2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

10FO

262
205
521
329
24¢€
784
395
324
335
647
822
222
285
217
874
647
337
32s
410
7%0
247
324
512
206
264
204
337
360
333
174
287
an
187
w08
1069
250

CALCULATED STRUCTURE FACTORS

10FC

247
194
507
319
250
736
404
327
343
650
838
243
296
232
856
635
343
323
409
734
255
324
500
194
246
201
318
370
328
215
295
382
169
118
1090
233

H
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K
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L
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10FO

743
§51
794
240
1075
405
199
390
306
180
348
368
336
204
156
25S
396
296
238
139
224
210
271
298
1010
642
580
668
1025
295
253
213
225
145
255
ao1

10FC

727
595
750
204
1084
412
190
380
310
214
33s
376
320
199
159
266
398
284
255
152
234
225
231
302
1025
635
606
656
1023
291
228
231
Z33
142
265
281
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CPRU(PPH3) 2 {C(OME) CH3)

HHeMEE MM OOOQOOD0COC 0O

=

PREDD DO DD ) T~ D T ) ) g (NN W8

L

NRNRNRRNNNRNRORNNNNRNRNNRNNNR R b e e e b 1 s e

10FO

110
375
148
139
386
198
171
3239
281
276
321
174
185
242
213
168
1726
2628
1141
1455
180
109
212
475
951
731
425
268
158
334
217
3587
363
1002
597
334

10FC

125
373
147
146
372
193
153
317
260
261
318
150
188
213
214
191
1729
2855
1138
1415

167

72
192
526
965
748
419
274
182
310
212
350
386

1020
620
366

H

-5
-4
-3
-2
~1

0

WO LAV E LN

CPRU(PPH3)2({C(OME)CH3] 4/112

L

NNRNBRNNNNRNNNNONNNNNNRNNMNRNNORNNNN NN NNNNN

10F0

407
267
166
216
185
397
318
258
276
409
259
323
860
838
381
862
901
323
242
421
274
265
320
398
168
208
178
135
219
360
435
178
157
291
576
723

10FC

396
269
197
190
192
372
310
23S
257
364
233
31s
865
829
an
809
873
312
224
382
261
248
312
376
199
192
193
1s8
252
a3l
433
186
Sk

254
614

740

H

Ve doauvan-o

-8
-7

4/112 PAGE 3

K L 10FO 10FC H K L 10FO 10FC
1 2 442 400 4 2 2 688 682
1 2 229 241 5 2 2 163 133
1 2 924 932 6 2 2 538 519
1 2 989 1010 7 2 21060 1042
1 2 1000 1019 8 2 2 493 478
1 2 1660 1725 9 2 2 653 664
1 21034 1043 10 2 2 503 480
1 21012 1023 11 2 2 303 333
1 2 931 91s 12 2 2 249 280
1 2 252 248 13 2 2 les 151
1 2 428 393 -13 3 2 149 137
1 2 372 381 -12 3 2 296 271
1 2 604 616 -11 3 2 356 376
1 2 1021 1027 -10 3 2 587 618
1 2 373 396 -9 3 2 236 228
1 2 366 356 -8 3 2 593 600
1 2 190 201 -7 3 2 s48 524
1 2 349 312 -6 3 2 435 437
1 2 106 125 -5 3 2 900 869
2 2 150 146 -4 3 2 146 161
2 2 272 289 -3 3 2 522 544
2 2 289 33s -2 3 2 357 342
2 2 523 480 -1 3 2 865 850
2 2 655 670 0 3 2 3365 3668
2 2 477 418 1 3 2 897 861
2 21079 1037 2 3 2 325 305
2 2 551 527 3 3 2 528 549
2 2 168 141 4 3 2 152 167
2 2 679 690 S 3 2 898 867
2 2 500 862 6 3 2 431 444
2 2 2288 2280 7 3 2 563 527

2 2 1055 1100 8 3 2 595 616
2 2 523 551 9 3 2 249 240
2 21022 1065 10 3 2 614 620
2 2 2239 2261 11 3 2 344 369

2 2 907 879 12 3 2 291 276

PAGE 4

K L 10FO 10FC H K L 10FO 10FC

& 2 964 1009 -6 10 2 149 135

B 2 743 741 -510 2 187 182

B 2 595 617 -4 10 2 214 228

B 2 291 259 -3 10 2 347 332

8 2 164 167 -2 10 2 309 333

& 2 175 180 -1 10 2 467 501

B 2 180 175 010 2 Ss88 595

2 460 433 110 2 470 492

8 2 364 342 210 2 317 335

B 2 255 248 310 2 352 332

& 2 205 203 410 2 219 234

8 2 175 165 510 2 178 177

9 2 218 199 710 2 375 345

9 2 408 388 8 10 2 329 334

9 2 471 506 9 10 2 319 305

9 2 392 388 10 10 2 280 287

9 2 258 257 -11 11 2 176 187

9 2 328 315 -10 11 2 274 275§

9 2 285 279 =9 11 2 313 294

9 2 264 264 -8 11 2 355 342

9 2 478 495 -7 11 2 272 269

9 2 781 749 -6 11 2 223 238

5 2 484 483 -4 11 2 311 278

9 2 268 259 -3 11 2 216 253

9 2 296 289 -2 11 2 410 41s

3 2 338 315 -1 11 2 418 427

9 2 245 260 011 2 954 966

9 2 395 386 1 11 2 444 411

9 2 4681 518 211 2 359 403

9 2 415 388 311 2 222 246

9 2 218 205 411 2 333 282

2 2 158 137 6 11 2 223 250

10—7z—280— 283 71T 2~ 219 268
16 2 315 303 8 11 2 345 350
10 2 325 335 9 11 2 315 298
10 2 363 339 10 11 2 280 274



306.

Table 1.5 (continued)

OBSERVED AND CALCULATED STRUCTURE FACTORS FOR CPRU(PPH3) 2 [C(OME)CH3) 4/112 PAGE 5
H X L 10FO 10FC H K L 10F0-10FC H K L 10FO 10FC H K L 10FO 10FC H K L 10FO 10FC
-10 12 2 196 217 -4 14 2 176 139 3 0 31740 1777 =12 3 3 206 231 -5 6 3 230 236
-9 12 2 353 340 -3 14 2 273 290 4 0 3 8se 900 -11 3 3 302 317 -4 6 3 1061 1087
=712 2 431 428 -2 14 2 355 373 € 0 3 821 827 -9 3 3 391 388 -3 6 3 140 144
-6 12 2 159 133 -1 14 2 547 536 7 0 3 159 174 -8 3 3 479 450 -2 6 3 523 524
-4 12 2 105% 85 014 2 385 413 8 0 3 301 250 -7 3 3 518 553 -1 6 3 520 506
-3 12 2 584 593 1 14 2 548 535§ S 0 3 316 349 -5 3 3 1055 1130 0 6 31210 1171
=212 2 299 277 2 14 2 369 387 11 o 3 98 139 ~4 3 3 329 1334 =11 7 3 347 345
-112 2 513 521 314 2 271 287 12 0 3 172 150 -3 3 3 1821 1833 -9 7 3 135 153
012 2 228 243 414 2 146 137 14 0 3 290 301 -2 3 3 369 368 -8 7 3 293 314
112 2 s10 527 514 2 123 110 -14 1 3 164 201 -1 3 3 742 147 =7 7 3 453 446
212 2 296 278 714 2 279 289 -13 1 3 223 216 ¢ 3 3 331 298 -6 7 3 8g 76
312 2 583 590 =715 2 174 174 -11 1 3 151 16§ =12 4 3 455 422 -5 7 3 729 726
412 2 123 84 -6 15 2 248 227 -10 1 3 422 432 -10 4 3 180 178 -4 7 3 90 119
612 2 152 127 -5 15 2 162 136 -8 1 3 115 72 =9 4 3 247 243 -3 7 31533 1580
712 2 439 428 -3 15 2 262 258 -7 1 3 897 939 -8 4 3 344 368 ~2 7 3 233 208
612 2 171 193 -2 15 2 421 402 -6 1 3 856 836 -7 4 3 326 304 -1 7 3 212 213
912 2 342 340 =115 2 351 377 -5 1 3 671 7086 -6 4 31011 1039 0 7 3 731 707
10 12 2 227 221 015 2 260 250 ~4 1 3 907 851 -4 4 3 1452 1500 -12 8 3 294 298
-8 13 2 375 364 115 2 368 377 =3 1 31287 1323 -3 4 3 376 376 -11 8 3 1268 84
-6 13 2 1373 1375 215 2 407 3%9 =2 1 3 971 963 -2 4 31133 1159 -10 8 3 257 246
=513 2 166 171 315 2 264 263 -1 1 3 971 957 -1 4 31008 1032 -9 8 3 251 259
-4 13 2 210 200 6 15 2 227 226 -14 2 3 266 253 0 4 3 254 249 -8 B 3 164 172
-3 13 2 409 425 715 2 195 179 -13 2 3 139 159 =13 5 3 346 363 -7 8 3 312 303
-2 13 2 535 517 ~2 16 2 368 368 =12 2 3 324 334 -11 5 3 290 306 -6 8 3 846 848
-1 13 2 423 4238 -116 2 323 315 -10 2 3 208 232 -9 S 3 275 278 -5 8 3 269 237
0 13 2 523 547 016 2 291 283 -9 2 3 144 147 =7 5 3 449 461 -4 8 3 870 870
113 2 1383 417 116 2 315 315§ -8 2 3 314 347 -6 5 3 299 287 -3 8 3 187 161
213 2 522 514 2 16 2 361 366 -7 2 3 278 307 -5 S5 31078 1107 -2 8 3 1081 1100
3 13 2 398 422 316 2 171 146 -6 2 3 1204 1216 -4 5 3 167 166 ~1 8 3 284 296
413 2 199 195 -117 2 276 278 -5 2 3 491 470 -3 5 3 681 746 0 8 3 302 277
513 2 134 165 017 2 265 258 -4 2 3 1331 1355 -2 5 3 536 502 ~11 9 3 236 220
6 13 2 357 381 117 2 260 275 ~3 2 3 311 2339 -1 5 3 285 279 =10 9 3 157 198
713 2 128 136 217 2 119 163 -2 2 31312 1334 =12 6 3 431 420 -9 9 3 296 287
813 2 361 364 317 2 134 143 -1 2 31103 1068 =10 6 3 150 148 -7 9 3 535 531
-7 14 2 285 286 1 ¢ 3 1588 1708 0 2 3 700 695 -8 6 3 362 2390 -6 9 3 304 304
-6 14 2 256 252 2 0 3 817 740 =13 3 3 353 373 -6 6 3 790 810 =5 9 3 752 746
OBSERVED AND CALCULATED STRUCTURE FACTORS FOR CPRU(PPH3) 2 [C{OME)CH3] 4/112 PAGE €
H K L 10F0 10FC H K L 10FO 10FC H K L 10FO 10FC H K L 10FO 10FC H K L 10FO 10FC
-4 9 3 167 159 =312 3 349 377 115 3 136 159 -4 1 4 334 330 10 3 4 748 752
-3 % 3 705 724 -1 12 3 140 146 215 3 332 323 -3 1 4 476 445 =11 4 4 448 473
-2 9 3 287 324 012 3 297 299 415 3 224 241 =2 1 4 2000 2023 -9 4 4 521 514
-1 9 3 605 617 212 3 177 1e2 S 15 3 321 314 =1 1 4 347 299 -8 4 4 287 287
0 9 3 488 502 312 3 346 385 615 3 112 95 0 1 41572 1617 -7 4 4 2332 324
-11 10 3 138 141 4 12 3 535 544 715 3 171 163 8 1 4 691 680 -5 4 4 370 341
-8 10 3 262 269 512 3 188 196 -4 16 3 281 266 9 1 4 201 209 -4 4 4 653 611
=710 3 201 169 6 12 3 2387 378 -3 16 3 156 153 10 1 4 599 571 -3 4 4 804 798
-6 10 3 679 679 812 3 215 213 -2 16 3 149 128 -11 2 4 332 319 -2 4 4 537 547
-5 10 3 237 211 -6 13 3 212 208 016 3 289 103 -9 2 4 525 555 -1 4 4 99%6 1033
-4 10 3 467 451 -5 13 3 353 355 116 3 117 141 -8 2 4 409 416 0 4 4 145 147
-3 10 3 303 289 -4 13 3 227 200 216 3 136 123 -7 2 4 630 635 8 4 4 304 290
-2 10 3 761 78 -3 13 3 414 382 416 3 2715 267 -6 2 4 247 214 9 4 4 504 514
-110 3 143 127 -2 13 3 272 254 =317 3 227 201 -5 2 4 615 577 10 4 4 166 162
010 3 84 66 =113 3 231 233 117 3 196 170 =4 2 4 123 111 -12 5 4 292 279
-11 11 3 159 173 013 3 113 112 317 3 218 198 =3 2 4 1312 1341 =10 S 4 590 583
~10 11 3 146 172 213 3 277 253 0 0 4 2147 2070 -2 2 4 685 681 -8 5 4 306 297
-9 11 3 176 154 313 3 408 387 1 0 4 1044 1028 -1 2 4 1341 1342 -6 5 4 456 480
=711 3 2301 306 413 3 211 194 2 0 4 1344 1341 ¢ 2 4 789 763 -5 5 4 266 276
-6 11 3 172 185 513 3 348 342 3 0 4 463 379 & 2 4 414 416 -4 5 4 484 481
-5 11 3 558 597 713 3 151 172 5 0 4 388 401 9 2 4 505 546 -3 5 4 632 610
-4 11 3 206 231 -4 14 3 534 531 6 0 4 228 225 -12 3 4 189 174 -2 5 4 999 103§
-3 11 3 354 306 -3 14 3 223 202 7 0 4 665 678 =11 3 4 124 151 -1 5 4 565 578
-2 11 3 465 479 -2 14 3 181 197 9 0 4 367 384 -10 3 4 768 761 0 5 41167 1190
=111 3 225 241 -1 14 3 199 208 10 0 4 312 356 -9 3 4 307 311 8 5 4 315 301
3 11 3 327 295 2 14 3 186 207 11 0 4 247 255 -8 3 4 679 700 -12 6 4 110 46
411 3 208 229 314 3 206 201 12 0 4 193 208 =7 3 4 243 283 -11 6 4 364 371
511 3 547 577 4 14 3 533 522 13 0 4 208 200 -6 3 4 497 497 -9 6 4 477 452
6 11 3 148 180 514 3 139 142 14 0 4 203 190 =5 3 4 277 2638 -7 6 4 415 394
711 3 293 315 714 3 108 132 -11 1 4 216 222 -4 3 4 348 368 -6 6 4 353 398
211 3 173 154 ~715 3 171 160 -10 1 4 604 570 =3 3 4 696 702 -5 6 4 329 326
-8 12 3 247 219 -5 15 3 326 317 -3 1 4 220 211 =2 3 4 1501 1560 =46 4 484 _S10
=112 3 241 225 =A-15—2—239 24 =8 I 4 s#5 @8l -1 3 4 s83e 839 -3 6 4 774 800
-6 12 3 405 387 -3 15 3 328 329 -7 1 4 407 407 6 3 4 599 596 -2 6 4 302 310
=512 3 174 198 -1 15 3 165 168 -6 1 4 344 336 8 3 4 693 711 -1 6 4 1005 1049
-4 12 3 516 536 015 3 143 109 -5 1 4 370 370 3 3 4 293 307 7 6 4 373 378



Table 1.5 (continued)

OBSERVED AND CALCULATED STRUCTURE FACTORS FOR

H K L 10FO 10FC H K L 10F0 10FC H

8 6 4 101 98 -4 9 4 233 260 -4

9 € 4 480 448 -3 9 4 225 200 -3
=12 7 4 223 202 -2 9 4 611 592 -2
-10 7 4 455 468 -1 9 4 317 313 -1
-9 7 4 254 214 0 8 4 915 1018 -9
-8 7 4 493 511 4 9 4 238 268 -8
-7 7 4 306 321 6 9 4 298 302 -7
-6 7 4 482 524 -11 10 4 229 243 -6
~5 7 4 116 103 -9 10 4 500 507 -3
-4 7 4 188 201 ~7 10 4 504 481 -2
-3 7 4 348 390 -6 10 4 213 260 -1
-2 7 4 968 1029 -5 10 4 458 465 0
-1 7 4 s91 599 -4 10 4 461 514 -8
0 7 4 1011 1115 =310 4 201 224 -7

6 7 4 486 518 -2 10 4 279 280 -5

7 7 4 317 319 -110 4 772 795 -4

8 7 4 484 509 110 4 776 793 -3

9 1 4 265 279 210 4 283 273 -2
~11 8 4 203 201 310 4 220 242 =1
-9 8 4 671 681 4 10 4 468 516 0
-8 8 4 156 167 510 4 461 463 -7
=7 8 4 754 761 6 10 4 226 268 -6
-6 8 4 293 290 710 4 503 487 =3
-5 8 4 126 142 ~10 11 4 377 380 -2
-4 8 4 238 234 -8 11 4 363 371 -1
-3 B 4 €42 650 -6 11 4 188 189 0
-1 8 4 868 929 =511 4 310 334 -3
6 8 4 280 288 -4 11 4 263 282 -2

7 B 4 726 760 -3 11 4 168 124 -1

B 8 4 179 168 -2 11 4 264 242 Q
=12 9 4 180 187 -1 11 4 400 2376 -2
-11 9 4 114 75 011 4 620 631 0
=10 9 4 333 347 -9 12 4 310 301 1
-8 9 4 768 1795 -8.12 4 208 199 2
-6 9 4 306 306 =712 4 292 301 3
-5 9% 4 155 129 -6 12 4 157 143 4

OBSERVED AND CALCULATED STRUCTURE FACTORS FOR

H K L 10FO 10FC H K L 10FO 10FC H K
-10 S 5 166 175 0 7 5 242 285 -8 10
=9 s 5 317 313 6 7 5 457 463 -7 10
-8 5 5 122 127 8 7 5 238 250 -6 10
-6 5 5 685 698 9 7 5 189 191 -5 10
=5 5 5 637 679  -~11 § 5 240 275 -4 10
-4 5 5 530 539  -10 8 5 145 135 -3 10
=3 5 5 g36 871 -8 8 5 441 408 -2 10
~2 5 5 551 570 -7 8 5 283 305 1 10
-1 5 S 265 257 -6 8 S 358 402 210
0 S 5 614 667 -5 8 5 6717 679 310

8 5 5 144 126 -4 B 5 357 360 410

9 5 5 312 315 -3 8 5 450 444 5 10
-13 6 5 215 192 -2 B 5 647 626 610
-12 6 5 201 201 0 8 5 480 493 -1 11
-11 6 5 282 281 5 8 S 660 664 -6 11
-8 6 5 214 208 6 8 5 361 397 -5 11
-7 6 5 451 440 7 8 S 298 313 -4 11
-6 6 5 456 430 8 8 5 421 403 -3 11
=5 6 5 630 €45 -11 9 5 139 115 -2 11
-4 6 5 730 753 -10 9 5 137 159 -1 1
-3 6 5 612 s78 -9 9 5 188 225 0 11
-2 6 5 287 336 -8 9 5 103 85 -9 12
-1 6 5 227 232 -7 9 5 571 545 -8 12
0 6 5 267 254 -6 9 5 423 442 -7 12

6 6 5 435 417 -5 9 S 307 308 -6 12

7 6 5 453 452 -4 9 5 583 603 -5 12

8 6 5 212 212 -3 9 5 393 393 -4 12
-12 7 5 251 248 -2 9 s 378 397 -3 12
-10 7 5 192 201 -1 9 5 322 319 -2 12
-8 7 5 235 245 3 9 5 383 361 -1 12
-6 7 5 468 479 4 9 s 592 604 0 12
-5 7 5 659 665 5 9 5 310 303 -7 13
-4 7 3 818 174 6.9 5446432 -6-13
=377 s sez 577 7 9 5 s78 537 -5 13
=2 7 5 633 647 -10 10 5 144 141 -4 13
-1 7 5 288 307 910 5 114 114 -3 13

307.

