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ABSTRACT

Catalytic routes were employed to prepare isonitrlie (RNC) and 
phosphine (PR^) substituted derivatives of monomeric and dimeric 
transition metal carbonyl complexes, representative new derivatives 
being characterized by single crystal X-ray crystallography.

Isonitrile derivatives of (n-Arene)Cr(C0J3 and (n-^CgHg)- 
Mn(cu)g were aynt'.nai*. rt by catalysed substitution reactions, 
catalyses being [ ( '  'Oj.y., and/or PdD. The structures 
of two of the new derivatives, (,1”c6:iijcc>Me)Cr(C0>2f'MBu*), and 
(n-CgHg)l4n(C0)g(CNBu^), were determined • : ’’ lography,
and stereochemical information obtained used in explaining 
anomalous 1R spectra of these complexes.

X-ray crystallography was employed to establish the 
substitution .geometry of the di-isonitrile derivative of iron 
pentacarbonyl, FetCOj^iCNNe)^. The molecular structure was unable 
to account for anomalies in the IR spectrum.

A chemical and structural study was undertaken of isonitrile 
and phosphine derivatives of Reg(CO)^^. The use of PdO to 
catalyse ths reaction between Re2(CO)10 and RNC enabled the facile 
syntheses of the isonitrile derivatives R B g C C O j ^ ^ C N R ^  (n = 1-4). 
These new derivatives were fully characterized by IR, NMR and 
mass spectroscopy. X-ray crystallography established the structures 
of a aeries of representative compounds, Rag(CO}g{CNBut},
Re2(CO)e(CNC6H3He2-2,6)2, Re2(C0)7(CNMe)3 and R»g(CO)̂ (GMCgHgMe.-Z,0)^ 
The struct- "‘in of two analogous manganese carbonyl isonitrile 
derivative i,(C0)g(CNBut)2 and Mn2(ro)6(CNC6H3Me2-2,6)d, were 
also investigated by X-ray crystallography. Differences observed 
in the IR and NMR spectra of the di-isonitrile derivatives of 
rhenium and manganese carbonyl could be explained in terms of the 
observed molecular structures. The stereochemistry of the mono- 
to tetra-isonitrile substituted derivaGivra are discussed in terms 
of electronic and stieric factors.

Attempts were made to extrsnd the Pd-catalysed carbonyl 
substitution reaction of Re2(C0)1Q to phosphine ligands. Although 
the catalysed reaction with PR^ is much less facile than with RNC, 
this route was successfully employed in the synthesis of mono- and



di-substituted phosphine derivatives, Re2(CO)10 ^(PRg)^ (n = 1,2 ). 
The X-ray crystal structure of dlax[Re.(CO)»(PMe^Ph)^3 was 
determined. A correlation was established between IR spectral 
data and substitution geometry for M^fCOgdJ^ { M = Re,Mn) 
complexes.

This study demonstrated the synthetic utility of transition 
metal-catalysed routes to substituted metal carbonyl derivatives. 
X-ray crystallography was shown to be a powerful tool in the 
rationalization, in terms of structure, of certain observed 
properties of these complexes.
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INTRODUCTION

Organometallic chemistry is dominated by the chemistry of 
metal carbonyl complexes. Due to the catalytic potential 
of such complexes, the study of their chemical and 
physical properties continues to be an area of active 
interest. One important reaction type relating to metal 
carbonyl complexes is the carbonyl substitution reaction. 
However, carbonyl substitution reactions of transition 
metal carbonyl complexes are often difficult to achieve, 
and owing to the lacx of facile synthetic methods of 
bringing about such reactions, substituted transition 
metal caroonyl complexes are not always accessible for further 
chemical and structural studies.

Some years ago a facile process to induce CO substitu­
tion of transition metal carbonyl complexes by ligands in 
the presence of catalysts was discovered in these 
laboratories. Use of this catalytic route enables 
substituted metal carbonyl derivatives to be prepared 
under mild thermal conditions. This thesis in part presents 
further attempts at exploring the potential of this reaction 
hvoe, using specifically isonitrile (RNC) as a probe ligand.

The isonitrile ligand is potentially an extremely useful 
ligand for investigating the effect of ligand substitution 
on transition metal carbonyl complexes. Electronically, RNC 
is very similar to CO, the two ligands being isoelectronic. 
Further, the steric bulk of the isonitrile ligands is 
generally not as great as to be on impediment to multiple 
substitution of metal carbonyl complexes.