CPRU(PPH3) 2 (C(OME)CH3)

L

4
4
4
q
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
5
5
5
5

10FO

342
321
270
403
172
182
221
280
189
572
174
251
202
247
139
206
353
149
407
343
177
193
159
398
172
362
236
208
a3e
157
216
413
674
1228
809
1312

10FC

316
320
244
403
175
150
220
268
218
51
195
228
202
271
181
189
378
158
406
345
168
177
181
404
179
395
233
199
358
145
213
426
€49
1255
808
1305
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4/112

L

5
5
S
5
5
5
S
5
5
5
5
5
5
5
5
5
S
5
5
S
5
5
5
5
5
5
5
s
5
S
5
5
5
5
5
5

10FO

729
611
251
136
227
248
155
301
114
238
148
423
308
794
859
1085
677
327
402
1105
1045
311
423
166
242
445
191
311
280
945
720
1226
1266
92
847
869

CPRU(PPH3) 2 [C(OME)CH3] 4/112

L

Rl N N N T Ty T T T P P R, [PV RV RV AT RT NT P

10Fo

186
355
684
360
487
494
561
121
559
489
462
352
675
314
272
346
435
529
268
626
297
157
193
250
480
267
658
a3
346
216
229
279
133
533
224
553

10FC

207
334
658
369
489
482
573
131
572
465
473
367
655
322
286
339
399
516
280
599
299
183
173
249
470
256
675
329
379
210
253
275
185
521
254
526

H

-2
-1

[}
=7
-6
-5
-4
-2

4]
-6
-5
-4
-3
-2
-1

0
-5
-4
-3
-2
=1

oo

HHrOCEC0O0O0OO0OO0OOD O

L

TNANPNARNANONCOO NN LLILWL LKL KL LRV NV RV NP R RT N TP

10F0

275
211
148
171
330
229
550
306
238
210
465
177
362
108
139
236
192
316
162
242
318
266
559
1166
1535
673
254
344
385
543
248
597
159
167
319
180

10FC

786
€51
243
128
212
2170
147
330
130
235
125
ELI
318
844
852
1157
646
338
385
1082
584
315
386
183
227
465
159
312
293
949
691
1255
1232
104
811
789

10FC

258
258
128
170
306
228
553
230
259
210
455
179
339
102
134
206
202
300
178
221
301
235
512
1090
1442
713
266
300
363
575
224
600
114
159
321
129

H
8

10
-13
-12
-11

-9

-8

=

-5
-4

-11
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L
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L

PAGE 7
10FO 10FC
307 318
192 197
439 466
257 274
213 220
320 337
355 331
229 214
549 537
571 571
563 590
456 468
1033 1065
850 839
512 552
170 168
236 219
364 332
204 205
275 244
234 229
147 114
212 187
536 556
687 676
449 459
1118 1168
1205 1241
648 607
346 216
11s 98
543 557
219 188
193 194
215 217
105 130
PAGE 8
10FQ 10FC
486 503
204 207
381 383
356 355
453 462
102 54
1032 370
360 2366
429 453
2394 2350
204 212
491 499
153 130
105 99
595 593
157 158
394 2199
189 178
671 648
378 329
165 188
488 430
1161 1134
761 666
356 370
392 409
199 185
705 682
235 266
454 456
519 535
450450
367 319
552 582
355 375
1048 1006



Table 1.5

(continued)

OBSERVED AND

K

RARANAD PR N R AN NN NN NN LU A S D s s b [ N N Y

L 10F0

€ 214
6 282
566
338
569
314
435
506
260
293
973

OBSERVED AND

K

VDI OOOVWRDDDD®D DD DD d ~d ~d o g o) L N W N N

L 10FO

159
114
382
247
728
425
841
163
3se
331
2684
188
554
156
252
268
386
231
112
23S
132
269
345
232
611
373
574
311
230
222
155
664
199
dee
176
388
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CALCULATED STRUCTURE FACTORS FOR

10FC H
203 -1
2948 4]
527 -11
349 -10
587 -9
291 -8
447 -7
S05 -6
269 -5
300 -3
937 -2
3ge -1

1287 )
282 -10
537 -9
€73 -8
aze -7
606 -6
577 =S
587 -4
347 ~3
979 -2
638 -1

1329 4]
271 -11
214 -9
297 -8
414 -7
420 -6
621 -4
405 =3
601 -2
209 -1
324 ]
563 =10

1022 -9

CALCULATED

10FC H
161 -1
148 ~11
401 -7
242 -6
747 -5
394 -3
840 -2
178 -1
335 -10
274 -8
265 -6
192 -4
529 -3
773 -2
2177 -1
252 0
386 -9
229 -7
147 -5
228 -3
153 -1
240 -8
332 -6
268 -4
601 -3
419 -2
585 -1
342 ]
229 -7
196 -5
161 -4
657 ~3
199 =
=21 ] ]
166 -4
403 -2

K

VOOV VVVDO VDN DODD DD DD D g gy P RN N PN R R e )

L 10FO 10FC

NARARNNNANNNONNNONORNNRARNRNR N ™ AADOARARADA R

564
1219
287
364
528
361
468
374
217
474
679
810
1107
403
345
456
4179
494
290
305
403
€53
515
646
161
3393
421
413
258
176
460
370
736
955
294
313

605
1271
288
361
555
347
443
398
192
478
702
816
1156
417
328
462
453
495
303
292
366
681
516
658
139
373
41¢
432
268
162
488
408
733
870
287
319

H

-8
-6
-5
-4
-3
-2
-1

0

-10
-9
-7
-5
-4
-3
-1

0
-8
-6
-4
-3
-2
-1

0
-9
-7
-6
-5
-3
-2
-1
-8
-5
-3
-2
-1

0

STRUCTURE FACTORS FOR

L

e e R R N R RN B B R N U S B B B R S NuNuOuaa

10FO

288
147
336
176
600
459
266
295
152
322
389
626
120
668
127
370
115
372
697
645
233
153
406
595
233
457
236
143
259
402
233
449
307
251
437
197

10FC

280
164
355
202
576
478
273
286
150
304
413
668
113
653
107
374
102
358
700
€73
246
141
419
613
211
450
226
145
249
375
211
460
294
307
450
201

H

=

K
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308.

CPRU(PPH3) 2 [C(OME)CH3] 4/112

L

6
6
€
6
6
6
€
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
[
€
&
6
6
6

10F0

316
301
3n
537
255
493
614
855
141
358
277
199
498
490
518
180
287
252
234
252
420
234
549
216
128
160
211
263
251
410
197
197
290
225
159
365

10FC

332
265
364
506
293
551
611
859
132
341
277
246
502
539
555
187
264
225
217
250
422
253
565
205
172
155
181
277
248
418
192
202
300
194
172
344

H

-6
-3
~1

]
-4
~2

0
-1

K

NONNNOMNNE R Rl s mobo 000 =3

L

6

€
6
6
6
3
6
6
6
?
?
7
7
?
?
7
7
7
7
7
7
7
7
U/
?
7
7
7
7
7
7
7
7
7
7
7

10F0

121
177
234
213
169
224
228
287
224
870
1425
1026
721
849
123
442
430
306
407
281
191
1259
258
1573
461
968
243
162
316
124
3178
174
652
417
1283
725

CPRU(PPH3)2 {C(OME)CH3] 4/112

L 10FO 10FC

.
7
7
8
a
8
8
B
8
8
[]
8
8
8
8
8
8
8
8
8
8
a
8
8
8
8
8
]
8
8
8
]
5
8
]
8

186
282
alo
2401
604
384
1051
254
117
643
213
153
101
147
182
486
234
326
308
354
373
541
739
327
417
366
361
426
470
326
343
317
343
925
608
694

183
293
314
2314
514
368
99e
253
112
642
205
132
44
150
170
486
207
300
297
336
370
492
749
309
397
313
356
406
460
354
333
310
i}
886
624
631

=

L T T PN VUL WLWUE DWW

L

8
8
8
8
a
8
8
B
8
8
8
8
8
B
8
8
8
8
8
8
8
8
8
8
8
8
B
8
8
8
8
e
8
8
8
8

10FO

1650
169
293
184
411
133
725
511
404
394
902
743
695
230
239
183
578
354
442
398
332
109

1175
500
749
370
191
569
465
788
252

84
62
€10
746
932

10FC

92
186
237
200
166
203
18l
268
210
8223

1504
982
712
832

96
423
437
293
417
271
194

1321
239
1545
498
943
243
133
325

99
380
183
678
398

1317
762

10FC

1615
147
292
212
414
144
715
522
435
365
876
723
704
257
227
158
567
353
409
406
332

97

1142
483
785
361
194
520
479
813
232
102
633
631
802
853

=
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=
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e e R R N R N BN R B B P SR B SRR L RV RN RN R PR PR

L

PR PO PR PP RN D R DN DO D DD DD ®®® D@ DOPDODD®

PAGE 9
10FO 10FC
293 27s
908 827
66 51
330 329
316 287
449 440
626 624
379 395
168 172
1301 1296
270 296
1169 1130
172 146
80 57
272 282
239 240
323 341
533 499
340 322
1007 1091
502 458
789 800
364 322
499 482
209 207
344 355
302 320
173 179
596 587
252 256
963 1009
205 188
457 490
522 552
628 553
196 202
PAGE 10
10FO 10FC
208 205
147 124
516 498
368 390
€47 661
350 2336
613 625
270 298
179 163
255 265
864 880
837 843
981 987
330 321
348 353
632 645
318 312
520 s11
276 2838
343 344
430 449
212 194
1237 1312
456 486
176 162
382 375
277 268
665 668
225 223
414 417
322 337
414 382
595 590
748 734
266 271
803 832



Table 1.5 (continued)

OBSERVED AND

-10

K

VOLVLVYVLYWYY

L

PEORCEEODIXNCPOPDD DD DD DD DD DDDDDRDDDD R D DD

10FO

223
157
439
176
508
224
181
341
gl
190
393
429
185
291
393
30
363
878
119
352
33
170
333
345
291
49¢
153
157
246
ise
244
408
246
366
141
21

OBSERVED AND

NNMN PR RN M e ro0 00000

L

VOVWVLYOLOYVYVY

10FO

291
258
222
3le
438
288
283
266
233
183
229
196
2112
912
351
281
546
644
360
363
344
302
164
360
277
524
482
203
280
378
337
713
539
321
230
563

CALCULATED
10FC H
222 -3
142 -1
446 0
150 -5
503 -2
207 -1
192 0
317 -3
898 -1
150 -2
Je6l 1]
439 1
204 2
273 3
379 4
321 6
361 7
894 11
143 12
329 -13
323 ~11
195 )
318 -8
329 -7
307 -6
482 -5
13e -4
133 -3
258 ~2
171 -1
226 4]
394 -13
241 -12
343 -11
148 -10
191 -9

STRUCTURE FACTORS FOR
K L 10FO-10FC H
13 8 296 281 =7
13 8 2336 334 -6
13 @ 250 253 -5
14 8 151 116 -4
14 8 307 299 -3
14 8 159 155 -2
14 8 265 259 -1
15 8 185 205 0
15 8 287 283 -13
16 8 227 222 =12
16 8 342 337 -11
0 9 884 851 -8
0 9 1685 1666 =1
0 9 612 543 -6
0 9 794 764 -5
0 9 430 418 -4
0 9 434 480 =3
0 9 146 161 -2
0 3 405 405 -1
1 S8 304 313 0
1 9 327 343 -9
1 9 216 211 -8
1 9 240 222 =7
1 9 523 46S -6
1 9 709 671 -3
1 9 1281 1405 -4
1 9 498 483 -3
1 91231 1137 -2
1 9 618 638 -1
1 8 289 245 o
1 9 434 404 =12
2 9 201 196 -11
2 9 293 300 -10
2 9 238 232 -3
2 9 219 240 -8
2 9 294 299 -7

CALCULATED STRUCTURE FACTORS FOR

10FC

322
273
225
321
445
283
284
278
230
17
220
193
2010
915
394
273
602
618
366
332
322
294
142
374
283
527
507
226
284
345
323
666
613
21
221
547

K L 10FO 10FC H
2 10 502 498 -6
2 10 60S 586 ]
2 10 156 161 -4
210 134 121 -3
2 10 350 312 -2
2 10 356 389 -1
2 10 230 227 0
2 10 1103 1106 -11
2 10 906 878 -9
310 293 304 -8
310 143 154 -7
3 10 375 376 -6
3 10 605 617 -5
3 10 246 234 -4
3 10 661 649 -3
3 10 301 305 -2
310 710 647 -1
3 10 853 867 0
3 10 369 371 -10
3 10 1201 1222 -8
4 10 223 204 -6
4 10 330 343 -5
4 10 217 225 -4
4 10 564 538 -3
4 10 143 154 -2
4 10 665 668 -1
410 279 291 [
4 10 311 320 -11
4 10 155 149 -9
4 10 se0 569 -8
4 10 556 S26 -7
4 10 1440 1410 ~5
4. 10125 128 -4
5 10 375 aso -3
510 767 775 -1
510 211 187 [¢]

K
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309.

CPRU (PPR3)2(C(OME)CH3] 4/112

L

9
9
9
9
S
9
9
9
9
9
9
9
9
9
9
s
9
S
9
9
9
9
9
9
9
9
3
9
9
9
9
9
9
9
9
9!

10FO

492
557
536
1270
690
651
290
167
232
384
265
525
459
833
660
931
1Y)
385
496
508
263
121
445
679
668
552
582
489
415
410
278
153
141
110
268
361

10FC

497
559
589
1293
657
631
246
167
263
347
249
524
441
784
648
922
878
379
500
478
268
99
439
681
671
569
58s
448
429
a7l
253
159
170
140
242
374

K

WEERDDODRDBD UL DI AL LIS TRRRARADO GO it L tn [

CPRU(PPH3) 2 [C (OME) CH3)

=

CPEERBEDOODE®IIIIILIIITOANDRNANNNNNRNN G in w

L

10FO

400

10FC

382
56
365
224
1134
198
1345
242
488
60
127
194
154
232
521
258
1007
339
498
41¢
291
310
281
231
B30
267
1120
341
400
74
522
209
331
494
723
656

H

K

AT R VR RV-RVEV-RV ]

L 10FO
9 484
9 313
9 905
9 260
9 439
9 484
9 671
9 110
9 288
9 275
9 275
9 501
3 237
9 839
9 310
9 310
S 217
9 122
9 266
9 236
9 el
9 387
3 211
9 578
9 141
9 200
9 154
9 206
9 441
9 373
9 239
9 225
9 318
9 184
9 147
9 275
4/112
L 10FO
10 346
10 155
10 478
10 231
10 281
10 249
10 602
10 18S
10 710
10 336
10 234
10 273
10 228
10 309
10 597
10 140
10 130
10 240
10 218
10 303
10 119
10 469
10 280
10 356
10 176
10 1e0
10 285
10 180
10 240
10 321
10 226
10 323
10 196
10 431
10 240
10 343

10FC

446
296
921
294
425
493
641
133
284
310
265
485
231
844
295
278
231
135
227
246
419
398
198
€05
139
176
174
184
454
352
216
251
324
176
135
265

10FC

331
163
479
242
297
269
624
183
722
361
222
268
194
322
€19
151
147
218
233
345
107
484
277
354
178
185
260
182
222
332
205§
346
133
452
223
371

H

0
-3
-2

0
~2
-1

K

14

15
15
15
1
16

0

PRRENNDNRNNNN R AR e e e r D000 00 o

[

WO WWBOWOIW O VLVVYOLYVLYWYWYLVY VYYD w0

L

PAGE 11
10FO 10FC
544 507
451 450
368 369
306 325
364 376
143 126
261 275
114 87
327 342
279 289
527 520
397 372
107 107
302 305
422 417
401 404
495 542
605 636
343 376
348 364
154 164
327 333
355 361
452 451
474 406
283 284
111 110
123 146
227 217
256 254
372 355
458 458
3%4 415
263 252
284 274
lez 191
PAGE 12
10FO 10FC
124 138
159 173
258 250
323 314
120 133
300 276
623 559
668 644
542 S70
669 650
903 880
186 140
211 192
369 360
267 270
229 210
280 268
360 368
250 294
628 607
388 418
1150 1181
312 293
602 561
436 397
179 198
230 216
168 148
411 396
672 687
594 599
930 915
197 206
427 420
303 264
1052 949



Table 1.5 (continued)

OBSERVED AND

K

R T N N N O R R R PN

L 10FO
11 328
11 153
11 4e0
11 785
11 802
11 451
11 775
11 317
11 306
11 448
11 280
11 231
11 611
11 266
11 663
11 259
11 598
11 230
11 182
11 198
11 325
11 804
11 580
11 630
11 257
11 419
11 290
11 128
11 235
11 583
11 483
11 726
11 286
11 487
11 207
11 684

OBSERVED AND

K

VOLVLVLYVVYVYLEIITPN IO DD D ®®

L 10FO
12 237
12 239
12 222
12 406
12 182
12 186
12 232
12 500
12 581
12 325
12 219
12 176
12 345
12 316
12 173
12 209
12 2o
12 370
12 383
12 456
12 323
12 360
12 219
12 184
12 362
12 215
12 408
12 233
12 169
12 314
12 281
12 143
12 189
12 455
12 534
12 173

CALCULATED STRUCTURE FACTORS FOR

10FC H
332 ~-11
lel -10
496 -7
827 -5
827 -4
443 -3
692 -2
293 -1
305 -9
438 -8
280 =i
194 -6
610 -5
292 -4
659 -3
279 -2
618 [¢]
212 -1l0
187 -7
207 -5
3s0 -3
794 -1
538 -9
617 -6
287 -5
422 -4
268 -3
136 -2
195 -7
570 -5
458 -3
758 -2
299 -1
512 -8
224 -6
€45 -4

CALCULATED

10FC H
218 -7
197 -5
222 -3
404 -2
195 -1
176 -6
223 =5
480 -4
624 -2
351 -1
211 [
169 -3
349 -1
325 0
174 -2
218 -1
306 0
387 1
389 3
482 4
294 5
352 9
218 -12
185 -8
349 -7
208 -6
397 -5
252 -4
146 -3
321 -2
260 -1
142 0
228 =11
466 -9
555 -8
157 -7

K

WO YODDE®O® D@ ) ad o

L 10FO
11 242
11 110
11 422
11 408
11 264
11 471
11 596
11 404
11 205
11 171
11 188
11 672
11 156
11 438
11 326
11 380
11 213
11 176
11 372
11 580
11 526
11 335
11 132
11 398
11 253
11 619
11 258
11 475
11 272
11 596
11 407
11 236
11 1358
11 176
11 329
11 531

I0FC

239
119
416
409
281
451
585
435
223
175
146
642
115
443
322
378
242
194
358
57s
556
342
139
392
219
609
252
486
283
583
439
230
155
170
328
543

STRUCTURE FACTORS FOR

K L 10F0 10FC

HENNN NN e o000

12 339
12 168
12 326
12 136
12 432
12 250
12 135
12 118
12 3es
12 191
12 490
12 198
12 396
12 212
12 320
12 139
12 285
13 507
13 575
13 463
13 977
13 249
13 321
13 306
13 305
13 271
13 127
13 892
13 277
13 396
13 412
13 359
13204
13 159
13 266
13 226

353
166
317
130
426
259

99
125
386
165
493
193
410
207
296
152
281
489
534
454
945
268
317
298
292
257
131
905
289
346
402
333
198
163
269
227

310.

CPRU(PPH3) 2 (C(OME) CH3}

K L

12 11
12 11
12 11
13 11
13 11
13 11

HPHEHHM SRS e S O00000000000
-
~

10FO

181
245
140
206
374
126
411
253
202
344
400
216
295
203
374
487
1179
123
283
420
les
495
393
578
323
203
141
266
508
693
236
243
173
366
1065
628

10FC

206
265
127
223
371
103
410
247
183
328
414
232
317
192
367
474
1191
110
275
331
118
505
402
571
296
224
161
255
494
682
238
249
197
376
1010
611

K

SEEED AL L L LA VLR LULLLLLLULWNRNNNN NN NN

4/112

L 10FO
12 1419
12 225
12 443
12 233
12 566
12 320
12 182
12 214
12 352
12 233
12 1101
12 573
12 260
12 326
12 246
12 394
12 337
12 301
12 359
12 387
12 326
12 493
12 813
12 1380
12 285
12 124
12 364
12 528
12 260
12 212
12 504
12 265
12 689
12 43?7
12 622
12 9¢s8

CPRU(PPH3) 2 (C(OME)CH3) 4/112

K L

NN TN NN P AL DB LS D LA LWL W W W WWW WNNNNNNN
~
w

13

10F0O

136
838
420
880
373
257
340
143
162
461
208
660
554
444
€18
459
80
151
143
276
566
218
352
575
625
634
559
162
174
690
671
354
650
556
110
189

10FC

153
807
399
813
360
280
330
152
169
456
186
680
571
470
567
432

74
199
154
284
560
190
343
571
621
629
568
159
141
693
678
Alz2
647
563

28
183

K

L)

WOLWBOODD00D0®®0 D )t d~d ) 0 O N W -

L 1oFo
13 164
13 234
13 339
13 43¢
13 609
13 701
13 €13
13 251
13 533
13 183
13 129
13 352
13 3711
13 259
13 764
13 597
13 482
13 300
13 427
13 186
13 114
13 213
13 303
13 543
13 758
13 2358
13 338
13 277
13 208
13 114
13 164
13107
13 179
13 251
13 302
13 665

10FC

1437
247
466
291
561
291
167
221
365
221

1079
525
24§
338
260
393
353
270
369
363
277
488
804

1382
278
143
344
534
263
195
491
291
691
453
604
954

10FC

177
236
346
433
564
703
635
266
520
211
138
374
363
256
172
564
484
316
404
190

72
210
324
523
753
350
334
290
201
140
1558

ac
169
238
286
665

=

e e R R e N N N N N X R TR R PR, v

PAGE 13

L 10FO 10FC

12 146 133
12 360 342
12 270 270
12 386 389
12 465 491
12 242 290
12 407 410
12 433 412
12 593 566
12 424 411
12 619 634
12 ee7 @69
12 193 187
12 249 225
12 426 419
12 403 402
12 270 281
12 203 233
12 240 217
12 273 247
12 401 398
12 534 555
12 495 511
12 251 220
12 226 230
12 313 308
12 296 229
12 299 304
12 154 169
12 283 271
12 486 454
12 251 257
12 500 434
12 690 680
12 247 243
12 278 269
PAGE 14

L 10FO 10FC

13 225 221
13 233 265
13 132 148
13 487 492
13 175 153
13 274 270
13 290 285
13 327 362
13 133 149
13 508 538
13 250 322
13 262 301
13 99 60
13 270 261
13 250 248
13 376 360
13 274 274
13 217 192
13 233 211
13 340 339
13 176 177
13 413 421
13 186 176
13 310 302
13 230 233
13 124 L]
13 277 253
13 130 113
13 255 259
13 196 195
13 209 211
3—11e—11s
13 231 238
14 779 707
14 544 670
14 192 212



Table 1.5 (continued)

OBSERVED AND CALCULATED STRUCTURE FACTORS FOR

H K

|
-~
WUWLOLWWWURNNNNNNNRNRONN - e e e e b e oo oo

L 10F0
14 490
14 283
14 560
14 185
14 348
14 238
14 560
14 579
14 297
14 378
14 144
14 745
14 40s
14 868
14 657
14 441
14 257
14 579
14 406
14 362
14 155
14 237
14 482
14 624
14 214
14 756
14 303
14 254
14 572
14 333
14 287
14 251
14 177
14 193
14 611
14 883

OBSERVED AND

H K

-
o
PrEeMESrHOO00000O0OOD O

L 10FO
15 364
15 228
15 533
15 142
15 283
15 201
15 342
15 240
15 375
15 255
15 182
15 250
15 321
15 225
15 247
15 130
16 265
16 977
16 682
16 413
16 316
16 299
16 379
16 244
16 468
le 452
16 302
16 285
le 291
16 368
16 261
16 263
16 513
16 317
16 585
16 877

10FC

496
287
551
196
361
200
564
560
297
338
117
720
402
906
621
444
253
584
392
369
164
224
461
648
207
763
272
255
569
350
282
242
163
180
584
834

K
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L 10FO"10FC

14
14
14

198
171
298
107
521
225
336
423
470
359
823
499
264
367
225
491
630
211
214
131
481
186
222
3493
242
706
249
258
236
482
166
529
139
271
195
109

202
lee
279

94
530
242
323
434
450
326
863
512
265
367
214
475
628
173
264
121
457
le?
200
356
252
742
244
274
273
477
172
540
109
249
214
119

CALCULATED STRUCTURE FACTORS FOR

1o0FC

390
245
531
120
287
leo
342
220
381l
263
213
241
324
210
241
138
275
887
622
428
302
253
369
237
451
462
298
298
325
358
286
267
512
305
559
803

K
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L 10FO
16 468
16 197
16 247
16 287
16 410
16 305
16 231
16 357
16 411
16 691
16 649
16 507
16 227
16 321
16 217
16 344
16 150
l6é 183
le 192
16 176
16 341
16 638
16 832
16 281
le 340
16 201
16 314
16 182
16 146
16 731
16 390
16 548
3 129
16 290
16 409
16 118

10FC

448
226
248
305
424
312
248
3s3
415
665
627
528
208
333
203
335
135
172
165
195
333
649
818
294
339
208
325
160
159
715
387
507
110
273
397
11e

311.