Catalysts for the reaction of transition metal carbonyl 
complexes with isonitriles that were investigated in this 
.otudy include supported metals eg. Pd/C, Pd/CaCOg, metals, 
and metal oxides, and the iron dimer [(n-C^R^FetCO)^
(P. = H, Me) with PdO as co-catalyst. Such catalytic 
synthetic methods have indeed provided access to laonitrile- 
substituted transition metal carbonyl complexes, and 
spectroscopic and crystallographio studies of these novel 
products have beerf undertaken.



In particular X-ray cryetallographic studies were 
undertaken on representative metal carbonyl isonitrile 
derivatives,

(i) to determine the substitution geometry,
(ii) to investigate the effect of ligand 

substitution on molecular structure
and (iii) to enable a correlation to be established 

between IR spectral data and substitution 
geometry.

'These studies have provided the basis for the bulk of the 
material contained In this thesis.

The systems investigated in this study are (n-Arene)Cr- 
(C0)3/RNC, ( JMn(CO)3/RNC, FeCCOJg/RNC, and Mz(CO)XCj/l, 
M = Re, Mn, L = RNC, PRg. In chs. Ii and V respectively, 
the catalytic syntheses of (n—ArenelCWCOlgfCNRJ and 
(n^C5H5)Mn(C0>2{CNR) derivatives are described. Chs. Ill 
and VI respectively give brief surveys of the M-CgHgCOgMe)- 
Cr(CO>2 L and (i,-C5H5)Mn(CO)? L complexes for which X-ray 
crystal structures have been reported in the Literature, 
while Chs. IV and VII respectively describe the X-ray 
crystal and molecular structures of the two representative 
isonitrile derivatives, (n-CyHgCO^MeJCrSCOl^lCNBu11} and 
(r)-C5H5 )MniCO)2(CNBut). Finally, ch. VIII discusses the 
anomalous IR data for the (n-Arene)Cr(C0)2(CNR) and 
(rrCsH5)Mn{ro)2(CNR) derivatives.

In ch. IX, a brief literature survey of lre(CCl)g_n(L)n 
(n = 0-2 ) complexes for which a crystal structure has been 
reported is given. Against this background, the X-ray 
crystal and molecular structure cf FeiCOJ^ICNMej^ is 
discussed. This structure was primarily undertaken in an 
attempt to explain the anomalous IR data of Fe(C0)3(CNR)2 
complexes. This aspect is discussed.

The remaining Chs. (X-XV) are concerned with the 
detailed chemical and structural study undertaken of 
Re2(CO)10-niL)n (L = CNR, n = 1-4; L = PRg, n = 1,2) 
complexes, To place this study in perspective, a literature



survey of derivative; of ROg{C0)10 is presented in Ch. X. 
Further, a survey ol X-ray cry stenographic studies of 
dirhenium decacarbonyl derivatives reported in the 
Literature, is given in oh. XIII.

Chs. XI and XIV are concerned with the Re^CO^g/RNC 
system. Ch. XI describes the catalytic synthesis of 
Reg(CO)10 n (CNR)n (n a 1-4) derivatives, and discusses the 
chemical and spectroscopic properties of these complexes.

To set the stage for the X-ray crystal studies, the 
structural mootfication of Re2(C0)1Q by ligands L is 
discussed in ch. XII in terms of the electronic and/or 
ateric nature of L, relative to that of CO. The results of 
the X-ray crystal and molecular structures of a series of 
Re,>(CO)lc_n(CNR)n (n = 1-4) complexes are then discussed in 
ch. XIV. The isonitrile-derivatives studied in ch. XIV are 
Reg(CO)g\CNBut), Re2(C0)8(CNC6H3Me2-2,6)2, Re2(C0)7<CNMe)3 
and Re2{CO)6(CNC6H3Me2-2,6)4. The X-ray structures of the 
related manganese complexes, Mn2 (CO)g(CNBu^)2 and 
Mn2(C0/6{CNC6I!3Me2-2,6)d, are also presented in ch. XIV.