CPRU(PPH3) 2 [C (OME) CH3)

K

A A A AL A E Y NP Y Y ¥ L AL L vn

L 10F0
14 361
14 562
14 321
14 213
14 182
14 431
14 424
14 247
14 276
14 262
14 143
14 2m
14 609
14 163
14 444
14 256
14 102
14 300
14 617
14 233
14 167
14 105
14 492
14 151
14 644
14 202
14 235
14 516
14 192
14 264
14 503
15 186
15 297
15 543
15 755
15 142

10FC

351
585
285
211
196
420
432
247
265
233
147
273
626
216
437
249

84
315
636
234
174
119
522
155
639
21%
224
515
197
265
509
203
284
520
770
129

T K

0
1
1
1
1
1
1
2
2
2
2
2
2
2
3
3
3
3
3
3
3
3
3
3
4
4
4
4
4
4
4
4
4
S
5
S

CPRU (PPH3) 2 [C (OME) CH3]

L 10FO
16 181
16 365
16 188
16 435
16 661
16 190
16 229
16 209
16 274
16 385
16 277
16 417
16 181
16 228
16 253
16 243
16 356
16 107
16 176
16 244
16 208
16 311
16 254
16 148
16 246
16 234
16 153
16 184
16 263
16 377
16 213
16 147
16 37
16 338
16 248
16 260

10FC

las
369
177
448
636
197
251
203
268
376
290
436
186
231
254
228
n
20
151
298
232
332
231
140
251
218
163
160
250
380
213
204
30
354
257
256

H

-7
-6
~3
-2
2

0
-3
-2
-1

]
-1

0
-1

K
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4/112

L 10F0
15 116
15 192
15 327
15 557
15 340
15 494
15 200
1S 180
15 380
15 230
15 483
15 183
15 618
15 177
15 137
15 275
15 279
15 486
15 299
15 603
15 33¢
15 496
15 309
15 455
15 256
15 124
15 185
15 501
15 207
15 272
15 674
15 521
15 581
15 197
15 197
15 233
4/112

L 10FO
16 248
16 178
16 137
16 275
16 290
16 314
16 170
16 233
16 253
16 296
16 263
16 387
16 329
16 236
17 219
17 565
17 457
17 265
17 244
17 215
17 206
17 185
17 287
17 499
17 387
17 306
17 504
17 207
17 247
17 122
17 184
17 20
17 388
17 234
17 435
17 255

10FC

149
200
294
564
321
501
207
193
394
215
478
212
603
179

94
265
293
498
296
609
315
482
283
406
254
123
219
548
211
290
715
500
587
184
197
248

10FC

244
161
140
302
289
313
162
232
274
274
275
382
323
240
220
541
4177
261
237
205
178
173
273
505
389
201
509
200
224

72
192
231
384
241
418
268

=
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=
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L 10FO 10FC

15 247 255
15 514 533
15 293 281
15 759 780
15 274 262
15 407 389
15 468 503
15 245 282
15 161 154
15 437 439
15 176 196
15 691 715
15 368 378
15 742 7170
15 423 443
15 189 1952
15 161 177
15 266 243
15 571 558
1S 234 256
15 580 597
15 447 468
15 636 661
15 230 296
15 816 821
15 305 2%6
15 568 591
15 203 216
15 131 122
15 395 412
15 263 259
15 739 718
15 284 302
15 385 379
15 220 237
15 278 291
PAGE 16

L 10FO 10FC

17 306 301
17 231 228
17 205 159
17 317 310
17 258 244
17 646 611
17 136 152
17 515 508
17 527 466
17 318 301
17 204 191
17 237 257
17 184 175
17 448 420
17 256 275
17 314 322
17 160 155
17 796 801
17 279 283
17 111 103
17 448 427
17 263 247
17 558 5§55
17 377 353
17 537 518
17 497 47s
17 379 363
17 121 107
17 131 138
17 470 473
17 255 246
17662 649
17 568 565
17 222 242
17 399 387
17 323 313



Table 1.5

(continued)

OBSERVED AND CALCULATED STRUCTURE FACTORS FOR

K

VWVYWYWY®D®®D®

L 10FOQ
17 422
17 7111
17 307
17 428
17 153
17 807
17 175
17 255
17 166
17 271
17 566
17 s71
17 118
17 263
17 243
17 412
17 274
17 165
17 355
17 181
17 288
17 218
17 384
17 246
17 132
17 227
17 232
17 138
17 188
18 1s2
18 559
18 361
18 473
18 185
18 331
18 479

OBSERVED AND

K

AUV NUNNLERLLBLULWLWWLWLWNNNNN

L 10FO
20 337
20 176
20 666
20 342
20 264
20 162
20 426
20 293
20 411
20 297
20 289
20 185
20 222
20 1860
20 252
20 469
20 482
20 326
20 189
20 383
20 396
20 495
20 335
20 255
20 144
20 163
20 255
20 234
20 399
20 393
20 316

10FC

434
725
303
420
175
825
17s
237
160
260
569
576

74
258
246
41¢
269
lel
354
las
305
233
386
211
l1e
237
257
146
203
117
608
393
477
191
325
475

K

VRUNAEDLEDLWWWWWWNNRNNNNNNRNRN H - e e e e

L 10FO
18 410
18 326
1le 122
18 479
18 114
18 245
ie 281
18 505
18 245
186 202
l8 151
18 418
18 409
18 260
18 247
18 122
18 476
18 43)
18 611
18 124
18 327
18 398
18 333
18 229
18 450
18 580
1B 454
18 358
18 291
18 190
18 211
18 680
18 392
18 145
18 461
18 684

10FC

405
33e
164
494
159
262
273
499
259
163
155
412
404
264
240
146
461
421
630
112
320
406
319
202
472
557
510
33s
309
178
208
€77
387
lé6
506
663

CALCULATED STRUCTURE FACTORS FOR

10FC

316
155
659
296
290
166
432
290
417
304
301
201
216
209
259
509
466
332
206
356
399
520
33e
265
151
196
264
254
432
413
327

H

K

VOLVVDD®®®® ) ~dwduddd d AR

L 10FO
20 147
20 251
20 417
20 2349
20 175
20 177
20 133
20 178
20 174
20 370
20 541
20 166
20 248
20 247
20 244
20 383
20 228
20 173
20 236
20 305
20 288
20 219
20 149
20 204
20 318
20 18§
20 201
20 236
21 130
21 564
21 200

10FC

118
249
433
390
186
176
130
199
172
3e2
601
164
244
259
264
383
208
171
254
329
268
203
122
202
333
211
209
247
123
560
215

H

312.

CPRU(PPH3) 2 [C(OME)CH3])

b

VOO DDRR@RDBIIIdTARNND O

X

NUNELELADLLWWWHWNNNNNNN -

L 10FO
e 272
18 158
18 136
18 573
18 262
18 266
18 130
18 492
18 215
18 455
18 265
18 105
la 195
18 365
18 2370
18 259
18 410
18 326
18 201
18 341
18 173
18 353
18 206
18 359
18 375
18 142
ie 197
18 413
19 s21
19 71e
19 228
19 367
19 111
19 109
19 268
13 101

1CFC

283
153
149
607
264
267
166
479
256
474
276

70
197
375
368
242
404
343
220
342
193
364
2158
367
366
175
192
395
468
729
222
361

82

76
277

98

K

AARARAV VUV NUNNARLLL2LULLWUWLNNNNRONRN -

CPRU(PPH3) 2 {C(OME) CH3)

L 10FO
21 622
21 163
21 213
21 343
21 263
21 581
21 277
21 179
21 238
21 223
21 597
21 313
21 397
21 184
21 455
21 262
21 329
21 101
21 390
21 472
21 204
21 266
21 181
21 385
21 130
21 304
21 138
21 261
21 394
21 239
21 335

10FC

604
154
206
362
256
617
295
127
243
231
580
)Y
395
173
444
259
317
100
373
459
186
262
156
37e
104
298
157
268
389
206
343

H

K

CVVERIIIARAD RO

-

LVWWWANNNNN-~oODO O

4/112

L 10FO
19 696
19 572
18 235
19 124
13 136
19 118
19 566
19 193
19 533
19 315
19 267
19 239
19 224
19 452
19 455
19 167
19 304
19 126
19 249
19 425
19 311
19 251
19 237
19 297
13 321
19 324
19 272
19 301
19 290
19 222
19 266
19 185
19 224
19 358
19 274
19 287
47112

L 10FO
21 291
21 168
21 294
21 134
21 110
21 273
21 335
21 210
21 180
21 260
21 326
21 376
21 225
21 280
22 147
22 157
22 446
22 220
22 286
22 275
22 542
22 241
22 211
22 310
22 270
22 428
22 341
22 197
22 223
22 113

10FC

708
565
255
184
162
112
589
199
500
312
249
253
231
471
465
151
343
130
256
456
301
2717
243
302
333
332
267
322
291
256
271
151
196
3se
269
305

10FC

285
157
299
123
117
271
334
215
181
283
332
EEDL]
237
284
164

94
375
177
264
232
4593
196
194
294
227
424
341
182
206

61

=

VOOV OD®RO DDl dddd kR

HHM~O0O000O

x
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L 10FO 10FC

426 428
313 306
209 203
257 268
218 193
398 371
297 312
265 271
386 364
342 353
292 285
401 408
448 445
308 294
342 335
139 172
358 378
228 234
285 302
143 162
415 395
187 173
116 91
343 335
240 242
353 349
308 319
433 426
268 237
229 244
465 469
273 284
269 266
258 249
283 305
192 188

PAGE 18

L 10FO 10FC

22
22
22
22
22
22
22
22
22
22
22
22
22

525
198
120
279
232
782
172
556
167
308
655
128
185
479
160
390
321
324
368
400
728
531
631
212
585
355
315
121
111
134

510
124
108
292
207
792
213
531
154
298
637

96
199
4a8
157
385
305
317
362
302
514
402
498
148
402
255
222
265
252
236



APPENDIX 2.

313.

Supplementary data for Au,Fe,Ir-

(W4=M*-C2Ph) (CO) 7 (PPhs) 5 (39) (Chapter 4).

Table

Table

Table

Table

Table

2.1

Fractional atomic coordinates and
thermal parameters for non-hydrogen

atoms

Positional and thermal parameters for

hydrogen atoms

Interatomic distances

Interatomic angles

Observed and calculated structure

factors



Atom

Au (1)
A (2)
Aa(la
Au(1lb
Au (2a
Au (2b
ir(l)
Ir(la)
Ir(lb)
Fe (1)
Fe(la)
Fe (1b)
Fe(2)
Fe(2a)
Fe(2b)
(1)
P(2)
2(3)
c(1)
(1)
c(2)
9(2)
c(3)
c(4)
0(4)
c(5)
0(5)
c(6)
0(6)
ci{7)
0(7)
c(8)
C(9)
c(10)
C(11)
C{12)

)
)
)
)

X

22385 (10)
7270(10)
25908 (5)
16966 (9)
11376 (6)

1793 (2)
24600 (-)
28593 (0)
19637 (9)

1271 (3)
1681 (54)

555 (53)

1904 (3)
2212 (53)
1737 (60)

3113 (5)

-532(5)

2282 (5)
3733(22)
4540 (16)

498 (18)

-1(17)
2371 (17)

759 (22)

429(20)
1569 (23)
1276 (23)
2149 (24)
2315(17)
3215(19)
4013 (17)
1096 (18)

431 (18)

~1012 (10)

-2068(10)

-2762(10)

¥

64626 (3)
66169 (3)
64282 (6)
64347 (2)
66411 (2)
66452 (6)
71966 (3)
71995 (4)
71920(4)
7805 (1)
7835 (35)
7751 (35)
8165(1)
8135 (36)
8105 (51)
6805 (2)
6045 (2)
5955 (2)
7156 (10)
7182(7)
7401 (9)
7139 (8)
7816 (8)
8368 (11)
8742 (10)
8770 (13)
9216 (12)
8181 (13)
8242 (9)
8244 (10)
8323 (8)
7496 (8)
7883 (8)
8481 (5)
8576 (5)
8176 (5)

zZ

29031 (6)
38390 (7)
23775 (5)
32091 (3)
33205 (0)
41674 (3)
38300 (-)
33520 (8)
41327 (3)
2926 (2)
2319 (45)
3235 (46)
4106 (2)
3655 (49)
4298 (55)
4851 (3)
3973(3)
1957 (3)
3495(15)
3299(12)
2337(13)
1961 (12)
2514 (12)
2551 (16)
2292 (15)
4003 (18)
3946(17)
5060 (18)
5638 (13)
3944 (14)
3821 (12)
3896 (11)
3812(10)
3852 (8)
3871 (8)
3885 (8)

U(l1)

476 (6)
438(5)
119 (26)
119 (26)
119(26)
119(26)
388 (5)
119 (26)
119 (26)
52(2)
12 (3)
12(3)
62 (2)
12(3)
12(3)
45(3)
44(3)
61(3)
62 (6)
72 (4)
46 (4)
77 (4)
49 (4)
61 (5)
105 (5)
75(5)
123(5)
76(5)
86 (5)
50 (5)
73(4)
57(6)
63(6)
73(5)
84 (5)
68 (5)

U(22)

352(5)

403 (5)

290 (5)

35(2)

32(2)

41 (3)
32 (3)
36(3)
50 (6)

U(33)

331 (5)

363 (5)

282 (5)

34(2)

42 (2)

36(3)
45 (3)
33(3)
52 (6)

U(23)

-56(4)
15 (4)

3(2)
2(3)
-8(2)
~5(6)

4(6)
-1(5)

U(13)

-38(5)
-28(5)

-4(2)

=7(3)
-2(3)
-5(3)
-20(6)

-33(6)

—38(6)

-6(2})
1(2)
4(3)

-8 (6)
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Atom

C(13)
c(14)
g(15)
C(16)
¢(17)
a(18)
c(19)
c(20)
a(21)
C(22)
c(23)
Q(24)
G (25)
G (286)
a(27)
C(28)
C(29)
a(30)
c(31)
C(32)
C(33)
G (34)
C(35)
C(36)
c(37)
C(38)
c(39)
G (40)
c(41)
C(42)
C(43)
a(44)
C(45)
C(46)
C(47)
C(48)

X

-2401(10)
-1346(10)
-651(10)
3190 (9)
2761 (9)
1699 (9)
1068 (9)
1497 (9)
2558 (9)
5238 (11)
6275 (11)
6574 (11)
5836 (11)
4800 (11)
4501 (11)
3703(11)
3739 (11)
3183 (11)
2592 (11)
2556 (11)
3112 (11)
-1830(10)
-2786 (10)
-3709 (10)
-3678(10)
~2723(10)
-1799 (10)
-914(11)
-1048(11)
-981(11)
-778 (11)
-644(11)
-712(11)
763 (10)
992 (10)
190 (10)

y

7682 (5)
7588 (5)
7988 (5)
6940 (5)
7037 (5)
7137 (5)
7139 (5)
7041 (5)
6941 (5)
6562 (5)
6696 (5)
7199 (5)
7569 (5)
7435 (5)
6932 (5)
5887 (5)
5364 (5)
5077 (5)
5314 (5)
5838 (5)
6124 (5)
6424 (5)
6525 (5)
6418 (5)
6208 (5)
6107 (5)
6215 (5)
6393 (5)
6356 (5)
5889 (5)
5459 (5)
5495 (5)
5963 (5)
5272 (5)
4786 (5)
1442 (5)

2z

3879(8)
3860 (8)
3847 (8)
6300 (7)
6918 (7)
6891 (7)
6247 (7)
5630(7)
5656 (7)
5357 (8)
5555 (8)
5544 (8)
5335(8)
5137 (8)
5149(8)
4328(7)
4300 (7)
4735(7)
5198(7)
5227(7)
4792 (7)
2853 (8)
2458 (8)
2731(8)
3400 (8)
3795(8)
3522 (8)
5250 (8)
5958 (8)
6291 (8)
5916 (8)
5207 (8)
4874 (8)
3636 (7)
3431(7)
3253(7)

U(11)

70(5)
49 (4)
41 (4)
55 (5)
84 (5)
68(5)
79 (5)
67(5)
45 (4)
74 (5)
79 (5)
77 (5)
86 (5)
58(5)
52 (5)
57 (5)
79 (5)

105 (6)

116 (6)
60 (5)
47 (4)
58 (5)
74 (5)
81 (5)
89 (6)
65 (5)
45 (4)
88 (6)
83 (5)
82 (5)
98 (6)
72 (5)
42 (4)
54 (5)
80 (5)
92 (6)

U(22)

U (33)

U(23)

U(13)

U(12)

(penuTauod) T°C ST9EL
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Atom

C(49)
C(50)
¢ {51)
C(52)
C(53)
C(54)
C(55)
¢ (56)
€ (57)
¢ (58)
c(59)
G (60)
¢ (61)
C(62)
C(63)
¢ (64)
C(65)
C(66)
C(67)
G (68)
C(69)
0(108)
€{100)
C(101)

X

-841(10)
-1070(10)
-268(10)
129(11)
-804 (11)
-792(11)
154 (11)
1088(11)
1075(11)
3226(12)
3926(12)
4626 (12)
4626 (12)
3926(12)
3226 (12)
3618 (11)
3902 (11)
3204 (11)
2222 (11)
1939(11)
2637(11)
6362 (28)
6325 (45)
6608 (25)

Yy

4584 (5)
5070 (5)
5414 (5)
5928 (5)
5923 (5)
5913(5)
5909 (5)
5915 (5)
5924 (5)
6716 (6)
6933 (6)
6631 (6)
6112 (6)
5894 (6)
6196 (6)
5183 (6)
4682 (6)
4299 (6)
4416 (6)
4918 (6)
5301 (6)
4892 (16)
4811 (23)
5128(14)

z

3280(7)
3485(7)
3664 (7)
1646 (7)
1197(7)
471 (7)
194 (7)
643 (7)
1369 (7)
1344 (9)
936(9)
630 (9)
732 (9)
1140 (9)
1446(9)
2467 (8)
2589 (8)
2365(8)
2019 (8)
1897(8)
2121 (8)
465(21)
1201 (19)
1862(18)

U(11)

74 (5)
78 (S)
46 (4)
66 (5)
81(5)
92 (6)
89 (6)
68 (5)
47 (4)
81 (5)
106 (6)
89 (6)
99 (6)
85(5)
52 (5)
85 (5)
94 (6)
103 (6)
66 (5)
58(5)
56 (5)
172 (6)
236 (6)
90 (6)

U(22)

U(33)

U(23)

U(13)

U(12)

Where the anisotropic thermal parameter is given by the following expression:

Taniso=exp["2'ﬂ'2 (hza*zUll + kzb*Uzz + lZC*ZUgg + Zl'ﬂ{a*b*Ulg

+ 2hla*c*U;; + 2klb*c*U,,)].

1°¢ 21I9el
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317.

Table 2.2. Positional (X 10%) and thermal parameters

(x 10%) for hydrogen atoms.

Atom x \% z U(1l1l)
H(10) -530(10) 8759 (5) 3842 (8) 117 (6)
H(11) ~-2319(10) 8919 (5) 3874 (8) 117 (6)
H(12) -3496(10) 8242 (5) 3898 (8) 117 (6)
H(13) -2884(10) 7404 (5) 3889 (8) 117(6)
H(14) -1095(10) 7245 (5) 3857 (8) 117 (6)
H(1le) 3928(9) 6870 (5) 6319 (7) 117 (6)
H(17) 3200 (9) 7036 (5) 7366(7) 117 (6)
H(18) 1401(9) 7204 (5) 7321 (7) 117 (6)
H(19) 330(9) 7208 (5) 6229 (7) 117 (6)
H(20) 1058 (9) 7042 (5) 5182 (7) 117 (6)
H(22) 5030(11) 6212 (5) 5365(8) 117 (6)
H(23) 6787 (11) 6438 (5) 5700 (8) 117 (6)
H(24) 7294 (11) 7292 (5) 5681 (8) 117 (6)
H(25) 6044 (11) 7919 (5) 5327 (8) 117 (6)
H(26) 4287 (11) 7692 (5) 4992 (8) 117 (6)
H(28) 4090 (11) 6086 (5) 4026 (7) 117 (6)
H(29) 4151 (11) 5199(5) 3977(7) 117 (6)
H(30) 3208 (11) 4713 (5) 4715 (7) 117(6)
H(31) 2205(11) 5115(5) 5501 (7) 117 (6)
H(32) 2144 (11) 6002 (5) 5549 (7) 117 (6)
H(34) -1188(10) 6499 (5) 2663 (8) 117 (6)
H(35) ~-2807(10) 6671 (5) 1992 (8) 117 (6)
H(36) -4373(10) 6488 (5) 2456 (8) 117 (6)
H(37) -4320(10) 6133 (5) 3590(8) 117(6)
H(38) -2701(10) 5961 (5) 4260 (8) 117 (6)
H (40) -961(11) 6718 (5) 5018 (8) 117 (6)
H(41) -1189(11) 6656 (5) 6219(8) 117 (6)
H(42) -1074(11) 5864 (5) 6783 (8) 117 (6)
H (43) -731(11) 5134 (5) 6147 (8) 117 (6)
H(44) -503(11) 5196 (5) 4946 (8) 117 (6)
H(46) 1320(10) 5512 (5) 3760(7) 117 (6)
H(47) 1708(10) 4687 (5) 3412 (7) 117(6)
H (48) 349(10) 4104 (5) 3110(7) 117 (6)
H(49) -1398(10) 4344 (5) 3156 (7) 117(6)
H(50) -1786(10) 5169 ¢(5) 3504 (7) 117 (6)

H(52) 121(11) 5935(5) 2150(7) 117 (6)



Table 2.2 (continued)

Atom

H(52)
H(53)
H(54)
H(55)
H(56)
H(58)
H(59)
H(60)
H(61)
H(62)
H(64)
H(65)
H(66)
H(67)
H(68)

X

121(11)
~-1462(11)
-1441(11)

163(11)

1745(11)
2739(12)
3925(12)
5112 (12)
5113(12)
3926(12)
4104 (11)
4584 (11)
3401(11)
1737 (11)
1256 (11)

318.

Y

5935 (5)
5926 (5)
5909 ¢(5)
5902 (5)
5912 (5)
6926 (6)
7294 (6)
6782 (6)
5902 (6)
5533 (6)
5450 (6)
4600 (6)
3950 (6)
4150(6)
4989 (6)

Z

2150(7)
1389 (7)
159(7)
-311(7)
451 (7)
1557 (9)
865(9)
346 (9)
519 (9)
1211 (9)
2622 (8)
2829 (8)
2450 (8)
1864(8)
1657 (8)

U(1l1)

117 (6)
117 (6)
117 (6)
117 (6)
117 (6)
117 (6)
117 (6)
117 (6)
117 (6)
117 (6)
117 (6)
117 (6)
117 (6)
117 (6)
117 (6)



Table 2.3.
Au (2) -—= Au (1)
P (3) -== RAu (1)
Au(l) === Au(2)
P(2) --— Au (2)
Au(l) -—— Ir(l)
Fe (1) --- Ir(l)
Ir(l) === Fe(l)
C(2) === Fe (1)
Cc(4) -—= Fe (1)
Fe(l) ~--- Fe(2)
C(6) ——= Fe (2)
C(8) -== Fe (2)
Cc(21)y —--- P(1)
C(33) =--- P(1)
C(39) --=-= P(2}
C(51) === Pi(2)
C(57) === P(3)
C(69) --- P(3)
Ir(l)y =--- C(1)
C(1) -—-= 0(1)
0(2) —== Ci2)
Fe(l) —--- C(3)
C(3) === 0(3)
0(4) -—= C(4)
Fe(2) --- C(5)
C(5) === 05}
0(6) === Ci(6)
Fe(2) —-—-= C(7)
Cc(7) -== 0(7)
Ir(l) --- C(8)
Fe(2) --- C(8)
Fe(l) --— C(9)
C(8) === C(9)
C(9) --- C(15)
P (1) -—-= C(27)
P (2) --— C(39)
P(2) -—— C(51)
P (3) -=-~ C(63)
C(100) --- 0(108)
C(101) -—-- C(100)

319.

o
Interatomic distances (A)

PHEERPR OSSR NONNNERERPREHERHERBRRPRRPREPRREEREERRPRERROENDERRDDDODDNNDRNDND

.847(1)

.269(6)

.847 (1)

.269 (6)

.633 (1)

709 (3)

.709 (3)

776 (25)
.755(30)
.501 (5)

.819(35)
.079(23)
.819(15)
.816(15)
.815(15)
.826(15)
.813(16)
.818(17)
.847(30)
.156 (31)
.145(30)
.713(25)
.209(30)
-169(35)
.672(34)
.248 (40)
.116(36)
.777(24)
.109 (28)
.957(23)
.079(23)
.141(22)
.340(31)
.439(28)
-849(16)
.815(15)
.826(15)
.778(17)
.435(19)
.530(19)

Ir(l) ---
c(y -
Ir(l) ---
c(8) ---
Au(2) -
Fe(2) =--—-
Fe(2) ---
c(3) -
Ir(l) ---
c(s) -
c(ny -
Ir(l) =--—-
c(27) --—-
Au(2) ---
c(45) ---
Au(l) ---
C(63) ~---
Au(l) ---
o(1) -—
Fe(l) ---
c(2) --—-
0(3) -—
Fe(l) ---
ca)y -
o(5) ---
Fe(2) ---
c(e) ---
o7 ---
Au(2) ---
Fe(l) ---
c(9) -—
Fe(2) ---
c(ls5) ---
P(l) -—-
P(l1) -—-
P(2) ~--
P(3) ---
P(3) -
0(108) ---
C(100) ---

Au (1)
Au (1)
Au(2)
Au(2)
Ir(l)
Ir(l)
Fe (1)
Fe (1)
Fe (2)
Fe (2)
Fe (2)
P(1)
P (1)
P(2)
P(2)
P (3)
P (3)
C(1)
C(1)
C(2)
0(2)
C(3)
C(4)
0(4)
C(5)
C(6)
0(6)
C(7)
C(8)
C(8)
c(8)
C(9)
C(9)
C(21)
C(33)
C(45)
C(57)
C(69)
C(100)
C(101)

.633(1)

.810(25)
.726 (1)

.387(22)
.726 (1)

. 744 (4)

.501(5)

.713(25)
.744 (4)

. 672 (34)
777 (24)
.287(6)

.849(16)
.269(6)

.787(16)
.269(6)

-778(17)
.810(25)
.156(31)
.776(25)
.145(30)
.209(30)
.755(30)
.169(35)
.248(40)
.819(35)
.116(36)
.109(28)
.387(22)
.074(23)
.340(31)
.063(23)
.439(28)
.819(15)
.816(15)
.787(16)
.813(16)
.818(17)
.435(19)
.530(19)



Table 2.4.
Ir(i) - Au(l) -
P (3) - Au(l) -
C(1) - Au(l) -
Ir(l) - Au(2)y -
P (2) - Au(2) -
C(8) - Au(2) -
Au(2) - Ir(l)y -
Fe(l) - Ir(l) -
Fe(2) - Ir(1l)y -
Fe(2) -~ Fe(l) -
C(2) - Fe(l) -
C(3) - Fe(l) -
C(4) - Fe(l) -
C(4) - Fe(l)y -
Fe (1) - Fe (2} -
C(5) - Fe(2) -
C(6) - Fe (2) -
C(7) - Fe(2) -
C(7) - Fe(2) -
C(8) - Fe(2) -
C(8) - Fe(2) -
C(8) - Fe (2) .
c{27)y - P(1) -
C{33) - P(1) -
C({33) - P{(1) =
C(45) - P(2) -
C(51) - P(2) -
C(51) - P(2) -
C(63) - P(3) -
C(69) - P(3) -
C(69) - P(3) -
O(1) - C(1) -
0(2) - C(2) -
0(4) - C(4) -
0(6) - C(6) -
Ir{(l) - C(8) -
Fe(l) - C(8) -
Fe(2) - C(8) N
C(9) - C(8) -
C(9) - C(8) =
Fe(2) - C(9) -
C(8) - C(9) -
C(15) - C(9) -
C(10) - c(15) -
C(l6) - C(21) -
C(22) - c(27)y -
C(28) - cC(33) -
C(34) - C(39) -
C(40) - c(45) -
C(46) - C(51) -
C(52) - c(57y -
C(58) - C(63) -
C(64) - C(69) -
C(101) - Cc(100) -

Au(2)
Ir(l)
Ir(l)
Au (1)
Ir(l)
Ir(l)
Au (1)
Au(2)
Au(2)
Ir(l)
Fe (2)
Fe (2)
Ir(1l)
C(2)
Ir(l)
Fe (1)
Fe (1)
Ir(l)
C(5)
Ir(l)
C(5)
C(7)
Ir(l)
Ir(l)
c(27)
Au (2)
Au (2)
C(45)
Au(l)
Au(l)
Cc(63)
Au (1)
Fe(l)
Fe (1)
Fe (2)
Au (2)
Ir(l)
Ir(l)
Au (2)
Fe (1)
Fe (1)
Fe (2)
Fe(2)
C(9)
P (1)
P (1)
P (1)
P (2)
P (2)
P (2)
P (3)
P(3)
P (3)
0(108)

S
166.
39
56.
170.
44.
64.
86.
107.
63.
154.
102.
158.
95.
62.
102.
156.
8.
96.
45
IRCC)E
122
115.
113
101.
111.
114.
104.
108
117.
105
120.
179.
178.
172.
717.
84
85

74
73.

71.

142.

120.

120.
124.
119.
117.
117.
118.
119.
1le.
119
134.

S
0(2)

.5(6)

0(2)
4(6)

S(1)
1(1)
4(1)
6(8)
3(9)
2(10)
7(12)
0(1)
1(11)
5(11)
4(8)
1(13)

-3(6)

1(12)

-5(11)

0(5)

.8(6)

2(7)
9(5)
4(5)
8(7)

.3(6)

5(6)

.3(7)

9(20)
5(21)
9(27)
9(34)
0(7)

.4(10)
.6(9)
128.

7(17)

.2(13)

0(8)
8(14)
3(15)
8(10)
1(4)
4(4)
7(4)
4(5)
0(5)
7(4)
6 (5)
5(5)

.5(5)

3(50)

320.

o

Interatomic angles ( )

P (3)
C(1)
C(1)
P (2)
C(8)
C(8)
Fe(l)
Fe (2)
Fe (2)
C(2)
C(3)
C(3)
C(4)
C(4)
C(3)
C(6)
C(6)
C(7)
C(7)
C(8)
c(8)
C(21)
C(27)

C(33)

C(39)
C(45)
C(51)
C(57)
C(63)
C(69)
Ix (1)
o(1)

0(3)

0(5)

O(7)

Fe (1)
Fe (2)
Fe (2)
C(9)

C(9)

c(8)

C(15)
C(15)
C(14)
C(20)
Cc(26)
C(32)
c(38)
C(44)
C(50)
C(56)
C(62)
C(68)

Au (1)
Au (1)
Au (1)
Au(2)
Au (2)
Au (2)
Ir(1l)
Ir(l)
Ir(1l)
Fe (1)
Fe (1)
Fe (1)
Fe (1)
Fe (1)
Fe (2)
Fe (2)
Fe (2)
Fe (2)
Fe (2)
Fe (2)
Fe (2)
P(1l)
P(1)
P(1)
P(2)
P (2)
P (2)
P(3)
P (3)
P(3)
C(1)
C(1)
C(3)
C(5)
C(7)
c(8)
c(8)
c(8)
c(8)
Cc(8)
c(9)
c(9)
C(9)
C(15)
C(21)
C(27)
C(33)
C(39)
C(45)
C(51)
c(57)
C(63)
C(69)

Au(2)
Au(2)
P (3)
Au (1)
Au (1)
P(2)
Au (1)
Au (1)
Fe (1)
Ir(l)
Ir(1)
C(2)
Fe (2)
C(3)
Ir(l)
Ir(l1)
C(5)
Fe (1)
C(6)
Fe (1)
C(6)
Ir(1)
C(21)
Cc(21)
Au(2)
C(39)
C(39)
Au (1)
C(57)
C(57)
Au(l)
Ir(l)
Fe (1)
Fe (2)
Fe(2)
Au (2)
Au (2)
Fe (1)
Ir(l)
Fe (2)
Fe (1)
Fe (1)
C(8)
C(9)
P (1)
P (1)
P (1)
P(2)
P (2)
P (2)
P (3)
P (3)
P (3)

132.
98.
129.
122.
91.
142.
90.
144.
54.
106.
82
98.
96
95
162.
101.
96.
95
97.
S8
103.
119.
100.
104.
113.
105.
105.
114.
105.
104.
65..
173.
175.
176.
175.
113.

7(2)
3(6)
0(e)
4(2)
2(6)
6(6)
3L
8(1)
6(1)
1(8)

-3(9)

8(12)

.3(10)
.2(12)

1(11)
5(11)
1(16)

.7(9)

0(13)
9(6)
7(12)
6(5)
0(7)
8(7)
5(5)
9(7)
6(7)
8(5)
8(7)
(7
1(7)
1(23)
2(22)
8(29)
3(25)
0(10)

160.2(10)

74

.1(8)

151.4(19)

70.

68
130.
139.
118.
119.
BRSPS
120.
122.
122.
121.
120.
123.
120.

5(13)

- 7(14)

5(14)
4(20)
2(10)
9 (4)
6(4)
3(4)
4(5)
9(5)
3(4)
4.(5)
5(5)
4(5)



Table 2.5,

OBSERVED AND

H K L

0-20
Cc-2¢
0-2¢
2-2¢C
2-20C
3-2C
3-20
4-2¢C
4-20
5-20
5-20
6-20C
7-20
1-:9
1-19

LANOCUUHHWLWHNWEANELHAD NN G

NOANONWHLWLANO LW
w
[
=
v

1¢Fo

2545
1258

629
1442

252
1747
1993

937

718
1152

675

B53
124¢
1004
1500
1460
1121
1134
1610
13e9

815
1023
1211
1164
1613
1307

764
1378
1487
1557
1046
1296
1589
1210

86l
2095

OBSERVED AND

H K L

C 4-i¢
2 4-1¢
4 4-1¢
6 4-16¢
€ <&-i¢
-5 S-=16
-3 5-1¢
-1 5-i¢
1 5-1¢
5 5-16
7 5-16
-4 6-16
-2 6-16
2 6-16
4 6-1¢
8 6-16¢
-5 7-.6
-3 71-16
-1 7-16
I -16
3 1-16
S 7-l6
7 7-i6
9 7-1¢
0 8-1¢
6 8-16
-3 9-1¢
1 9-16
1 9-1¢
3 9-1¢
5 9-16
7 9-1¢
4 10-1¢
2 10-1¢
g le=16
2 10-1¢

10FO

1140
2272
2333

832
1004

614
105¢C
1597
1622

798

806
1912
2062
2242
2305

956
1596
acre
2391
2252
2675
1429
1337
1851

814

€40
2232
1657
1593
2345

675
1399
1929
1754

241
le4

CALCULATED STRUCTURE FACTORS FOR

10FC

2744
1428

723
1571

958
1802
2070

987

ss)
1211

731

889
1287
1026
1564
1521
1044

983
1618
1513

794
1080
1198
1146
1763
1311

749
1455
1453
158G
1078
1263
1602
1185

867
2149

H

1 |
BLUURANGS S - AN WS

'
NS UWH L&

1
WANSVIER OO

CALCULATED

10FC

1129
2346
2376

778
1ci1

959
1203
1608
1644

894

606
2065
2206
2264
2314
1011
1627
3164
2388
2274
279
1463
13335
1674

162

528
2229
1667
1585
2349

675
1401
2004
1727

L2

1867

K L

8-19
9-19
9-19
10~-19
10-19
11-19
0-18
0-18
0-18
0-18
0-18
1-18
1-18
2-18
2-18
2-18
2-18
3-18
3-18
3-18
3-18
3-18
4-18
4-18
4-18
4-18
4-18
4-18
4-18
5-18
5-18
5-18
6-18
€-18
6-18
7-18

10FO

1259

994
1076
1289
1160
1283
1919
1499
1019

927
1363

952

860
1047
1285

823
1247
1827
1091
1708
1205
1097
1617
1419

845
1787
1855

8g2
1439
1333
1532
1046
1869
2096
1271
1672

10FC

1166
1065
1084
1306
1124
1259
1990
1643
1062
1000
1357

950

845
1196
1367

795
1118
1992
1118
1711
1157
1045
1695
1486

860
1684
1830

887
1273
1415
1664

986
1858
2053
1324
1798

H

Wl W

VW LN ANNANOWH

[ L1
N WL ANN A M

-6

STRUCTURE FACTORS FOR

K L

10-16
10-16
11-16
11-16
12-1¢
12-16
12-16
12-16
13-1¢
13-16
13-1¢
14-16
l4-16
15-16
15-16
16-16
16-16
17-16
18-16
1-19%
i-1s
1-15
1-15%
1-15
1-15
1-1%
1-15
2-15
2-15

10FQ

2043
832
953

1436

1420

1054

1761

1417
822
970

1166
517
486

1168

1144

1372
B804
664

1177

1178

1629
€69

1766
920

2353

1058

1237

2189

1447

1661

1167

2025

1435
924

1344

1481

10FC

2033
817
912

1292

1436
987

1700

1352
176

1067

1124
485
492

1207

1185

1348
735
131

1182

1242

1685
849

1755
918

2352

1044

1238

2223

1398

1616

1200

1929

1421
930

13717

1553

H

321.

Observed and calculated structure

[IRFEZ(CO)7PPH3AU2(PPH3)2C2PH)

K L

7-18
7-18
7-18
7-18
7-18
9-18
9-18
9-18
10-18
10-18
10-18
12-18
12-18
12-18
13-18
1-17
1-17
1-17
1-17
1-17
2-17
2-17
22—y,
2-17
2-17
3-17
3-17
3-17
3-17
3-17
3-17
4-17
4-17
4-17
4-17
4-17

10FO0

1052
1931
2246
1118
1604
1270
1411
1910

765
1827

982
1145
1023
1113
122¢
2049
1051

957

913
1380

946
1396

876
1364
1341
1619

865
1098
1304
1498

965
1194

762

€89
1486
1107

10FC

1070
2016
2252
1089
1481
1294
1475
1930

843
1877
1089
1208
1027
1092
1220
2044
1054

902

983
1352
1004
1435

943
1409
1310
1627

B77
1070
1390
1471

912
1307

835

863
1550
1156

H

'
[N RN RN WET A"

WHWULDNAN O

tot
NON A

K L

4-17
5-17
5-17
5-17
5-17
5-17
5-17
6-17
6-17
6-17
6-17
6-17
6-17
6-17
7-17
7-17
7-17
7-17
8-17
8-17
8-17
8-17
8-17
8-17
8-17
9-17
9-17
9-17
9-17
10-17
10-17
10-17
10-17
11-17
11-17
11-17

10F0

578
1571
2399
1748
2531
1487
1208
1303
1976
1871
1904
1365

B26
1408
1107

968

853
14985
2252
2069
1467
2801
2006

977
2089
1035

654
1416

927

a8l
1123
1095

865
1683
1265
2105

[IRFEZ(CO)7PPH3AU2(PPH3)2C2PH]

K L

3-18
4-15
4-15
4-15
4-15
4-15
$-15%
5-1%
5-1%
5-15
5-15
5-15
5-15
6-15
6-15
6-15
6-15
6-15
6-15
6-15
6-15
7-15
7-15
7-15
7-15
7-15
1-15
8-15
8-15
8-15
8-15
8-15
8-15
8-15
5=15
9-15

10FO

1106
1985
1371
1329
1305
1163
1549
3034
1901
1576
2985
2089
1302
1095
1785
2328
1766
1713
1506

722
1108

605
1456
1127

663
1775

924
2726
3381
1534
2251
2237

582
1235
1133
1328

10FC

1166
19130
1346
1340
1268
1057
1456
3143
1896
1536
3038
2091
1181
1141
1778
2358
1805
1700
1505

136
1022

703
1464
1105

641
1822

833
2770
3398
1695
2348
2260

687
112
1202
1327

H

-3
i
3
5
7
-4
-2
2
4
6
8
~5
-3

1
—-

B LW WD AN O N W

ONBR W AL O

K L

9-15

9-15

9-1%

9-15%

9-15
10-15%
10-15%
10-15
10-15
10~-1S
10-15%
11-1%
11-15
11-18
11~19%
11-15%
11-15
11-15
12-15
12-15
12-15
13-15
13-15%
13-15
13-18
14-15
14-15
14-15
14-15
14-~15
15-15
15-15
15-15
15-15
15-15%
16-15

10F0

1547
1216
1129
1303

666
1170
1243
1492

869
1122
1640
1136
2188
1098

859
2230
1485
1193
1913
1662

922

a12
1626
le34
1036

998
1167

937
1201
1117

949
1074

942

1065

592
1364

factors
10FC H K L
582 7 11-17
1725 2 12-17
2533 4 12-17
1769 -3 13-17
2604 3 13-17
1486 0 14-17
1144 2 14-17
1428 4 14-17
1991 0 16-17
1876 -6 0-16
1946 -4 0-16
1398 -2 0-1¢6
863 0 0-16
1253 4 0-16€
1107 6 0-16
1056 10 0-16
889 =15 1-16
1447 -3 1-16
2284 -1 1-16
2085 3 1-16
1408 -6 2-16¢
2870 -4 2-16
2036 0 2-1¢
917 2 2-16
1860 4 2-16
1033 6 2-16
773 10 2-1¢
1395 -5 3-16
897 -3 3-16
829 -1 3-1¢
1043 1 3-16
1084 3 3-16
843 5 3-16
1656 9 3-16
1332 -4 4-16
2035 -2 4-18¢
10FC H K L
1533 2 16-15
1319 6 16~-15
1146 -1 17-15
1277 1 17-15
6984 5 17-15
1218 4 16-15%
1313 -1 19-15
1465 1 19-15
L1 3 19-15
1081 -8 0-14
1548 -6 0~14
1150 -4 0-14
2108 -2 0-14
1074 0 0-14
897 4 0-14
2296 6 0-14
1455 a4 0-14
1129 10 0-14
1835 -7 1-14
1653 -3 1-14
894 -1 1-14
ase 5 1-14
1532 11 1-14
1826 -8 2-14
1058 -6 2-14
1074 -2 2-14
1167 0 2-14
897 2 2-14
1087 4 2-14
1129 6 2-14
958 10 2-14
1053 -7 3-14
688 -3 23-14
999 -1 3-14
562 1 3-14
1295 3 3-14

PAGE 1

10FO

B34
1039
594
204
738
1007
656
482
1117
1767
1678
933
1271
1249
1957
1608
741
893
692
913
1460
1251
1206
498
1176
1210
1121
1297
1314
1334
901
1515
1387
833
2159
2045

10FC

813
951
541
998
781
1056
727
566
1190
1801
1672
947
1307
1267
1914
1418
680
912
691
977
1572
1265
1146
513
1196
1168
1032
1354
1301
1383
947
1536
1340
843
2153
2046

PAGE 2

10FO

1197
117s
1464
1643
1246
1052
1363
1640
l1e2
1055
2042

933
2159
1817
2369
2850
1284
2142

569
1285
1429
1332

814

863
2058

834
leee

750
1252
1883
1375
1089
2021

2570.