Ch. XV, which is divided into subsections (A-E) deals 
with the Re2(C0)10/PR3 system. The introductory Section ISA 
outlines the content of the subsequent sections. Section 
158 discusses the IR spectral data reported in the Literature 
for compounds of the type M2^co^io-n^PR3^n B Re' Mn- 
n = 1-4). In particular, the correlation between IR data 
and molecular geometry is investigated. A summary of the 
kinetic and mechanistic studies on the reaction of Re2 (C0)I0 
with phosphine Uganda, which has been extensively 
Investigated by several groups, is given in Section 15C.
An extension of the catalytic methods to phosphine ligands 
is covered in Section 15D, where the synthesis and
characterization of Rq_(C0).. (PR.) (n = 1,2) derivatives

e. iv—n .i n
is described. The formation of geometric isomers of 
RGg(CO)g(PR3)2 is discussed in terms of synthetic routes 
and the ateric bulk of the phosphine ligand. The X-ray 
crystal and molecular structure of dlax[Re.(CO)g(PMe,Ph).] 
is presented in Section 15E.



Finally, ch. XVI, the Conclusion, sums up the foregoing 
w k ,  and gives a brief assessment of what has been achieved. 
Suggestions for further work related to this study are made.

Appendix A lists the sources of chemicals used in 
this study. In Appendix B, general experimental details 
are given, relating to (a) synthetic methods, (b) solvents,
(c) instrumentation, (d) X-ray data collection, (e) Crys­
tal lographic Computing Programs used, and (f) definition 
of the CrystalIngraphic R-indices. Appendix C gives chs 
torsional angles for the M2WU)10..n(CNR)n(M = Re, n = 1-4,
M = Mn, n = 2,4} structures of ch. XIV and for djax- 
tRe2(C0)a(PMe?rn)2 ] (Section 15E). A listing of the 
Structure Kac >r Tables for all the ten X-ray crystal 
structures is to be found in Appendix D, bound as a 
separate volume.

The literature surveys (which include X-ray 
strucbural data accessed from the Cambridge Crystallographic 
Data Base) presented in this thesis are considered complete 
up untij December 1963, but mention has been made of 
pertinent publications that have appeared in 1984.



CATALYTIC SYNTHESIS AND CHARACTERIZATION OF 1SONITR1LE
DERIVATIVES OF (i-ARENE)Cr(CO)^

Introduction
Interest in couiplev «» of the type (n-Arene)Cr(CO)3 i ;is been 
stimulated by the demonstrated ability of such compounds to 
catalyse reactions such as the hydrogenation of olefins.1 
Replacement of a CO group by other ligand'. L such tn phos- 
phines, arsines, stibines and isonitriles, significantly 
affects the catalytic properties cf the (n^Arene)Cr(C0)2L 
complexes.z Consequently there is an interest in routes to 
such substituted complexes.

In an attempt to combine the advantages of homogenous 
and heterogeneous catalysts, an (n-CgH^COgMe)Cr(CO)2 moeity 
has been bound to a polymer support through an isonitrile 
functionality.1 Hence there is an interest in such isonitrili 
substituted complexes.

Use has been made of arene chromium carbonyl complexes 
in organic chemistry. Arene chromium dicarbonyl chelates 
(synthesized photochemically a) have been used to prepare 
chiral amines in good yields. ^ The CrCCOlgL unit (L = CO,
OS, PRg) has been shown to increase reactivity, enhance 
selectivity, or protect the substituents of complexed arene 
rings with respect to alkylation.4 The arene ligand can be 
removed by refluxing (Arene)Cr(CO)j with py, ‘ ar.d the 
[(py)3Cr(C0)3] generated can be recycled to prepare . 
(AreneJCrCCOl^ complexes (vida_infra). The replacement of 
L = CgH4Me2~p from L Cr(C0)3 by CgHg is catalysed by l'Cr(C0)3 
(L1= CgHeg) without L 1 replacement. Arene tricarbonyl 
complexes, obtained by the reac ..n of Arene and Cr(CO)g 
(vide infra), react with nucleophiles to form adducts and 
subsequently treated with trifluoroacetic acid under carbon 
monoxide, give substituted cyclohexadienes or, after 
oxidation, substitu ed arenes and Cr(CO)gl thereby providing 
a route to such dienes and arenes in a cyclic process.1

Although most sample arenes react with Cr(CO)g to give 
(n-Arene)Cr(C0)3 complexes,9 the reaction is slow, the 
removal of high-boiling solvents or excess arene from the



product may be difficult, and a complex apparatus is 
required to prevent sublimation of Cr(C0)Q from the 
reaction vessel. These problems have been overcome by 
the reported "solvent-assisted" reaction between Cr(CO)̂  
and a variety of arenas, in a dibutyl ether-tetrahydrofuran 
(THF) solvent mix, 11 thereby making (n-Arene)Cr(C0)3 
complexes easily accessible for further studies. Another 
reported successful synthetic method employe the reaction 
in refluxing dioxane of the arene and [ (NH^^Cr ( C O ) , 
which does not cause sublimation problems, thereby 
eliminating the need for special apparatus or solvents.
In a similar method, [(py)gCr(C0)g] is reacted with arene 
in the presence of boron trifluoridediethyl ether in 
boiling ether. '