908
759

10FC

1150
1092
1489
1657
1270
1064
1330
1581
1104
1024
2049

911
2198
1941
2436
2873
1244
2060

557
1226
1461
1333

756

934
2056

B43
1855

788
1295
1863
1289
1114
2026
2654

970

858



322.

Table 2.5 (continued)

OBSERVED AND CALCULATED STRUCTURE FACTORS FOR (IRFEZ(CO)7PPH3AU2(PPH})ZCZPH] PAGE 3
H K L 10FO 10FC H K L 10FO 10FC H K L 10FO 10FC R K L 10FO 10FC H K L 10FO0 10FC
5 3-14 2837 2823 0 B-14 695 729 9 13-14 606 693 -3 1-13 1102 1073 -3 5-13 2754 2691
7 3-14 1579 1625 2 8-14 1082 1107 —2 14-14 1148 1164 -1 1-13 3168 3205 -1 5-13 1723 1718
9 3-14 775 760 -7 9-14 1494 1612 0 14-14 1764 1834 1 1-13 2237 2317 3 5-13 1827 1855
11 3-14 1467 1372 -5 9-14 1055 1107 2 14-14 2083 1987 3 1-13 1120 1119 S 5-13 2198 2301
-8 4-14 1842 1924 -3 9-14 2740 2793 4 14-14 1443 1450 S 1-13 3030 3071 7 5-13 954 918
-6 4-14 1597 1509 -1 9-14 2550 2568 6 14-14 1130 1133 7 1-13 1869 1849 11 5-13 790 795
~4 4-14 1811 1885 1 9-14 556 sag 8 14-14 1181 1126 9 1-13 1527 1457 —~B 6-13 1447 1528
-2 4-14 2673 2636 3 9-14 1987 2024 -1 15-14 1028 95¢ 11 1-13 1852 1682 -6 6-13 1206 1234
0 4-14 1069 1080 5 9-14 665 705 1 15-14 1360 1353 -8 2-13 1826 1813 -4 6-13 1514 1529
2 4-14 1908 1928 7 9-14 632 €36 3 15-14 790 857 -6 2-13 1595 1507 -2 6-13 2684 2545
4 4-14 1975 2036 9 9-14 1274 1228 5 15-14 725 ¢as ~2 2-13 3211 3159 0 6-13 1248 1277
~7 5-14 1098 1073 -4 10-14 1933 1999 7 15-14 876 931 0 2-13 2664 2615 2 6-13 1415 1399
-5 5-14 1287 1279 ~2 10-14 2020 2013 -4 16-14 999 962 2 2-13 503 566 4 6-13 1214 1202
-3 5-14 1462 1559 0 10-14 1594 1569 ~2 16-14 1114 1201 4 2-13 2318 2389 -7 7-13 1203 1148
-1 5-14 1496 1506 2 10-14 1068 1060 0 16-14 1836 1800 € 2-13 2826 2792 -3 7-13 1004 1002
1 5-14 1782 1819 4 10-14 2015 2009 2 16~14 1161 1075 8 2-13 €78 782 1 7-13 1097 1105
3 5-14 600 589 6 10-14 1138 1037 4 16-14 1055 1122 10 2-13 1110 1077 3 7-13 1639 1553
5 5-14 1688 1589 =3 11-14 1474 1484 6 16-14 1159 1196 -9 3-13 1379 1508 5 7-13 918 876
7 5-14 1505 1529 -1 11-14 925 874 1 17-14 1189 1159 -7 3-13 1760 1672 9 7-13 922 817
-8 6-14 1592 1683 1 11-14 1185 1231 3 17-14 1145 1081 ~5 3-13 1667 1673 -8 8-13 2108 2300
-4 6-14 1978 1883 3 11-14 1939 1911 S 17-14 1112 1046 =3 3-13 1653 1541 ~4 8-13 2465 2406
-2 6-14 2338 2293 § 11-14 1790 1745 -4 18-14 1610 1649 -1 3-13 1282 1216 -2 8-13 3225 3101
0 6-14 669 644 7 11-14 1813 1782 -2 18-14 770 777 1 3-13 1361 13932 0 8-13 2052 2052
2 6-14 1938 1952 9 11-14 1254 1154 0 18-14 1962 1864 3 3-13 1185 1308 2 8-13 1546 1546
4 6-14 2136 2123 -4 12~14 1519 1558 2 18-14 1462 1337 S 3-13 905 93¢ 4 8-13 1619 1624
6 6-14 1367 1380 ~2 12-14 1444 1409 4 18-14 539 S76 ~6 4-13 1725 1578 ] B-13 988 1040
10 6-14 1033 979 0 12-14 497 614 6 18-14 1221 1189 -2 4-13 2052 2036 -7 9-13 1197 1223
-7 7-14 1726 1770 2 12~14 1925 1963 -1 19-14 671 662 0 4-13 2175 2200 -5 9-13 882 889
-5 7-14 1695 1631 4 12-14 1818 1757 3 19-14 715 709 2 4-13 1062 1042 =3 9-13 1746 1715
-3 7-14 2251 3281 B 12-14 1132 1088 5 19-14 1273 1176 4 4-13 2359 2329 -1 9-13 1916 1823
-1 7-14 2991 2897 -5 13-14 478 566 -2 20-14 1309 1338 6 4-13 2764 2766 1 9-13 1459 1414
1 7-14 873 936 -1 13-14 1429 1388 2 20-14 1241 1152 8 4-13 985 949 3 9-13 1190 1152
3 7-14 1937 1985 1 13-14 962 93¢ 4 20-14 1050 1057 10 4-13 963 963 5 9-13 1073 1086
5 7-14 1613 1645 3 13-14 1598 1505 1 21-14 1484 1418 ~9 5-13 1966 2033 7 9-13 906 824
9 7-14 848 902 5 13-14 2199 2152 -7 1-13 2045 2049 -7 5-13 2124 2168 -8 10-13 1256 1283
-6 B-14 927 947 7 13-14 1289 1242 -5 1-13 1475 1536 -5 5-13 1044 962 ~6 10-13 432 394
OBSERVED AND CALCULATED STRUCTURE FACTORS FOR ([RFEZ(CO)7PPHJAU2(PPH3)2C2PH] PAGE 4
H K L 1CFO 10FC H K L 10FO 10FC H K L 10FO 10FC H K L 10FO 10FC H K L 10FO 10fC
-4 10-13 2320 2312 3 15-13 1635 1495 -5 1-12 850 813 € 4-12 1434 1510 1 9-12 986 976
-2 10-13 2647 2540 5 15-13 1851 1791 -3 1-12 1205 1106 8 4-12 1044 1017 3 9-12 2185 2142
2 10-13 1877 1873 7 15-13 1537 1481 -1 1-12 2228 2287 -7 5-12 876 823 7 9-12 984 919
4 10-13 1329 1333 9 15-13 993 961 1 1-12 1823 1845 -5 5-12 1749 1737 9 9-12 1293 1310
€ 10-13 375 1009 ~4 16-13 1068 1054 3 1-12 1328 1409 -3 5-12 1221 1170 -8 10-12 1416 1541
8 10-13 1429 1389 -2 16-13 537 519 S 1-12 2286 2413 -1 5-12 1212 1140 =6 10-12 1440 1432
1€ 10-13 977 975 0 16-13 1045 1070 7 1-12 1453 1413 1 5-12 1664 1719 -2 10-12 1835 1742
=7 11-13 1453 1486 2 16-13 1317 1302 -6 2-12 1350 1321 3 5-12 973 980 0 10-12 1825 1772
-3 11-13 1870 1939 8 16-13 935 942 =6 2-12 2185 2154 S5 5-12 1972 2024 4 10-12 13311 1255
-1 11-313 1626 1575 =5 17-13 1715 1628 ~4 2-12 1209 1133 7 5-12 1223 1183 6 10-12 1232 1233
3 11-13 1688 1655 -1 17-13 2060 1927 -2 2-12 1383 1390 -8 6-12 1620 1831 8 10-12 1136 1089
S 1i~13 1296 1314 1 17~13 1746 1632 0 2~12 3282 3374 -6 6-12 1418 1466 -7 11-12 1154 1217
-6 12-13 1209 1279 5 17-13 1245 1201 2 2-12 1760 1814 -4 6-12 a8 947 -5 11-12 2063 2070
=4 12-13 13143 1129 7 17-13 744 766 4 2-12 944 927 -2 6-12 1385 1262 -3 11-12 2545 2543
=2 12-13 1753 1749 -2 18-13 @70 9ie 6 2-12 1686 1674 0 6-12 1136 1175 -1 11-12 15%7 1531
¢ 12-13 1897 1840 0 18-13 823 &g4¢ 8 2-12 1021 103¢ 2 6~12 1226 1226 1 11-12 1965 1905
2 12-12 923 897 4 18-13 1319 1203 10 2-12 1143 1135 4 6-12 1563 1591 3 11-12 1785 1728
4 12-13 2046 2021 6 18-13 1178 1177 12 2-12 986 849 6 6-12 1085 1039 S 11-12 17683 1784
€ 12-13 2030 1992 ~3 19-13 1189 111§ -9 3-12 979 987 € 6-12 1125 1073 7 11-12 1672 1716
8 12-13 1122 1175 -1 19-13 1225 1215 -7 3-12 2561 2546 ~9 7-12 1826 1872 9 11-12 1261 1272
10 12-13 1215 1203 1 19-13 1674 1590 =5 3-12 1433 1404 -7 7-12 1816 1844 -8 12-~12 1268 1391
-3 13-13 2337 2189 0 20-13 1361 1343 =3 3-12 1524 1422 =5 7-12 799 756 -4 12-12 1504 1618
-1 13-13 950 982 2 20-13 801 794 -1 3-12 3850 3850 -3 7-12 2929 2600 -2 12-12 1697 1647
1 13-13 2244 2236 4 20-13 745 750 1 3-12 3332 3276 -1 7-12 1735 1754 2 12-12 1726 1740
3 13-13 2247 2179 -1 21-13 858 @26 3 3-12 1715 1757 1 7-12 932 907 4 12-12 1646 1605
5 13-13 990 989 -8 0-12 2404 2476 5 3-12 3607 3677 3 7-12 1247 1259 8 12-12 1300 1332
7 13~13 1057 1050 -6 0-12 2901 2846 7 3-12 2751 2787 -4 8-12 1178 1133 10 12-12 957 951
9 13-13 1520 1468 -2 0-12 3262 3327 11 3-12 1244 1195 -2 8-12 1297 1197 ~7 13-12 1685 1809
-6 14-13 1019 1091 0 0-12 5263 5528  -10 4-12 1279 1290 0 8-12 1138 1060 -5 13-12 1878 1856
-2 14-13 1705 1579 2 0-12 2554 2724 -8 4-12 2299 2322 2 8-12 1660 1675 -3 13-12 1112 1107
0 14-13 1477 1428 4 0-12 2815 2932 -6 4-12 1688 1743 4 8-12 1035 1048 -1 13-12 2249 2240
4 14-13 1668 1663 6 0-12 3996 4057 -4 4-12 1067 998 6 8-12 655 597 1 13-12 1744 1645
6 14-13 1560 1540 8 0-12 1247 1279 -2 4-12 1795 1786 -9 9-12 1726 1715 3.13=12 1059 1080
-3 15-13 1438 1412 10 0-12.1688 1568 Gg=1281% B2l =7 8-12 1787 1816 5 13-12 2378 2266
=1 15-13 293% 2855 12 0-12 1988 1808 2 4-12 1177 1167 -3 9-12 3266 3196 7 13-12 1989 1966
1 15-13 2615 2602 -7 1-12 1594 1577 4 4-12 872 891 -1 9-12 2026 1970 ~6 14-12 1102 1076



Table 2.5 (continued)

B

-4
-2

H

i
B R LY

OBSERVED AND CALCULATED
K L 10FO 10FC H
14-12 1524 1490 -4
14-12 2424 2389 -2
14-12 3034 2831 0
14-12 2409 2285 -3
14-12 2066 1941 -2
14-12 1524 1413 2
14-12 1636 1612 4
14-12 1284 1254 -9
15-12 1079 1098 -7
15-12 1255 1168 -5
15-12 1044 937 -3
15-12 1307 1293 -1
16-12 1434 1510 1
16-12 833 800 3
16-12 2345 2327 B)
16-12 3373 3243 7
16-12 1458 1441 11
16-12 1248 1218 -8
16-12 2271 2226 -6
16-12 884 780 -4
17-12 951 1018 -2
17-12 1510 1475 0
17-12 1300 1226 2
17-12 1116 1045 4
17-12 €99 €77 6
17-12 1009 927 8
17-12 993 1026 12
18-12 1334 1453 -9
18-12 1314 1331 -7
18-12 1804 1685 =5
18-12 911 908 -3
19-12 1131 1118 -1
19~12 1238 1165 1
19-12 653 654 7
19-12 1251 1264 9
19-12 3902 846 11
CHSERVED AND CALCULATED
K L 10F0 10FC H
<6-11 1184 1145 12
16=11 963 @94 =11
17=11 1323 1316 -7
17-11 1312 1416 -5
17-11 27058 23567 -3
17-11 2162 2009 -1
17=11 1928 183¢ 1
17-11 1355 1312 3
18=11 1422 1528 5
18-11 1308 1370 7
18-11 1037 1139 9
18-311 1700 165% =10
18-11 1450 1371 -8
19-11 1097 1118 =6
18-11 960 8541 ~d4
19-11 1068 1043 =3
20-11 1416 1303 o
20-11 804 767 2
20-11 1174 10%¢ 4
20-11 982 91g &
2i-11 1056 1079 8
22-11 848 919 10
22-11 647 57% 12
23-11 14586 1447 =11
24-11 1387 1338 -7
0-10 1813 1864 -5
0-10 2663 2498 =3
0-10 4404 4310 =1
0-10 4426 4129 1
0-10 3913 3823 3
0=10 6717 €967 5
0-10 4296 ¢332 7
0-10 1125 1136 9
0-10 3451 3371 11
0=10 1703 1642 -10
0-10 595 578 -8

STRUCTURE FACTORS FOR

K L

20-12
20-12
20-12
21-12
22-12
22-12
22-12
1-11
1-11
1-11
1-11
1-11
1-11
1-11
1-11
1-11
1-11
2-11
2-11
2-11
2-11
2-11
2-11
2-11
2-11
2-11
2-11
3-11
3-11
3-11
3-11
3-11
3-11
3-11
3-11
3-11

LO0FO

1099
1011

848
1169
1197
1003
1006
1187
3356
2604
1710
4888
4526
1239
2985
2541
1521
2102
2352
1616
2868
3840
2436
2251
3466
1562
1399
1325
1158
1258

834

672
1096
1442

806

567

10EC

1042
1081

806
1007
1159

997

980
1203
3277
2586
1553
4876
4559
1236
3088
2531
1380
2103
2378
1635
2756
3857
2598
2249
3520
1516
1343
1378
1204
1223

836

643
1059
1465

867

639

STRUCTURE FACTORS FOR

K L

0-10
1-10
1-10
1-10
1-10
1-1¢
1=-1o0
1-10
1-10
1=10
1-10
=10

10F0

1460

909
1445
2151
1oa9
2340
2188
1520
1509
1927

9%
1199
166%
2409
1412
25812
4140
1642
1444
2325
1045

BS7

942
1445
2682
3468

946
4358
4002
1445
30531
2955

801

839

637
le6n

10FC

1410
984
1523
2059
1018
2302
2256
1519
1630
1834
828
1282
1606
2475
1357
2469
€122
1660
la00
2341
1094
876
624
1545
2616
3359
913
€274
4072
1480
311s
29717
801
797
571
1830

H

-6
-4

323.

[IRFEZ(CO)7PPH3AU2(PPH3)2C2PH]

K L

4-11
4-11
4-11
4-11
4-11
4-11
4-11
4-11
4-11
4-11
4~-11
5-11
5-11
§-11
5-11
$-11
5-11
5-11
5-11
5-11
6-11
6-11
6-11
6-11
6-11
6-11
6-11
6€-11
7-11
7-11
7-11
7-11
7-11
7-11
7-11
8-11

10FO

1045
2158
1180
2412
3032
2066
2333
2526
1158

734
1115
1348
2768
1379
1129
lele
1768
1262
1946
1114

817
1240

977
1247

€30

892
1132
1113
1345
1443
1358
1524
1883

865

982
1106

10FcC

1031
2242
1179
2333
2987
2052
2318
2537
1221

755
1048
1462
2688
1365
1053
1719
1660
1306
1989
1129

969
1227

929
1216

592

876
1123
1090
1351
1360
1389
1487
1845

827

959
1033

H

-8

-8
-6
-4
-2
2
4

8
10
-9
-1
-5
-3
-1

1

3

S

7

9
-8
-6
-4

K L

8-11
8-11
8-11
8-11
8-11
8-11
8-11
8-11
9-11
9-11
S-11
9-11
9-11
9-11
9-11
10-11
10-11
10-11
10-11
10-11
10-11
10-11
10-11
11-11
11-11
11-11
11-11
11-11
11-11
11-11
11-11
11-11
11-11
12-11
12-11
12-11

10F0

1974
2506
2716
1596
2799
1704
1870

782
1038
1528
1452
1462
1413
1375
1070
1668
1364
3140
2768
2193
2141
1478

981
1251
1727

862
1544
1499
1070
1301
1095
1466
1308
1493
2676
2196

lIRFERtCO]TPPM!AUZ{PPHJ}?C2PHI

K L 10FO 10FC

4-10
4-10
4-10
4-10
4-10
4-10
4-10
4-10
4-10
4-10
5=-10
5-10
5-10
5-10
5~10
5-10
5-10
5=10
6-10
6-10
6-10
6=10
6-10
6-10
6~-10
6-10
6-10
6-10
7-10
7-10
=10
7-10
7-10
T-10
=10
=10

2061
2268
1791
2561
2121
1027
1111
1769

877
1013
12639
1589
1228
2740
2808
1917
1664

BE8

1419
1006

794
1497
1413

909
1570
2236

252

933
1487

812
1676
2308
1758
1894
1234
1290
1956
2278
1700
2416
2060
1061
1116
1731

893

963
1284
1563
1166
2683
2819
2009
1717

991

H

11

K L

&-10
8-10
8-10
e-io
8-10
6-10
B-10
=10
$=-10
9-10
9-10
9=-10
9-10
5-10
9-10
9-10
9=-10
S-10
10-10
10-10
10-10
10-10
10-10
10-10
10-10
11-10
11-10
11-10
11-10
11-10
1l1-10
11-10
11=10
11-10
11=-10
11-10

10FD

1070
1202

581
127%
1472

697

966

161
1432
1514
1317
3200
510
2069
3173

EQl
1469
1834
1019
1823

835
1687
1729
1583
1759
1646
2211
2647
3zlo
2321
1716
2215

1B49.

986
900
721

10FC

1996
2371
2663
1556
2774
1692
1816

688
1026
1448
1394
1422
1403
1322
1083
1714
1264
3092
2677
2119
2146
1469

988
1256
1654

841
1477
1334
1008
1188
1102
1498
1275
1452
2702
2201

10¥FC

1049
1157
533
1232
1526
708
204
78
1486
1485
1249

706

H

J
R R T R P I AR EY

1137
oMNa @

K L

12-11
12-11
12-11
12-11
12-11
12-11
12-11
13-11
13-11
13-11
13-11
13-11
13-11
13-11
13-11
14-11
14-11
14-11
14-11
14-11
14-11
14-11
14-11
14-11
15-11
15-11
15-11
15-11
15-11
15-11
15-11
15-11
15-11
16-11
16-11
16-11

Kk L

12-10
12-10
12-10
12-10
12-10
12-10
12-10
12-10
13=10
13-10
13-10
13-10
13-10
13-10
13-10
l14-10
14-10
14-10
14-10
14-10
14-10

PAGE 5

10FO

2437
2154
1594
1770
1596
1346

788

979
23158
1273
1977
1944
1399
1240
1615
1005
1879

995
1217
2084

665
1120
2011

687
1565
2144
2036
3418
3032
1607
2317
2349
1255
1337
1406
1034

10FC

2310
2042
1520
1671
1607
1325

859
1072
2310
1265
1853
1891
1356
1224
1609
1118
1918
1076
1247
2060

744
1144
1938

709
1740
2113
2075
3246
2944
1609
2246
2275
1277
1281
1359
1000

PAGE 6

10F0

1553

694
1648
1728
1664
1598
1661

839
2429
3219
1529
2431

2044
1246
1823
3an

10FcC

1632
628
1866
1713
1569
1533
1706
[1:5:]
2475
182
1452
2349
26186
1664
1815
lege
1688
1807
2822
2319
2302
1966
1597
153s
1143
1297
927
642
1358
849
467
a3s
2102
1376
1811
azmn



Table 2.5 (continued)

OBSERVED AND

H
2
4
6
8
-7
-5
-3
-1
1
3
5
-6
-2
0
4
6
-7

-5
-1

K

l6-
l6-
16-
16~
17-
17-
17-
17-
17-
17~
17-
18-
le-
18-
le-
18-
19-
19-
19—~
19-
19-

L

10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

19-1¢0
20-10
20~-10
21-10

21-
21-10
21-

10

10

22-10
22-10

22-
22-10

10

23-10

24-10

24-10

24~

10

10FO

2083
1482
2609
1294
1274
1667
1466
1235
1403
1496
1301

882
1282
1995
1584
1881
1386
1684
1618
1270
1048
1072
1027
1021

956

766

9717
1430
1021
1837
1051

B69

858
1473
1220
1347

OBSERVED AND

H

10
-7
-5
-1
1
s
7
-8
-6
-2
0

VOB ONAV DLW s Wman N

1
ANO a W

-1

K

16
17
1?
17
17
17
17
18

L 10FQ

-9
-9
-9
-9
~9
-9
-9
-9
=9
-9
-9
~9
-9
-9
-9
-9
-9
-9
-9
o)
-9
-9
-9
-9
-9
-9
-9
-9
-9
-3
-9
-9
-9
-9
-9
-9

874
1239
1551
2790
2069
2240
1905
1193
1890
1285
1904
1934

775

710

170

897
1859
1477
1652
2117
1475
1066
1303
1158
1612
1133
1421

485
1361

e3e
1054
1169

839
1363
1865
1576

CALCULATED STRUCTURE FACTORS FOR

10FC

2044
1451
2489
1270
1321
1605
1477
1233
1347
1459
1264

927
1318
1892
1456
1752
1461
1646
1800
1256

925

959

888

993
1019

811

954
129¢
1193
1791

994

817

843
1484
1111
1122

K

LWWWWWUWENNNMNNNNRORNN R e e

w

BB AW

L

-9
-9
-9
)
-9
-9
-9
-9
~9
-9
bt
-9
-9
-9
-9
-9
-9
-9
-9
-9
-9
-9
-9
-9
-9
-9
-9
-9
-9
-9
-]
=2
-9
-9
-9
-9

10FO

2148
1427
3048
4141
2925
4723
4992
1522
1897
2280

793
1242
1144
3416
3812

857
4070
2130
2335
2651

429
1106

558
133s
2207
1935
2004
1493
1837
2067
1138
1053
111le
2891
2648
2204

10FC

2242
1400
2958
4017
2921
4624
5422
1596
1914
2323

845
1259
1177
3232
3737

834
3954
2128
2399
2706

419
1113

541
1197
2165
1904
1996
1507
1884
2120
1107
1080
1068
2831
2547
2155

T

L I T I
HHEULQOVLNOAND

U
DABNONV LW

CALCULATED STRUCTURE FACTORS FOR

10FC

eeo
1247
1507
2775
2012
2124
1910
1158
lees
1319
1962
1812

749

€77

712

962
1827
1369
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1464
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1417
1154
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1355

016

1602

]

3

5
-2
2
-12
-10
-8
-6
-4
-2
0

2
4
€
8
12
~11
-9
-7
-5
-3

U
WHaDNON

K

23
23
24
24

]
[
]
[
]
0
]
0
0
]
0
0
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2z
2

L

-9
-9
-9
-9
-8
]
-8
-9
-8
-8
-8
-9
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-e
-8
-9
-8
-9
-8
-8
-8

10FO

12,
1256
1044
1458
166l
2207
1108
4862
5170
3724
6652
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1967
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1113
1095
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1389
2717
2036
1756
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€83
1250
1234
1247
1204
2931
2719
3140
4076
1541
1292
2283
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1183
1186
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2089
2345
1119
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4893
3519
6910
3575
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2759
2352
1121
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[IRFEZ(CO)7PPH3AU2(PPH3)2C2PH]
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2478
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2643
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883
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3034
2639
1450
1680
1093
1111

965
1597
1762
1375

899
1484
1824

928
1097

576
1529
1623
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2734
2243
1616
2090
1390

870

€86
1761
2826
2281
1291
2586
3149

967
2671
2170

932
2262
3088
2509
1477
1688
1135
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1588
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641
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1401
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1707
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1283
1554
1261
1329
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1504
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1767
2426
4560
2440
2548
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1395
1085
2302
1320

829
1030
1402
3142
2597
2237
2910
2989
1825
2956
1549

899
1512
2306

575
2419
4102
1056
2087
1473

930
1348
1316
2295
3640
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562
1939
2349
4359
2323
2585
3273
1472
1142
2388
1394
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923
1306
2976
2579
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2943
3078
1870
2969
1561

925
1461
2191

5358
2401
4096

980
2106
1486

907
1362
1243
2295
3416

H K

|
—
=]

WOOOOL WO DD DDDEDD® I TS ddTdddd AR PR AN

[
-
-
oo

-2 10

L

-8
-8
-B
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
~8
-8

-B..