Replacement of CO in (r,-Arene)Cr(CO)g complexes by 
an isonitrile ligand, RNC, to give (n-Arene)Cr(C0)2(CNR) 
derivatives, has been achieved by direct or indirect ’ 
(involving photolysis of (n-Arene)Cr(CO>3 w-th KCN, to 
give K^C(n-Arene)Cr(CO)2(CN)]", followed by reaction with 
RCt) photochemical methods. Photochemical methods hi.ve 
been employed to prepare chiral (n--Arene)Cr(CO) (CNR) (PRg)'s 
and (rrArene)Cr(CO)(CS)(PR3) complexes. Direct substi­
tution of an (n-Arene)Cr(C0)3 complex with P(0Et^ hat. 
been achieved by electrochemical techniques (reported 
since this work was completed). However, no thermal 
synthesis of (n“Arene)Cr(CO),,(CNR) complexes is known, 
further, thermochemical studies have shown that under 
typical thermal reaction conditions required to induce 
Cr-CO bond cleavage, displacement of the arene ring from 
the Cr(C0)3 moeity by ligand(e) L, becomes a competing 
process, leading to reactant dectvnposltion,or 
formation of Cr(C0)gL^ (n = 1,3) complexes.

Hence a catalyst was sought to bring about the 
substitution of CO by HNC in (n-Arene)Cr(C0)3 complexes, 
under mild thermal conditions, To function effectively, 
the requirement of such a catalyst would be the ability 
to lower the activation energy for the Cr-Cv bond cleavage 
process, witnout also reducing that of the competing Cr-



Arene displacement reaction, ine iron dimer,[(n^CgHg)Fe(CO)g]g, 
in the presence of suitable donor ligands (f'.g . PRg, RNC), is 
known to catalyse the replacement of CO ligands on transition 
metal complexes.’” 11 Further, [!rnCgHg )Fe(C0)2]2 , together 
with co-catalysts such as PdO, PtOg, Pd/C or Pd/CaCO^, has 
been shown to successfully catalyse reactions between metal 
carbonyls and isonitriles.11

The reaction of (n-CgHgX)Cr[CG)g (X = H,CC,COgMe,Me) 
with isonitriles RNC (R = Bu6, 2,6-MegCgHg), using as catalysts 
compounds of the type [CpFe(C0)2]2 (Cp » C^Hg, CgH^COgMe,
CgMeg), together with PdO co-catalyst, were studied in order 
to explore the potential of this synthetic route. Variation 
of the arene substituent X allows the effect on the reaction 
of electron-donating or withd" -,.g properties to be 
investigated.

Results and Discussion
2.2.1 Reaction or tn-Arene)Cr{CO) complexes with isonitriles

The reaction between (rrC6H5X)Cr(C0)3 (X = H,C€,COgMe, 
Me) and RNC (R = Bu\ S.d-Me^C^Hy) in refluxing degassed 
heptane is catalysed by the iron dimer, [ (n^CgNle^FetCO)^, 
and co-catalyst PdO, to yield tne required substitution 
product, (rrCgHgX)Cr(CO) fCNR), in moderate to good yields.
In the absence of catalyst, or in the presence of 
C(rrC5Me5)Fe<COJ2]2 or PdO separately, less than 5% product 
formation was observed by IR spectroscopy even after long 
reaction times (6 h).

Reactions were slower with 2,6-Me2CgH3NC than with 
*BuNC [e.g. {rrC6H5C02Me)Cr{C0)2(CNC6H3Me2-2,6), 80% yield,
6 h, cf. {4 c 6H5C02Me)Cr(CO}2(CNBu8), 90% yield, lu min. J 
For both isonitrile ligands, reaction times were dependent 
on the substituent X of the co-ordinated arene ring. As 
expected, reaction time was found to increase with arenes 
with electron-releasing X-groups [e,g. (n-CgH5C02Me)Cr(CO)^- 
(CNC6H3Me2-2,6), 80% yield, 6 h, cf. (n-CgHgMe)Cr(C0)g- 
(CNCgHgMe2-2,b), 50% yield, 18 hi. This trend is in keeping 
with the increased metal-CO bond strength, reflected, for 
instance in the y(C0) stretching frequencies of the 
starting materials (e,g. IR(hexane);(q^C6H5C02Me)Cr|C0)g : 1991



and 1929 era 1; (n ̂ CgH_)Cr(CO).i 1983 and 1915 cm-1; and 
(n-CgH5«e)Cr(CO)3 ; 1975 and 1906 cm'1).