10FO

1150
19¢4
3673
2432
1444
2484
1324
1148
1640
2430
1433
4073
4116
1817
2674
2667
1311

779
1467

796

912

590

861

559
1821
1350
1397
2322
1076
2260
3965
2236
23722
1718
2467
1088

10rcC

1213
1923
4167
2086
1389
2546
1465

994
1294
1632
1897
1296
1622
1268
1363
2200
1513
2536
2739
2335
2178
1329

897
1221
1929
1837
2165
2456
1599
1566
1289
2134
3500
2576
2371
2556

10FC

1117
2014
3117
2499
1464
2527
1398
1136
1610
2313
1483
4062
4192
1e83
2686
2641
1379

710
1417

129

951

623

879
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1895
1384
1366
2294
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3934
2182
2373
1652
2461
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-9
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10F0

2977
1607
1310

672
2077
1442
1685
3028
2074

869
2492
1596
1032
1243
2193
1936

599
2074
2141
149¢
1052
1768
1959
2447
1608
2730
2686
1606
2113
2182
1214
1859
127¢
1220
1399
1091

10FC

2924
1544
1354

700
2171
1456
1596
2919
2004

839
2427
1623
1044
1192
2223
1940

541
2040
2074
1480
1031
1747
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2450
1576
2618
2676
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2197
1258
1863
1218
1213
1302
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1968
33123
1215
1368
1701
1555
1926
2755
2390
2570
2793
2469
2341
1185
1152
1402
2634
25217
1072
2309
1833
1567
1009
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827
2136
3573
1799
1818
3185
1712
1066
1833
2119
1915
1800

10FC

1529
3249
1110
1331
1777
1610
1984
2796
2438
2560
2660
2426
2273
1142
1205
1496
2609
2481
1057
2242
1822
1538
1063
458
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2235
3437
1698
1689
3127
1712
1085
1861
2114
1873
1832



Table 2.5 (continued)
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1555
1620
1279
1364
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2460
1555
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1152
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933
1135
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1364
1504
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2794
1529
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1672
3061
2061
1460
1119
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2057
1638
1215
2332
2007
1358
1286
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CALCULATED STRUCTURE FACTORS FOR
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2717 -1
1500 1
1592 3
1281 -6
1362 -4
1079 -2
934 0
2490 2
1415 4
1461 6
1134 e
925 Sl
2410 -5
1502 =3
967 =
2517 1
1324 3
1261 5
2437 2
1060 -4
1273 -2
1331 0
1727 4
1667 -5
1686 =)
1121 1
1445 3
2021 5
2316 -4

880 -2
2209 0
2655 4
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1136 3
1462 =11
1279 -9
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10FC H
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1041 -5
2890 -3
3666 -1
1045 1
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3379 7
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1521 -2
2122 0
1381 4
1584 6
2463 8
2743 -7
1578 =5
2498 -1
3273 1
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2033 S
1556 7
2952 -6
1981 -4
1477 0
1191 2
571 4

798 8
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2078 -5
1692 -3
1209 -1
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1926 3
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1381 -6

K

19
19
19
20
20
20
20
20
20
20
20
21
21
21
21
21
21
21
21
22
22
22
22
23
23
23
23
23
24
24
24
24
25
25

1

1

L

-8
-8
-8
-8
-8
-a
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-7
-7

10FO
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961
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1612
1810
1156
1274
1433
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1776
1068
1845
1235
1289
1939

833

852

592
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1417
1647
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1031
1695
1177
1452
1564
1580
2219
1452
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1131
1717

€99

946
1295
1803
1326
1526
1643
1060
1318
1449

973

684
2103
1667

855
1760
1192
1294
1973
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771

577
1004
1371
1609

935
1057
1696
1224
1378
1599
1541
2297
1506
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STRUCTURE FACTORS FOR
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1532
1339
1496
1250
1060
1230
2342
2284
1476
1512

552
1648
1622
2584
1832
1288
2716
1990
1044
1139
1610
1700

778

575
1381
2054
1512
2570
2076
1641
2558
1664
1210
1698

10FC

1397
2238
1524
1283
1438
1214
1059
1301
2338
2301
1387
1481

581
1640
1659
2506
1801
1255
2641
1968
1064
1101
1601
1205
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1431
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1463
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1576
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-7
-7
-7
-1
-7
-7
-7
-7
-1
-7
-7
-7
-7

10F0

2386
4879
2890
3149
3526
2133
1590
less
1356
1255

210
1177
2196
3657
3139
1782
1053
3197
1104

737
1473
1230
1092

917
2402
3642
2818
2299
1762
2615
1297
1254
1045
1412
1670
2796

L 10FO

-7
)
-7
-7
-7
-7
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-7
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-7
-7
-7
-7
-7
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-7
-7
-7
)
-3
-7
-7
-7
-7
-7
-7
-7
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896
1423
2608
1329
1541
1304
2168

947
1294
1504

916
1525

895
1843
2235
2010
1775
1507
1275
169¢
1529
1066

487
1555
1318
1512

967

€00
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942

938
1097
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1726
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(IRFEZ(CO)7PPH3AU2(PFH3)2C2PH] PAGE 9
10FC H K L 10F0 10FC H K L 10FO 10FC
2280 -4 4 -7 3069 2897 5 7 -7 676 420
4403 -2 4 -7 1038 1013 7 7 -7 1306 1346
2666 0 4 -7 1984 1912 9 7 -7 1237 1245
3120 2 4 -7 2746 2859 11 7 -7 1733 796
3744 4 4 -71033 1071 -10 8 -7 1644 1708
2364 € 4 -7 1485 1581 -8 8 -7 1905 1864
i620 10 4 -7 754 680 -4 8 -7 4045 3948
2057 12 4 -7 689 703 -2 8 -7 3396 3304
1313 =11 5 -7 1230 1222 0 8 -7 2698 2593
1339 -9 5 -7 1682 1623 2 8 -7 5527 5619

820 -5 5 -7 3594 3338 4 8 -7 3437 3456
1270 =3 5 -7 5076 4888 6 8 -7 1677 1677
2249 =1 5 -7 1433 1457 8 8 -7 3378 3476
3389 1 S -7 3662 3659 10 8 -7 2453 2600
3049 3 5 -7 5230 5437 12 8 -7 628 613
1812 5 5 -7 2244 2374 -3 9 -7 1162 1067
1018 7 S -7 2431 2518 =7 9 -7 946 995
3339 9 S -7 2623 2675 -5 9 -7 2138 2141
1120 13 5 -7 749 822 -3 9 -7 2524 2444

784 -8 6 -7 1212 1224 -1 9 -7 1279 1345
1526 -6 6 -7 1265 1291 1 9 -7 2173 2136
1202 -4 6 -7 2094 1921 3 9 -7 2068 2132
1068 =2 6 -7 2848 2734 5 9 -7 851 861

852 0 6 -7 3683 3685 7 9 -7 1329 1351
2146 2 6 ~7 3174 3288 9 9 -7 1509 1549
3278 4 6 -7 2584 2572 11 9 -7 831 846
2749 6 6 -7 1727 1769 -10 10 -7 1449 1447
2392 8 6 -7 2722 2702 -8 10 -7 2421 2459
13951 10 6 -7 1629 1690 -6 10 ~7 1183 1179
2772 12 6 -7 1015 1023 -4 10 -7 2159 2099
1280 -7 7 -7 1147 1121 ~2 10 -7 3074 2908
1312 -5 7 -7 2200 2065 0 10 -7 1188 1137

924 -3 7 -7 1764 1706 2 10 -7 2497 2460
1396 -1 7 -7 1177 1077 4 10 -7 1629 1875
1693 17 -7 2254 2292 6 10 -7 796 810
2569 3 7 -7 2823 2933 8 10 -7 1712 1818

(IRFEZ(CO)7PPH3AU2(PPH3)ZCZPH] PAGE 10
10FC H K L 10FO 10FC H K L 10FO 10FC

€07 -6 0 -6 4839 4375 -3 3 -6 3456 3311
1370 -4 0 -6 3455 3302 -1 3 -6 2595 2462
2549 =2 0 -6 787 661 1 3 -6 1357 1443
1369 0 0 -6 6506 €770 3 3 -6 3064 3350
1484 2 0 -6 3374 3786 S5 3 -6 1800 2052
1312 4 0 -6 1982 2269 7 3 -6 996 1004
2097 6 0 -6 2106 2164 9 3 -6 1298 1320

911 8 0 -6 856 797 11 3 -6 1460 1523
1312 10 0 -6 2559 2516 =10 4 -6 1484 1429
1497 12 0 -6 1695 1653 -8 4 -6 1513 1521

847 =11 1 -6 1152 1212 -6 4 -6 1917 1774
1496 -9 1 -6 1338 1274 -4 4 -6 3340 3198

91% =7 1 -6 1105 1014 -2 4 -6 4558 4395
1309 =5 1 -6 1746 1694 0 4 -6 2761 2685
219¢ -3 1 -6 1561 14862 2 4 -6 4780 4982
1875 -1 1 -6 2384 2292 4 4 -6 3751 4117
1616 1 1 -6 1247 1303 €6 4 -6 11768 1218
1435 3 1 ~6 1392 1338 8 4 -6 2317 2379
1299 5 1 -6 1624 1592 10 4 -6 1379 1284
1612 7 1 -6 738 824 12 4 -6 648 609
1579 9 1 -6 856 882 -11 5 -6 1280 1251

927 =12 2 -6 1277 1257 -9 5 -6 1279 1186

438 =10 2 -6 1565 1503 -7 5 -6 1845 1655
1445 -6 2 -€ 3268 2918 -5 S -6 2906 2659
1166 -4 2 -6 2994 2646 -3 5 -6 914 838
1563 -2 2 -6 28B5) 2513 -1 5 -6 3328 3285

98¢ 0 2 -6 3680 3721 1 5 -6 2327 2437

500 2 2 -6 1285 1340 3 5 -6 907 939

€50 4 2 -6 1300 1412 5 5 -6 1745 1902

922 6 2 -6 1983 1999 7 5 -6 1955 1961

927 10 2 -6 1238 1179 9 5 -6 1162 1299

963 12 2 -6 1238 1235 11 S -6 951 1010

785 -11 3 -6 2210 2180 -10 6 -6 1767 1809

95— ——5—3 =¢-2030-1987 =8~ 6 -6 1636 1597
1837 =7 3 -6 1728 1599 -6 6 -6 1378 1331
2919 -5 3 -6 3863 3673 -4 6 -6 4139 3848
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Table 2.5 (continued)
OBSERVED AND CALCULATED STRUCTURE FACTORS
H X L 10FO 10FC H K L 10F0O 10FC
-2 6 -6 3646 3486 9 9 -6 2563 2720
0 6 -6 1274 1310 13 9 -6 875 202
2 6 -6 4897 5089 —-10 10 -6 1531 1549
4 6 -6 3528 3759 -8 10 -6 1387 1378
8 6 -6 2166 2202 -6 10 -6 1573 1545
1C 6 -6 2006 2007 -4 10 -6 4998 4709
-11 7 -6 1231 1323 -2 10 -6 3698 3526
-9 7 -6 2876 2877 0 10 -6 1629 1624
-7 7 -6 2335 2175 2 10 -6 3683 3909
~S 7 -6 3529 3269 4 10 -6 3480 3598
-3 7 -6 5468 5297 8 10 -6 1599 1648
-k 7 -6 4630 4402 10 10 -6 1836 1917
1 7 -6 4842 4796 -9 11 -6 1448 1422
3 7 -6 5252 5506 -7 11 -6 1638 1654
5 7 -6 2768 3018 -5 11 -6 1612 1491
7 7 -6 2328 2430 -3 11 -6 1574 1584
9 7 -6 3037 3171 -1 11 -6 1982 1885
11 ?7 -6 1589 1574 111 -6 1398 1282
-8 8 -6 B73 1036 3 11 -6 495 459
-6 8 -6 1549 1590 5 11 -6 1054 1077
-4 B ~6 1559 1455 7 11 -6 1693 1703
-2 B -6 1516 1501 -10 12 -6 979 1059
0 8 -6 1407 1466 -8 12 -6 1447 1458
2 B -6 1443 1462 -4 12 -6 2664 2478
4 8 -6 505 472 -2 12 -6 2954 292¢
12 8 -6 562 605 0 12 -6 968 944
=11 9 -6 991 1013 2 12 -6 2912 2840
-9 9 -6 2696 2629 4 12 -6 2433 2405
-7 9 -6 2182 2129 8 12 -6 1444 1521
-5 9 -6 2678 2456 10 12 -8 809 865
=3 9 -6 4618 4443 =11 13 -6 1201 1190
-7 $ -6 295C 3036 -7 13 -6 881 866
2 S -6 2157 280C9 -5 13 -6 2605 2501
3 9 -6 4457 4557 -3 13 -6 2010 1854
5 9 -6 1329 1327 -1 13 -6 1304 1276
T 9 -6 2084 216C 1 13 -6 2062 200§
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le20
2744
2962
1490
2572
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1379
1632

917
2112
1319
1447
2669
1162
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1284
1137
3051
3738
1401
5663
7139
3451
5245
463)1

760
2810
2378

957
1557
1826
3331
3559
2854
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2376
4342
3790
2800
3233
1551
2676
1107
1312
1511

845
2082
1269
1525
2793
1280

715
1309
1137
2992
3682
1268
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€820
3485
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796
2946
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3069
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-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6
-6

10FO

1611
1399
1082
1296
1662
1641
2111

874

567
ic12

820
1849
1817

580
2758
2421
1591
1706
1517
1790
1936
1976
2219
1985

940
1022
1142
1209
1125
1462
1293

715
1146
2309
1832
1909

10FC

1615
1399
1011
1347
1650
1586
2067

960

559
1104

773
16847
1741

579
2745
2248
1590
1624
1562
1714
1981
1919
2224
189¢

990
1003
1128
1234
1092
1393
1299

804
1112
2319
1800
1913

H K L
0 18 -6
2 18 -6
4 18 -6
€ 18 -6
8 18 -¢
=719 -6
-5 19 -¢
-1 19 -6
119 -6
319 -6
7 19 -6
-6 20 -6
-4 20 -6
~2 20 -6
0 20 -6
2 20 -6
4 20 -6
6 20 -6
8 20 -6
~7 21 -6
-5 21 -6
-3 21 -6
-1 21 -6
121 -6
5 21 -6
721 -6
-4 22 -6
-2 22 -6
0 22 -6
2 22 -6
4 22 -6
6 22 -¢
8 22 -¢
-5 23 -6
-3 23 -¢
-1 23 -6

10F0

3225
1281
20s0
2953

887
1142

844
1721
1865

835

675
1806
2083
2379
1679
1978
1886
1393
1105
1814
1777

9177
2669
2487
1791
1419
1694
1816

894
1066
1155

508

900
1116
2064
1512

IIRFEZ(C0)7PPH3AU2(PPH3)2C2PH]

-5
-5
-5
-5
-5
-S
-5
-5
~5
-5
~5
=5
-5
=5
L)
=
-5
-5
-5
-5
-5
-5
-5
-5
-5
-5
-5
-5
-5
-5
~5
=5
-5
=0
-5

10FO0

2236
2933
2003
a37
€00
732
1335
2103
894
2534
3541
2158
2254
1435
979
1931
1039
624
889
1987
1540
2699
4391
2106
1143
4342
1933
1631
887
852
1347
468
731
1198
2047
1528

10FC

2285
29177
2174

851

a49

790
1298
2032

868
2446
3491
2099
2295
1460
1015
1977
1060

628

909
2006
1470
2532
4202
2074
1197
44235
1976
1677

BB9

805
1369

493

118
1179
2097
1528

H

]
10
12

-1l
-9
-7
-3
-1

K

L

-5
-5
-5
-5
-5
ool)
-5
~5
-$
=5
-5
-5
-5
-5
-5
-5
=5
-5
-5
=S
-5
-5
-5
-5
-5
-5
-5
-5
-5
-5
=5
=5
~5
=5
-5
-5

10FO

1012
1196
1076
559
1087
1022
1196
1086
21581
2197
1364
1232
908
1858
1626
1913
2518
2193
1496
1342
880
1778
1762
617
1070
1638
2127
566
1125
1140
1729
1299
1224
2505
1351
8313

10FC

3254
1305
1998
2850

925
1126

912
1629
1e14

776

597
1760
2151
2382
1561
1988
1795
1273
112¢
1820
1780
1042
2624
2324
1682
1329
1632
187¢

902
1073
1093

535

B8S
1235
1981
1549

10FC

998
1241
1118

477
1189
1060
1172
1144
2118
2120
1416
1215
1015
1783
1633
1797
2556
2160
1544
1359

868
1812
1691

564
1043
1664
2184

581
1196
1096
1757
1241
1238
2468
1300

B12

=

NWwHObON LW

-7
=5
=3
-1

AN D

WRNNNRONRNRNNRNR - e o et b s

=

-5
-5
=9
-5
]
=5

-s

PAGE 11
10FO 10FC

1797 1796
1661 1648
1366 1404
1222 1124
1255 1308
1574 1557
1104 989
1139 1006
898 892
1158 1270
840 810
2014 2021
1169 1121
2113 2103
2875 2657
1822 1641
3929 3781
2716 2966
1921 2151
2523 2581
1017 1044
1907 1861
2304 2291
1225 1192

941 954
2206 2183
1818 1666
3661 3319
5283 4932
2058 2129
2910 3125
3090 3327
1529 1551
1915 1973
1242 1195
1616 1613

PAGE 12
10F0 10FC

1754 1764
1021 1069
2126 2051
2605 2614
1430 1309
2463 2441
2346 2308
1036 1008
2381 2340
1652 1865
1047 1132
1263 1175

948 918
1179 117

779 833

687 667
1902 1933
2849 2842
2014 1977
2366 2314
2215 2208
1650 1549
2404 2307
1687 1762
970 955
1633 1814
1301 1254
1601 1742
3297 3317
1596 1588
1668 1589
717 €70
164871702
2278 2313
1491 147}
1367 1299



Table 2.5 (continued)

OBSERVED AND

H K L
3 21 -5
521 -5
9 21 -5
-6 22 -5
-4 22 -5
-2 22 -5
0 22 -5
2 22 -5
4 22 -5
€ 22 -5
8 22 -5
-1 23 -5
123 -5
3 23 -5
5 23 -5
7 23 -5
-6 24 -5
-4 24 -5
-2 24 -5
0 24 -5
2 24 -5
4 24 -5
-5 25 -5
-1 25 -5
125 -5
2 26 -5
=12 0 -4
~10 0 -4
-8 0 -4
-6 0 -4
-4 0 -4
-2 0 -4
0 0 -4
2 0 -4
4 0 -4
6 0 -4

10F0

1663
1387
975
1829
1798
2205
2937
2000
1084
1614
1146
1365
1262
7
748
1092
455
1355
1435
712
1274
1386
961
913
1011
1230
1015
1B63
1610
4400
3268
2593
5467
1343
1310
3108

OBSERVED AND

H

-4
-2

-11

K L 10Fo
14 -4 532
14 -4 767
14 -4 2367
14 -4 2659
14 -4 2180
14 ~4 1637
14 -4 1799
14 -4 1318
14 -4 1085
15 -4 1108
15 -4 1729
15 -4 2127
15 -4 779
15 -4 2353
15 -4 2909
15 -4 927
15 -4 818
15 -4 1723
16 -4 1111
16 -4 2219
16 -4 2075
16 -4 1705
16 -4 2443
16 -4 19423
16 -4 2189
16 -4 1356
17 -4 1183
17 -4 1198
17 -4 1062
17 -4 1315
17 -4 1343
17 -4 1379
17 -4 1477
11 =4 ..992
17 -4 666
18 -4 1256

CALCULATED STRUCTURE FACTORS FOR

10FC H
1646 8
1366 10
881 12
1905 -9
1775 =S
2263 )
2882 -1
1897 1
1085 3
1509 S
ll8s 7
1365 9
1279 11
768 =12
762 =10
1058 -8
516 -6
1371 ~4
1475 -2
665 0
1320 2
1373 4
943 3
947 8
1043 10
1173 12
1080 =l
1770 -9
1723 -7
3949 =
2748 -5
2390 =)
5877 1
13278 3
1342 5
3177 7/
CALCULATED
10FC H

543 -8

743 -6
2432 -4
2629 -2
2217 Q
1734 2
1826 4
1397 6
1160 ]
1026 10
1663 =5
2054 -1

730 1
2337 3
3021 5

946 7
842 -8
1762 -6
1159 -4
2219 -2
1904 0
1700 2
2398 4
1961 6
2185 =7
1390 -5
1084 =3
1174 -1
1108 1
1358 3
1262 5
1356 7
1484 -8
1052 -4
664 -2
1284 0

K L 10FO 10fC H
0 -4 1086 1170 9
0 -4 3035 2994 11
0 -4 2367 2266 =10
1 -4 1217 1123 -8
1 -4 996 826 -6
1 -4 4063 3491 -4
1 -4 2922 2676 -2
1 -4 2494 2756 0
1 -4 1560 1806 2
1 -4 2467 2690 4
1 -4 1179 1201 6
1 -4 864 877 8
1 -4 880 892 10
2 -4 871 943 -11
2 -4 852 796 =
2 -4 11682 1059 =7
2 -4 3214 2960 -5
2 -4 1720 1641 -3
2 -4 1823 1666 -1
2 -4 3537 3477 1
2 -4 3105 3408 3
2 -4 2164 2398 S
2 -4 2084 2217 7
2 -4 1116 1144 S
2 -4 1866 1821 11
2 -4 1445 1434 -10
3 -4 1622 1538 -8
3 -4 1597 1557 -6
3 -4 935 8¢8 -4
3 -4 1179 1183 S
3 -4 4706 4319 0
3 -4 5082 4946 2
3 -4 867 886 4
3 -4 2991 3311 6
3 -4 4775 5084 8
2 -4 2621 2728 10

STRUCTURE FACTORS FOR

K L 10FO 10FC H
18 -4 1312 1338 2
18 -4 3168 3146 4
18 -4 2654 2692 6
18 -4 1131 1077 8
18 -4 3368 3417 -7
18 -4 185) 1927 -5
18 -4 1718 1705 -3
18 -4 2175 2117 -1
186 -4 ses 707 1
18 -4 692 746 3
19 -4 1227 1212 5
18 -4 2443 2385 ?
19 -4 1931 1832 0
19 -4 B35 892 2
19 -4 1142 1188 6
19 -4 726 180 -3
20 -4 1365 1304 3
20 -4 1943 1980 1
20 -4 2172 2251 3
20 -4 2198 2178 0
20 -4 1740 1779 -11
20 -4 2227 2307 -9
20 ~4 1858 1974 -7
20 -4 1059 1108 -5
21 -4 1790 1725 -3
21 -4 2516 2513 il
21 -4 1280 1360 1
21 -4 2958 2961 5
21 -4 2665 2799 7/
21 -4 1035 1142 e
21 -4 1546 1546 11
21 -4 1536 1493 13
22 -4 966 937  -1p
22 =4 1279 1344 -8
22 -4 1604 1568  -¢

22 -4 564 626 -4

=

NARNANANRAAOVNUNUNUNNVNUIB LA DS S DS DS RN

327.

[IRFEZ(CO)7PPH3AU2(PPH3)2CZPH]

L

-4
-4
-4
-4
-4
~4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4

|
FS

10FO

1237
1754
1982
3036
2765
4795
4718
1574
3742
3766
1387
1337
1075
1609
1514
1556
2249
2022
4685
2987
820
2701
2370
1145
1131
2065
3179
1554
3291
4787
1456
3310
3779
1276
1448
1990

10FC

1236
1756
1937
2893
2517
4131
4432
1447
4151
4261
1456
1439
1161
1484
1388
1461
2165
1761
4397
2957

807
2978
2579
1171
1143
1927
3118
1483
3086
4547
1520
3364
3991
1283
1557
1969

-11

K

WOV D000 00D O DD D ®® M ~d 3 md =3 =) md o) o No

-10 10
-8 10

L

-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4

10FO

893
1574
3694
3641
2928
€870
6145
2465
4lel
2554
1438
2140
1099
1848

780

431
2047
2550

51e
1101

963

€73
1008
2861
2672
2172
5630
5037
1465
4197

991
1551
2036

765
2026
2506

(!RFEZ(CO)7PPH3AU2(PPH3)2C2PH]

L

-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-3
-3
-3
-3
-3
-3
-3
-3
-3
-3
-3
-3
-3
-3
-3
-3

10FO0

1284
1361

642

959
1098
1566
1963
1946
1607
1241
1180

962
1316
1063

927
1384
1444
1077
1303

665

943
1108
3382
1786
4318
5035
4144
3429
2140
2043
2353
1447
1501
2596
1071
2569

10FC

1287
1395

583
1019
11862
1588
2104
1999
1645
1260
1183

900
1380
1145

877
1378
1448
1072
1289

714

873
111e
3089
1655
3602
4825
4747
3602
2258
2057
2302
1348
1423
2423

942
2262

H

-11

K

10FC

9689
1573
3561
3360
2661
6395
5903
2594
4596
2813
1565
2260
1080
1802

837

459
2053
2561

486
1237

996

594
1060
2753
2519
2003
5507
4986
1472
4415
1032
1624
2134

758
1987
2332

L 10F0 10FC

=3
~X
=3
=3
=3
=3
=3
=3
-3
-3
e
=3
-3
=3
-3
=3
-3
=3
=3
-3
=3
=3
=3
=3
-3
-3

7122
2161
1709
4401
3936

757
1936
1581

171

823
1948
2515
4589
4320
2671
3s0
2066
1941

938

723
1269
1295

823
2238
1432
REL
3498

47
580
4179
1411
1522
1381
1059

971
3053

H

~10

K

=

LRV NT YT RV

i i R R I R RUR- W A AP AR AVLLLL

L

-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4
-4

[

|IIIlIIIIIIIIIIIIIIIIIIllllIIIIl
HOLWWLWLLULVL LWL CLLLOGL LGS VW W LW

LI |
W WL e

PAGE 13

10F0

1714
3795
3863
3052
2511
4180
1421
1240

710

906
2075
2072
2303
1907
1649
2109
1354
1094
1202
1501
2294
2431

97¢
2870
3053
1468
1202

768
1096
1447
2792
1414
1726
2605
1030
1559

10FC

1559
3567
3706
3033
2643
4442
1431
1323

752

817
2003
2079
2294
1921
1756
2227
1472
1089
1102
1534
2128
2441

951
2913
3240
1463
1250

775
1110
1419
2793
1419
1763
2642
1081
1556

PAGE 14

10FO

3654
2328
5197
3638

817
3587
3380

638
1541
1047
1619
2087
3023
2462
3137
5687
2525
2801
1376
14234
1583

512
1265
2342
1150
2820
1655
2040
2410

712

767
1327

720
2763
4009
2210

10FC

3622
2022
4757
3478

854
3979
3723

626
1558

990
1557
1969
2738
2228
2784
5291
2497
2892
1566
1551
1735

471
1351
2255

991
2541
1604
2146
2666

722

798
1356

%7
2632
3778
1930



Table 2.5

(continued)

OBSERVED AND

K

VOOWOLOUOVOYWDD®R®®o®

L

-3
-3
-3
-3
-3
-3
-3
-3
-3
-3
-3
-3
-3
-3
-3
-3
-3
-3
-3
-3
-3
-3
-3
-3
-3
-3
-3
-3
-3
-3
-3
-3
-3
-3
-3
-3

10FO

4557
7970
4072
2993
3207
1121
1401
1487
1546
1604
3264
3012
1e87
1821
2391
1577

606
1213
1494
3713
4543
1591
2673
1974

788
1768
10986
2032
2272

995
3757
2782

B74
3457
2656

985

OBSERVED AND

H

VRO UNAEL bbr L, r A A A LLULLLEWW L WLN RN XN

L

-2
-2
~2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
~2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2

10FO

1532
2346

991
1518
1166
1048
3391
1838
2710
3489
2208
3233
6342
3760

869
1e79
1427
1013
1650
4124
2689
2532
5974

785
2359
1137

832

S35
10683
1961
1931
1440
3126
1530

=l_5 -2 2118
5 -2 4094

CALCULATED STRUCTURE FACTORS FOR

10FC

4178
7528
4058
3168
3543
1079
1533
1415
1446
1442
2955
2896
1844
2037
2592
1717

636
loeg
1365
3376
4271
1588
2898
2067

855
1804
1138
1998
2083

B8S
3622
2768

881
3606
2843

98¢

H K L 10FO

11
-8
-6
-4
-2
0
2
4
6
8
10
12
-9
-5
-3
-1

=10

11
12
12
12
12
12
12
12
12
12
12

-3
-3
-3
=3
-3
-3
-3
-3
=5
-3
=3
-3
-3
-3
=3
-3
-3
-3
=3
-3
-3
-3
=3
-3
=)
-3
-3
-3
=
=3
-3
-3
-3
=3
-3
-3

837

994
1459
1081
4194
3642
1587
2692
2176
1451
1384
1536
11s9
1280
2328

975
4491
3518
1441
182¢
2164
1011

989
1303
1569
1776
2459
1514
1759
2114
1179

B41
14158
1293
3610
2938

10FC

88l

924
1355
1112
3838
3365
1652
2790
2339
1527
1433
1606
1124
1239
2175

938
4420
3623
1571
1971
2288
1093

937
1173
1520
1762
2526
1519
1832
2276
1147

758
1310
1303
3472
3044

-7

11

-7
=5
-3
-1

CALCULATED STRUCTURE FACTORS FOR

10FC

1700
2479

968
1623
1135

903
3195
1759
2372
3454
2451
3698
7096
3902

[}
laee
1290

984
1585
3895
2529
2260
5327

6l6
2692
1201

889

583
1008
1918
1774
1340
2730
1267
1952
4013

K

e R R AN RN RN R R TR A N Y AR LKL LKL

L 10FO0

-2
-2
-2
~2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
~2
-2
-2
-2
-2
-2
-2
bt
-2

739
302e
1826

B02

862
1568
3635
3231
2557
3563
32952
16801
2065
2265
1309
1194
1015
1376
1663
3311
3477
1668
5917
€414
1511
1929
1360

836

€82

704
1129

766
2390
3147
1133
1398

10FC

618
3548
1992

758

82)
1456
3306
2997
2168
3369
3220
2012
2320
2422
1339
1219

956
1281
1511
2964
3138
1548
5366
6106
1410
2155
1585

911

859

680
1020

638
2346
3381
1258
1571

13
-10
-6
-6
-4
-2
0
2
4
6
8
-9
-7
-5
-3
-1

1
3
]
7
9
11

=10
-8

=

LR X RV RV RNV RV RV X

328.

[IRFEZ(CO)7PPH3AU2(PPH3)2C2PH]

L

-3
-3
-3
-3
-3
=]
-3
-3
-3
-3
=3
=3
-3
-3
-3
-3
-3
-3
-3
-3
-3
-3
-3
=3
-3
-3
-3
=3
-3
-3
=3
-3
-3
-3
-3
-3

10ro0

2147
2763
1623
1671
lese
1178
1851
1591
2488
2215

701
1197

458
2182
3046
146]
2707
2203

329
2003
124e
1183
1161
1794
1578
1559

933

851
1394
1856
3116
1772
2168
27858
2121
1521

10FC

2176
2818
1683
1770
1761
1238
1765
1661
2584
2348

767
1172

440
2166
2975
1380
2651
2283

336
2037
1333
1304
1161
1624
1627
1525

978

245
1407
1961
2989
1706
2155
2758
2149
1482

?
-8
-6
-4
-2

0

2

&

8
-7
-5
-3
-1

3

5
-8
-6

[IRFEZ(CO)7PPH3AU2(PPH3)2C2PH]

L 10F0

-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
=2
~2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2
~2
-2
-2
-2
-2
-2
-2
-2
-2
-2
-2

1422

985S
2441
2325
1630
5602
527¢
1662
3480
1340

B24
1246
1149
1595
1500
1798
1924
4055
less

519
2695
1985

894

770

894
2982
4035
4284
3412
2286
2454
1626
1402

€11
1255
2166

10FC

1440
1000
2336
2153
1432
5225
4962
1642
37¢1
1479

9317
1298
1166
1491
183¢
1722
1825
3882
3723

527
3046
2128

991

731

866
2809
3784
4001
3429
2584
2749
1962
1426

825
1177
2067

H

-€
-4
-2
)
2
4
]
10
-1
-$
-3
-1
1

-4

12
-11
-9
=7
-5
=3
3
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H K L 10FO 10FC H K L 10FO 10FC
~3 678 628 -4 26 -3 1587 1652
-3 780 771 0 26 -3 757 1716
~3 2212 2207 2 26 -3 1997 2062
-3 1689 1733 4 26 -3 1452 1504
=3 1605 1490 1 27 -3 €66 728
-3 3196 3350 3 27 -3 108S 1089
-3 1770 1800 0 28 -3 530 653
-3 1531 1477 -8 0 -2 3449 3379
-3 962 989 =6 0 -2 3731 3499
-3 1030 @872 -4 0 -2 1627 1487
-3 1042 1043 =2 0 -2 6494 5854
-3 1468 1432 0 0 -2 7950 8820
-3 1808 1780 2 0 -2 3957 4523
-3 1564 1561 4 0 -2 3088 3289
-3 1206 1194 6 0 -2 5681 5936
-3 1310 1269 8 0 -2 1506 1479
-3 1994 2009 10 0 -2 2766 2680
-3 1%88 1916 12 0 -2 2299 2229
-3 2024 2129 -9 1 -2 1452 1381
-3 2498 2618 -7 1 -2 2024 1880
-3 1769 1898 =5 1 -2 1279 1105
-3 817 8s3 =3 1 -2 2902 2506
-3 1147 1120 -1 1 ~2 4040 3674
-3 1494 1628 1 1 -2 672 726
-3 1224 1263 3 1 -2 1689 1962
-3 1518 1529 5 1 -2 3617 3859
—3 1669 1659 7 1 -2 1983 2028
-3 1069 1092 9 1 -2 615 682
-3 1442 1354 11 1 -2 1121 1127
-3 1733 1774 13 1 -2 769 1762
-3 1275 1240 -8 2 -2 1477 1424
-3 1402 1438 -6 2 -2 3873 3589
-3 1127 1060 -4 2 -2 2470 2117
-3 759 748 -2 2 -2 3664 3091
-3 809 872 0 2 -2 5537 5574
=3 749 N0 2 2 -2 3427 3952
PAGE 16

L 10FO 10FC H K L 10FO 10FC
=2 1103 1003 3 15 -2 1160 1182
-2 2925 21702 S 15 -2 1260 1265
-2 2491 23717 7 15 -2 1094 1177
~2 1527 1472 9 1S -2 1010 1085
-2 2373 2514 11 15 -2 776 819
=2 2431 2624 -10 16 -2 @83 759
-2 1614 1811 -8 16 -2 1232 1166
-2 1432 1517 -6 16 -2 2973 2738
-2 1771 17137 -4 16 -2 1004 989
-2 2046 1856 ~2 16 -2 2411 2398
-2 1575 1642 0 16 -2 4046 3958
-2 4081 4111 2 16 -2 1533 1557
-2 3400 3551 4 16 -2 2394 2539
-2 1246 1199 6 16 -2 2748 2954
-2 3193 3405 8 16 -2 1299 1371
-2 1647 1967 10 16 -2 1589 1715
-2 5717 582 -9 17 -2 1223 1168
-2 1511 1669 =7 17 -2 1352 1242
-2 921 874 =5 17 -2 1784 1698
-2 1480 1411 -3 17 -2 1774 1768
~2 1512 1448 =117 -2 1597 1547
~2 2880 2680 117 -2 2057 2143
=2 4173 4086 317 -2 949 1007
-2 3543 3692 $ 17 -2 947 978
-2 2861 3113 717 -2 841 @72
-2 1966 2208 =10 18 -2 1468 1478
-2 2677 2882 -8 18 -2 1018 1008
-2 1900 2026 -6 18 -2 3124 2969
-2 1201 1300 -4 18 -2 2552 2440
~2 1147 1011 0 18 -2 2855 2957
-2 897 780 2 18 -2 1385 1508
-2 1407 1315 6 18 -2 1410 1431
-2 1516 1455 10 18 -2 701 764
=2.1410-1365_-9-19--2 9313734
-2 1846 1872 =7 19 -2 1168 1228
-2 2457 2407 -5 19 -2 1123 1091



Table 2.5 (continued)

OBSERVED AND

H

-1
1
5
7

-8

-6

-4

-2
0
2
4

-9

-7

-5

-3

-1
1
3
5
7

-4

-2
2
4
€

-7

-5

-3

-1
1
3
s

-6

-4

-2
2

K L
19 -2
19 -2
19 -2
19 -2
20 -2
20 -2
20 -2
20 -2
20 -2
20 -2
20 ~2
21 -2
21 -2
21 -2
21 -2
21 -2
21 -2
21 -2
21 -2
21 -2
22 -2
22 -2
22 -2
22 -2
22 -2
23 -2
23'=-2
23 -2
23 -2
23 -2
23 -2
23 -2
24 -2
24 -2
24 -2
24 -2

10FO

2173
1608
1405
1092
1608
1621
1795
2090
1489
2045
1069

997
1322
2714
1215
1672
2389
1276

647
1066
1588
1418
2048
1573

575

973
1128
1581
1756

537

972

880
1065
1804

928
1870

OBSERVED AND

H

-4

=1
=1

10FO

3678
4526
3433
2856
2545
2691
1803
1276
2213
1747
1590
3301
2070
1732
2731
1813
1679
2230

c8e

743
1403
2827
1275
2191
4010
1393
1942
2310

872

953
1000

792
1505
77568
2675
217%

CALCULATED STRUCTURE FACTORS FOR

10FO0

1156
1201
1777

920
1479
2344
1207
1542

649
1219
2067

996
1698
1138
1075
4205
3318
1862
9747
7273
2352
4810
3310
1052
2017
1341
1330
3388
3061
1179
3360
6121
2064
4313
4546
2186

10FC

1200
1195
1857

909
1555
2529
12123
1529

730
1285
2158

979
1749
1110

955
4102
3165
1620
8758
9143
2635
5139
3342
1138
2013
1433
1210
3304
2957
1172
2925
6410
2433
4647
4897
2196

STRUCTURE FACTORS FOR

10FC H ¥ L
2214 4 24 -2
1684 -5 25 -2
1393 -3 25 -2
1109 -1 25 -2
1536 125 -2
1623 3 25 -2
1805 5 25 -2
2017 -3 27 -2
1499 -1 27 -2
2058 127 -2
1115 327 -2
892 -2 28 -2
1312 2 28 -2
2659 =11 1 -1
1267 -9 1 -1
1685 -7 1 -1
2413 -5 1 -1
1241 -3 1 -1
716 -1 1 -1
1080 1 1 -1
1852 3 1 -1
1527 S 1 -1
2160 7 1 -1
1591 9 1-1
633 11 1 -1
985 13 1 -1
1183 -12 2 -1
1527 -8 2 -1
1799 -6 2 -1
490 -4 2 -1
1034 ~2 2 -
953 0 2 -1
1011 2 2 -1
1822 4 2 -1
958 6 2 -1
1910 8 2 -1
CALCULATED
10FC H K L
3 =1 15 =1
4260 11%8=-1
3s83 315 -1
2983 3 1% -1
2808 7T 15 -1
o008 915 -1
1937 11 15 =1
1237 =10 16 -1
1966 =6 16 -1
1515 =4 16 -1
1478 -2 16 =)
3221 016 -1
1952 2 16 -1
1902 4 16 =1
2907 16 -1
1983 =11 17 -1
1824 =717 =1
2448 =5 17 =1
614 =1 17 =1
666 117 -1
1304 517 -1
2668 717 -1
1199 917 -1
2066 11 17 =4
3e63 -8 18 =1
1371 -6 18 ~1
2031 -4 18 -1
2592 =2 18 -}
gic 018 -}
1078 2 18 ~1
1058 4 18 -1
€51 618 -]
1323 818 -1
2536 =9 19 -]
2501 =P-19-=1
2020 =5 19 =1

10FO

4120
4107
2009
3124
2606
2055
1572
1102
1454
2037
1821

652
2089
1413
1193
1323
2515
2666
A530
6d]
2029
1663

682
1211
1599
1889
1860
2234
2583
1430
1245
1679

987
1147
1344
2491

10FC

4093
4036
2066
3489
2983
2252
1726
1061
1354
2059
1798

632
2157
1530
1286
1289
2321
245%
3slo
277}
2136
1940

B21
1336
1573
1875
1828
2143
g2y
1443
1356
135s
1132
1073
1333
2422

H
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1
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-7
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[IRFEZ(CO)?PPH3AU2(PPH3)2C2PH]

L

=l
i
ol
-1
=il
=1
-1
-1
-1
-1
-1
=il
=1
-1
-1
-1
-1
=1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
~1
-1
-1
-1
-1
Sl
-1
-1