With the electron-withdrawing ring substituent 
X = COgMe, the consequent weakening of the Gr-(n-Arene) 
bond1’ allows the arene ring to be eliminated during the 
reaction of (n-CgHgC0gMe)Cr(C0)3 with 2 ,6-MegCgHgNC, 
resulting in the formation of products of the type 
CIr(C0)6_n(CNC6H3Me2-2,6)ri (n = 3,4) (vide infra). This is 

not observed with the electron-donating ring substituent 
X = Me, where the Cr-(n—Arene) bond is stronger.

2.2.2 Heacilon of (n^CpH^CO Me)Cr{C0)3 with 2,6-Me.C 
in the Presence of Iron Dimer Catalysts 
The reaction between (n-CgHgCOgMe)Cr(CO)g and 2,6- 

Me2C6H3NC' was investi8ated in the presence of iron dimer 
catalysts. The most efficient catalyst was found to be an 
[(rnC5Meg i Fe (C0)2 J2/PdO mixture (vide infra).

Although the unsubstituted iron dimer((n^CgHgJFe- 
* 2 > together with Pd/0, catalyses the reaction, under 
the reaction conditions the iron dimer itself rapidly under­
goes CO substitution to [(n-CgHg)Fe(CNCgH3Meg-2.6)g]g.''
The modification of the iron dimer catalyst can readily be 
detected during the reaction by I" spectroscopy. Further,
PdO is a poor catalyst for the reaction (2.1)21 [(n^CgHgJ- 
Fe(C0)2 )2 * nRNC - [ < rrCgHg^Fe^CO) ̂ ( C N R y  + nCO
In a 1,2} (2.1) and is thus not responsible for the 
substitution reaction observed. Hence the addition of 
either [ ( ̂ CgHglFetCO)^ or i(n2c5H5)Fe{CNC6H3Maa-2,6)2)2 
(independently synthesizedJ>) to reaction mixtures of 
[(n-CgHgCOgMelCrtCOlg and CNCgHgMeg-2,6, resulted in the 
same rate of formation of (n-CeHrC<LMe)Cr(CO)„(CNC„H_Me„-2,6),0 0 c X b d ca
as determined by IR spectroscopy, (ca. 15% product 
formation was observed for both reactions after 8 h).

The ring-substituted iron dimer, ((t^CgHjCOgMejPe- 
<C0>2]2 , with PdO, was also tried as a catalyst for this 
reaction, but IR data indicated that although initially 
product substitution was more rapid than with [ (n^HglFe- 
(C0)2l2/Pd0 catalyst, the reaction rates soon inverted, and



after ca. 3 h, the reaction with [ ( CO^Me)Fe(CO)̂ ]g/PdO 
as catalyst ceased. This result can be explained in terms 
of the increased ability of the [(rrCgH^COgMe)Fe(CO)2]2 
complex to undergo CO substitution since electron-withdrawing 
groups on the ring enhance the substitution reaction.2 3 
Consistent with this proposal are the results of the 
reaction between [{rrCgHyCOgMe)Fe(CO)gj2 and tBuNC. (vide 
infra)

In refluxing benzene, a 1:2 reaction between 
C(n^C5H4C02Me)Fe<C0)2]2 and SuNC rapidly (<15 min) gave 
C(rnCgH4C02Me)2Fe2(C0)3(cNBut )]1 and more slowly,[(rrC^COgMe) 
Fe{CO)(CNBut )]2 (50% isolated yield, 4 h.) A 111 reaction 
between [(rrCgH^C02Me)Fe(C0)2]2 and ^BuNC in refluxing benzene 
gave predominately [ ( ) gFe^(CO)̂ (CNBu^)],and some 
[(n^C^H^COgMe)Fe(CO)(CNBut))2, indicative of the facile nature 
of multiple CO substitution. (These new iron dimer deriva­
tives have been completely characterized, and the pertinent 
analytical and spectral data are reported in Section 2.4.4.)
By contrast, the reaction between [(n-CgH5)Ke(C0)2]2 and 
^BuNC under identical reaction conditions, gives only 
{(n^C5H5)2Fe2(CO)3(CMBut)], in near quantitative yield,'"and 
trace amounts (<2%) of [(n-C5H5)Fe(CO)(CNBu6)]2.25 Under our 
reaction conditions (ie. large excess of RNC), it can be 
anticipated that multiple CO substitution of ((n-CgH^CO^e)- 
Fe{C0)2]g by RNC eventually occurs, presumably leading to 
catalyst deactivation.