10FO

1498
1779
1912
1639
3156
1679
2840
2734

946

900

897
1595
1057
1161
2565
1479
3151
3003
1093
4026
3740
1616

937
1653
1330
2891
4278
1530
2498
4549
1899

945
22179
2592
1544

587

10FC

1530
1729
1830
1435
2720
1466
2569
3059
1019

216

944
la1s8

809
1120
2331
1333
2752
2982
1129
4803
4205
1668

966
16234
1321
2586
3931
1468
2218
4065
2057

980
2459
2764
1612

589

H

K L
5 -1
6 -1
6 -1
6 ~-1
6 -1
6 -1
6 -1
6 -1
€ -1
6 -1
6 -1
6 -1
6 -1
7 -1
7 -1
7 -1
7 -1
7 -1
7 -1
7 -1
7 -1
7 -1
7 -1
7 -1
7 -1
7 -1
g -1
8 -1
8 -1
8 -1
8 -1
8 -1
8 -1
8 ~1
B -1
8 -1

10FO

1103
1475
2258
2590
1073
2573
4569
4291

894
1038
1129

905

724

614

760
l6l6
16869
1464
2365
2938
2792
1415

646
1408
1719

720
1211
1503
3028
1066
3811
7428
2480
1401
2741

648

[IRFEZ(CO)7PPH3AU2(PPH3)2C2PH]

L

=1
-1
=1
=1
=1
=1
=
=1
-1
-1
=1
o |
=1
=1
=1
=1
=1
-1
=1
-1
=1
=1
=1
-1
=1
=1
-1
=1
=1
e |
=1
=]
=1
=1
=1
=1

10FO

1533
1120
1406

4903

482

404

724
1718
1389
1949
1523

682
1101
1009
1126
1368
1114
1130

930
12558
1603
122%

906
1650
2311

849
1559
2675

882
1455
1732
1722
1251
1143

113s

2162

10FC

1524
1088
1382

970

485

273

752
1674
1235
1990
1668

766
1140

(31}
1057
1362
1181
12186

BEB
1134
1478
1173

934
1681
2293

927
1615
2754

855
1508
1752
1765
1375
1108
1167
2136

=10

K L
i6 =1
26 -1
26 -1
27 -1
27 -1
21 -}
27 -1
28 -1
28 =}

-1

s
B e = 0 T T S

Soboco0o0cO0DOoOOCOCOODecCoOBENO DS A

10FO

1753
2342
2136
1163

528

87
1370
1679

533
1209
2095
1708
2854
5468
2528
s725
6052
2024
5723
2752
1504
1946

806

539
3029
24548
3523
431e
34N
3346
2502
2876

904
1185
1186
1479

10FC

s
1141

1354
2063
2385

977
2420
4093
4104

306
1198
1185
1018

867

546

666
1410
1728
1298
2107
2685
2881
1561

680
1521
1851

697
1106
1339
2748
103e
3248
6724
2415
1494
3282

723

10FC

1820
2529
22315
1152
E4E
853
1400
1110
683
1209
20%1
1680
2718
5698
2618
5839
6229
2162
3833
2707
1460
1965
BES
486
2957
2368
dles
4497
4500
3350
2571
29456
947
1120
11e4
1400

-10
-8
-6
-4
-2

=

VWOVVOOVBOVVYDD®

10 -
10 -
10 -
10 ~
10 -
10 -
10 -
10 -
10 -
10 -
10 -
11 -

11 -

11 -

12 -

x

ENNE N

BEE LA LS LRLLWLLLLLLLLLWNNNNN NN NN

“ooooCco0oOCcoOOODOCCaOOD CooCcocooOoOCcOoOOoOOGGO

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

[
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10FO

1440
674
990
788
986

1535

1835

1665

3151

1124
764

192e

1559

1068

1628
856

5239

5092

2707

3304

2757
817

1625
884

2107

2299

1073

3420

2533

1140

2047

1752

1550

1342

1367

3448

10FC

1538

176
1038

€88

837
1331
1632
1547
2887
1151

836
2254
1718
1041
1457

846
4691
4690
2504
3427
3069

952
1750

890
1729
2162
1021
2971
2426
1290
2143
2015
1717
1488
1323
31983

PAGE 18

10F0

2468
2920
4791
7032
3770
2697
24423
1408
1063
1006
1712
1622

674
3344
4806

964
4681
3356

802
4159
3041

545
1507
1648

950
1141
3020
2326

581
1242
2319

561
1955
2501
1145
1004

10FC

2330
2791
4704
7595
4632
2875
2419

4809
10

647
1587
1600

966
1023
2772
2173

503
1000
2518

639
2161
2659
1151

985



Table 2.5 (continued)

OBSERVED AND

-13
Shlal

=)
-3
-1

0 W e

K

i e I e I I - N NN - R A N = N Y TR T T P PPNy PP

L

e R e e e e e e e R - e e e

10FO

1793
1109
3¢18
1474
2983
3053
1313
2898
1170
1586

717
1166
1141
3134
2979
1541
3095
4199
2630
1237
2163
2451
1019
1115
1516

176
2316
2664
2536
1858
1260
2110

469
2033
1867

756

OBSERVED AND

H

K

25
25
25
25
27
27
21
27
2¢
28
28

L

Doocoocococoooo

10FO

1237
lis0
2520
1172
2025
1160
129¢
2045
1756

926
1715

CALCULATED STRUCTURE FACTORS FOR

10FC H
1595 13
9717 -6
3241 -4
1306 -2
2638 8
3042 10
1534 -13
3258 -9
1163 -7
1671 -5
645 =3
1116 =3l
1055 1
23916 3
2582 5
1314 7
2594 9
3907 13
3030 -12
1383 -8
2351 -6
2743 -4
1098 -2
1130 0
1371 2
779 4
2071 (3
2356 8
2206 =9
1701 -7
1299 -5
2349 -3
484 -1
2273 1
2041 3
788 5
CALCULATED
10FC L
1200 -9
1219 -3
2733 -8
1234 -6
2022 -2
1180 ]
1330 4
21717 6
1791 -9
968 =7
1774 -5

K

VOOV OLVLOVOVWOLVLYLDDE®D -

L

R e e e e e R Lo R R o e L L e - g

10FO

1214
1257

651

916
1076

754
1427
1948
1741
1974
1624
2680
2307
3656
1568
1218
1666
1244
1082
1836
2878
1363
2189

698
1646
1179
2203
1511
1195
2241
4021
4738
3231
3200
3763
3030

10FC

1271
1075

€08

732
1120

746
1328
1716
1593
1765
4073
2474
2353
4092
1865
1397
1738
1307

994
1621
2683
1259
1981

686
1733
1369
2643
1668
1077
2051
3641
4206
3111
3223
4076
3528

H

7
9
=10
-8
-6
-4
-2

-11
=0
=5
-3
-1

1
3
S
7
11
=10
-8
-6
-4
-2
Q
2
4
6
8
10

-11
-9

STRUCTURE FACTORS FOR

L

1
1
1
1
1
1
1
1
1
1
1

10F0

894
1025
799
1369
1750
2031
1107
1457
€07
eq0
776

10FC

730
961
764
1238
1743
2099
1123
1628
567
806
793

H
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[IRFEZ(CO)7PPH3AU2(PPH3)2C2PH]

L

0
0
[
0
0
[+
0
0
0
0
Q
0
0
0
[
0
0
0
0
0
0
[}
0
0
0
0
0
0
[*)
o
[
0
0
0
[+
0

10FC

1717

o988
1376
2252
l448
2611
2845

656
2593
2165
1091
1771
1215
1130
3142
3864
1972
4153
4005
1623
29717
2340
1013
148
2519
2158
2563
3661
2716
3329
2206
1789
2211
1246

953
1250

10FC

1986
1129
1228
1955
1356
2331
2684

€56
2730
2360
1317
2037
1331

915
2864
3575
1783
3919
3906
1721
3436
2714
1026
1376
2261
1994
2255
3684
2783
3487
2285
2030
2496
14158

798
1044

H

-7
-5
-3
-1

1
3
5
7
[
11

-10
-8
-6
-4
-2

0
2
4
6
8
10
-9
-7
-5
-3
-1

K.

L

B e e e e e L R R e N - T

10FO

1433
1738
1929
2229
2098
1518
1470
1117

903

796
1373
1816
4010
1763
2253
5500
1829
1469
3301
1589
1018
1042
1599
2163
2285
2733
2581
1990
1764
1420

870
1497
1624
1660
1033
2013

[IRFEZ(CO)7?PH3AU2(PPH3)2C2PH)

L

P et e b e b e

10FO

1297
1313
1205

975

828
1052
1091
1367
1011
2969
1608

10FC

127¢
1252
1207
1025

788
1044
1064
1429
1068
2782
1677

L

1
1
1
1
1
1
1
1
1
1

10FO

878
2246
1416
1397
1724
1887
1248
1183

705
1069

10FC

1285
1569
1730
2055
2038
1577
1642
1302

964

781
1214
1713
3572
1671
2038
5365
187¢
1593
3692
1893
1178

916
1514
1953
2218
2691
2623
2107
1880
1599

958
1285
1493
1524
1084
2144

10FC

B84
2315
1606
1283
1619
la7e
14237
1180

€62
1099

-4
-2

-3
-1

-2

26

26
26

27
27
27

28

=

B R e e - R R R RN R R T T upy

[ ol

et et b e b s e
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10FO

981
1373
1469
1158
1609
1474
2482
2266
1110
1323

950

914

779

841
1431
1092

413
1020
1146

80e

948
1934
2167

724
2030
1771

4399
1237
1060

452
2019
2049
1970
1845
1209
2571

10FC

1099
1490
1612
1159
1537
133§
2263
2162
1138
1502

914

971

800

962
1271
1145

271
1186
1184

947

902
1898
2207

€99
2155
1852

478
1107
1092

464
2030
2033
2022
2045
1185
2606
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10FO

2161
235S

874
1799
1955
1364

965
1097
1042
1235

10FC

2128
2363

875
1971
2131
1340

927
1149
1142
1244
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APPENDIX 3

PUBLICATIONS BY THE AUTHOR ARISING FROM THIS WORK

1. Reactions of transition metal acetylide complexes,

Part IV. Synthesis and X-ray structure of a bromovinylidene
complex, [Ru{C=CBr (CgH,Br-4)} (PPhs),(n-CsHs)] [Brs]-CHCl;
(with M.I. Bruce, M.G. Humphrey and B.K. Nicholson)

J. Organomet. Chem., 1985, 296, C47.

2. Reactions of transition metal o-acetylides, Part VII.
Synthesis and properties of complexes containing halo-
vinylidene ligands. X-ray structure of [Ru(C=CIPh) (PPhj) -
(n=CsHs)][Is] (with M.I. Bruce, M.J. Liddell and B.K. Nicholson)

J. Organomet. Chem., 1987, 326, 247.

3. Cyclopentadienyl-ruthenium and -osmium chémistry, Part
XXVITII. Reactions and isomerisation of 1,2-bis(methoxy-
carbonyl)ethenyl complexes: X-ray structures of

Ru{ (z)-C(CO,Me) =CH (CO,Me) } (CO) (PPh3) (n-CsHs) - 0.5EtOH,

Ru{ () -C(CO,;Me)=CH(CO;,Me) } (dppe) (n-CsHs) and

] 1
Ru{C(CO,Me) =C (CO,Me)C(CO,Me)=CH(CO,Me) } (PPhj) (n-CsHs)
(with M.I. Bruce, A. Catlow, M.G. Humphrey, M.R. Snow and

E.R.T. Tiekink) J. Organomet. Chem., 1988, 338, 59.

4, (n-Cyclopentadienyl) [methoxy (methyl) carbene]bis-
(triphenylphosphine) ruthenium () Hexafluorophosphate
(with M.I. Bruce and E.R.T. Tiekink) Aacta Ccryst., 1988,

C44, 1130.



332.

5. Cyclopentadienyl-ruthenium and -osmium chemistry,

Part XXXI. Preparation of some complexes containing

1,1 °-Bis(diphenylphosphino) ferrocene (dppf): X-ray

structure of RuH (dppf) (n-CsHs) (with M.I. Bruce, I.R. Butler,

W.R. Cullen, M.R. Snow and E.R.T. Tiekink) Aust. J. Chenmn.,

1988, 41, 963.
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Addendum/Correction Sheet, March 1990.

The numbered references contained in the following passages can be found at
the end of the respective chapters in the thesis proper.

Chapter 1

Corrections. .
1. p.16, Paragraph 2. The C(1)-C(2) bond lengths for complexes: (1) and (3)

are not short for C=C double bonds. Given the error limits, these distances do

not differ significantly from the standard C=C bond length of 1.33A.

2. p.30, line 17. It has been stated that the bromination of complex (17)
probably gave I1-bromo-2-phenylethyne as an organic side product, this is
obviously not the case. Direct attack of bromine at the Ru-C(sp) ‘bond would
give initially (21) and bromoethyne.

Addendum.

1. Discussion on the ring halogenation reaction of Ru(CoPh)(PPh3)2(n-Cs5H3s).
| A great deal of the chemistry of Group 8 acctylide complexes can be
attributed to the nucleophilic beta-carbon found in these complexes. If onc
takes an organic chemis(s view point then the complex Ru(C2Ph)(PPh3)2(n -
C5Hs) can be thought of as a substituted benzene ring.  The carbon attached to
the ipso position of the benzene ring bears a concentration of electron
density!4 and bromination at the 4-position can be thought of as simply an
cxample of aromatic electrophilic substitution.

The theoretical study by Kostic and Fenskel4 showed that the ligand =
system in phosphine containing transition mc£al acetylide complexes can be
considered to be polarized away from the the metal fragment, which is_4d =
donating substituent. Any =« donating tendency of the negative charge on the
beta carbon would have the effect of predominantly directing electrophiles to

the 2- and 4-positions of the phenyl ring. The reason that bromination at the



2-position of the phenyl ring is not observed in the reaction of
Ru(C2Ph)(PPh3)2(n-C5H35) with bromine is probably steric.

Kostic and Fenskel4 also concluded that nucleophilic addition to
vinylidene ligands is essentially frontier orbital controlled while the addition
of electrophiles to acetylide complexes is largely charge controlled. Once a
vinylidene is formed from an acetylide complex several significant electronic
and energetic changes take place. The HOMO in cationic vinylidene complexes
is 25% localised on the beta carbon and this concentration of charge could also
direct para substitution of the phenyl ring. Intuitively electrophilic
substitution of a cation should be less favoured than substitution of the
neutral acetylide.

The use of neat Brp to effect the synthesis of the complex (5) could not
be extended 1o the synthesis of an analogous dppe derivative.  Attempts at such
reactions produced mixtures from which no tractable products could be
isolated.  The diffcrcncés between the PPh3 and dppe derivatives could relate
lo the respective reactant ratios and reaction conditions. However, as
mentioned above comparable conditions did not allow the isolation of a dppe
complex analogous to (5).

In the iodination reaction of Ru(C2Ph)(PPh3)2(n-Cs5H5) a two and half
times excess of iodine was used and a product analégous to (5) was also not
found. This could relate to the fact that jodine is the least reactive of the the
halogens  in aromatic substitution. It is wusually nccessary to catalyse the
reaction of iodine by oxidation to a beiter electrophile[ J. March in Advanced
Organic Chemistry,3Td Edition, Wilcy, 1985, p.478.]

The dircct introduction of chlorine gas into tetrahydrofuran solutions
of Ru(CzPh)(PPh3)2(n—C5H5) was not attempted. Chlorine is more reactive
than bromine and it was feared that this would lecad to decomposition of the
substrate.

It is still unclear whether the ring halogenation of Ru(C2Ph)(PPh3)2(n -
CsHs) acuwally precedes or is concurrent with B-carbon at'lack. However, it is
clear that the mechanism of halogenation of these acétylidcs deserves more

detailed study.

2. The reaction of dioxygen and water with vinylidene complexes.
It is believed that complexes (9) and (10) react—with—both—water—and

oxygen to form complexes containing carbonyl ligands. The reaction of



dioxygen with a ruthenium phenylvinylidene complex to give a cationic
carbonyl containing complex has been rcporled.6 This result was thought to
be a consequence of direct cleavage of the vinylidene C=C double bond by
dioxygen. This assumption was supported to some extent by the isolation of the
expected organic side product, benzaldehyde, as 2,4-dinitrophenylhydrazine
derivative.

The reaction of [Ru{C=C(Ph)(C7H7)}(dppe)(n-CsH5)][PFg] (28) with
aqueous tetrahydrofuran also gave a cationic carbonyl complex
[Ru(CO)(dppe)(n—C5H5)][PF6]19. Therefore there is evidence that vinylidene
complexes react with water and oxygen to give carbonyl containing
complexés. It is also stated(Ch.1, p.28) that the reaction of (9) with water in
tetrahydrofuran did indecd give [Ru(CO)(PPh3)2(n-CsH5)][PFg] although no
experimental details were given. However, it is truc that cxperiments with dry
air and dcoxgenated water would be necessary to distinguish unambiguously

which of the two was reacting with solid vinylidene samples.

3. p.22 Postulated structure of complex (15)

A more reasonable alternative (15a) for the structure postulated for

(15) is depicted below. '
SiMeg , PFg’
H
+//
SR

MesP SiMe,

(15a)

This structure is more consistent with the observation that the SiMe3 groups

arc magnetically incquivalent. However, the absence of a pcak at  ca. 8§ 7-8 in

the TH NMR spectrum of (195) due 16 a ruthenacyclopentatricne =CH{cf. (]_6)32]

casts some doubt on both structures. It is conccivable that the peak under the

CsHs5 resonance be assigned to a =CH carbon of a ruthenacyclopentatriene but

the chemical shift would seem to be at too high a (field.



Chapter?
Corrections.
1. p.96, line 4 & paragraph 2, line 14.

A better explanation of the relatively high field shifts (ca. § 2) of the
butadienyl protons and =CH carbons (ca. § 48) of complex (28) is that the
ruthenium atom strongly donates clectron density into the w* orbitals of the

dienec.

Addendum

1. An important reference on alkyne oligiomerisation was omitted:  M.J.
Winter in The Chemistry of the Mectal-Carbon Bond,Vol. 3, Ed, F.R. Hartley, S.
Patai, Wiley, 1985, p. 259-294.

2. The salt NH4PFg was not necessary for the stoichiometry of the
reactions in which complexes (27), (28), (29) and (31) were formed(see Scheme
4, p.92). However, the reactions were considerably less clean in its absence.

The Ru-Cl bond of RuCl(PPh3)2(n-Cs5Hs) is highly polarized and is almost
completely dissociated in methanol[R.J. Haines ana A.L. DuPreez, J. Organomet.
Chem. 1975, 84, 357]. This allows facile heterolytic clecavage of the chloride
ligand and promotes substitution of the ruthenium complex.  The equilibrium
shown probably also lies somewhat to the right for the iodo complex.

RuX(PPh3)2(n-C5Hs) + McOH == [Ru(McOH)(PPh3)2(n-Cs5H3)) + X

X=Cl and I

It is thought that the large non-coordinating PFg~ ion stabilises the
cation (o a greater extent than the halide ion. In fact this has allowed Haines
and DuPreez to isolate the cation [Ru(McOH)(PPh3)2(n-Cs5Hs)][BPhg].

The rate and equilibrium constants for the acctonitrile solvolysis of the
halide ligand in the chloro complex, and a range of congencrs RuXLa(n-CsHjs)
(L=phosphine, phosphonite, phosphite;La=bidentate phosphine;X=CI,Br) have
been determined. [P.M. Treichel and P.J. Vincenti, Inorg. Chem., 1985, 24, 288]

The role of NH4PFg in the synthesis of complexes (27), (28), (29).and 3D
is probably (o polarize the ruthenium halide bond of the starting material.
This provides a- situation in which a coordination site on the ruthenium,
lightly solvent stabilized, is available for attack by the incoming alkyne. A

vacant coordination site can also arise as a result of the substitutional lability



of one of the bulky 'PPh3 ligands in RuX(PPh3)2(n-Cs5Hs5)[M.O. Albers, D.J.
Robinson and E. Singleton, Coord. Chem. Rev.,1987, 79, 1].

3. The essential feature of complexes (28) and (29) is that both complexes
contain m5-cyclohexadienyl rings(see Scheme 4). This fact should be

mentioned at the beginning of the discussion of the structural characteristics
of complexes (28) and (29) and not left to p.102.

Chapter 4
Corrections.
1. P.248 The discussion concerning eclectron counting.

Trimetallic alkyne clusters have been found to adopt two distinct
geometries categorized by their electron counts. The clusters having a 46
cluster valence electrons(CVE’s), or 6 SEP’s adopt a closo trigonal bipyramidal
structure with the alkyne ligand lying perpendicular to one of the mectal-
metal bonds. The other cluster geomctry has 48 CVE’s or 7 SEP's and can be
described as nido square pyramidal with the acetylenic moiety positioned
parallel to a metal-metal bond. In ecach case the neutral acetylene is counted
as a four-electron ligand.

2. p.233 & p234 Scheme 5.

This scheme was intended to depict a hypothetical situation in which
the Au-Au vector in complex (39) is cleaved in the presence of carbon
monoxide. The dashed arrows indicate a possible vinylidene product while the
solid arrows dcpict a possible alkyne product.

The reaction of several metal cluster complexes with
{O{Au(PPh3)}3][BF4] in the prescnce of (ppn]t salts gave derivatives
containing two Au(PPh3) moictics in which an Au-Au bond may or may not be
present{M.I. Bruce, P.E. Corbin, P.A. Humphrey, G.A. Koutsantonis, M.J. Liddell,
and E.R.T. Tickink, J. Chem. Soc., Chem. Commun., 1990, in press]. Although no
justification was offercd for the assumption that the species Au2(PPh3)2 is an
intermediate in these alration reactions the rcagent
[O{Au(PPh3)}3][BF4]/[ppn][Co(CO)4] can be considered a formal source of (wo
Au(PPh3) groups.



Addendum.
1. p.288, paragraph 2. The structure determination of complex (39)

The heavy atom positions were found to be disordered such that about
each atom two residual electron density peaks were located approximately 1A
from the parent atom. These were modelled successfully with 2% occupancy
factors.

The identity of the disordered solvent molecule was known from 1§ NMR
data. However, analytically pure samples of complex (39) could be obtained by
subjecting the solvent included complex to high vacuum for thirty six hours at

room temperature.