To avoid this problem of catalyst substitution, 
the use as a catalyst of the pentaraethyl derivative,
[(n-C5Me5)Fe(C0)2]a was investigated, Owing to the electron- 

donating nature of the methyl substituents on the cyclopenta- 
dienyl ring, this dimer is inert to CO substitution.21 A”
[(rnCgMeg)Fe(CO)g]2/PdO mixture was found to be a convenient, 
though not highly active catalyst for the substitution of 

t rrCgHgCOgMe)Or(GO}3 with CNCgH^Me^-2,6, and this catalytic 
method was employed in the synthesis of other (n-Arene)Cr(CO)- 
(CNR) derivatives (vide supra). Further, it was possible 
to isolate the unsubstituted dimer catalyst,[(n-C5Me5 )Fe{C0)2]2,



at the end of the reaction, thereby confirming the above 
hypothesis.
2.2.3 Formation of by-products of the type Cr(CO) -

(CNC(.H3M9;.-2,6?)_ (n = 3.4) in the reaction of
(rrC II COmMe)Cr(CO)^ with 2,6-MQ_C|.HgNC
A feature of the (catalysed) reaction between 

(n§C6H5C02Me)Cr(C0 )3 and S.G-MegCgHgNC was the formation of 
products resulting from the cleavage of the (rr-A:vne)-Cr 
bond. In the [(rrCgMeg)Fe(CO)g]g/PdO catalysed reaction 
between (rCgHgCOgMe)Cr(CO)3 and 2 ,6-Megc6H3NC, CgHgCOgMe, 
together with complexes of the type [Cr(C0)g_n(CNCgH3Me2-2l6)n] 
(n = 3,<l) were isolated (total yield of ring-cleavage by­
products ca. 5%) from the reaction mixture by column chroma­
tography, in addition to the major substitution product, 
(r^C6H5C02Me)Cr(C0)2(CNC6H3Ke2-2,6) (70% yield, 6 h). The 
by-products [Cr(C0)g_^(CNCgH3Me2-2,6)^] (n = 3,4) were 
characterized by independent synthesis from [Cr(C0)g] and
2.6-Me2CgH3NC in the presence of PdO as catalyst.16 (Pertinent 
IR and NMR spectral data for these complexes are given in 
Section 2.4.2.)

The electron withdrawing C0„Me arene ring substituent 
results in a weakening of the Cr-(n-Arene) bond,16 and the 
consequent displacement of the arene ring in the side 
reaction (2.2) (CgHgC02CH3 )Cr(C0)3 + 3t2,6~Me,,C5H3NC) * 
[Cr(C0)3(CNC6H3Me2-2,6>3) + CyHgCO^Me (2,2). The tetra- 
substituted derivative, [Cr(C0)g(CNCgH3Me2- 2 , 6 ) , is 
however unexpected and could arise from two potential pathwaysi-
(a) displacement ' the arene ligand to give [Cr(CO)3(CNUgHgMeg- 
2,6)3] (Reaction (2,2.)), followed by catalytic displacement 
of CO to give [Cr(C0)2 (CNC6H3Me2-2,6)(l],!6 or
(b) formation of [ (i-C^COgMe )Cr (CO)g(CNCgH3Me2-2,6) ], 
followed by displacement of the arene ring by isonltrile.

A blank reaction between (n-CgHgC02Me)Cr(CO)3 and
2.6-M9^eH3NC, in the absence of catalyst, indicated that 
ca, 5% [(n-C6H5C02Me)Cr(C0)2(CNC6H3Me2-2,6)], as well as 
ca. 15% ring cleavage products had formed in 6 h, as 
detected by IR spectroscopy. This suggests that the major, 
if not exclusive pathway to formation of the [Cr(C0)g n~



(CNC6H3Me2-2,6)n ] (n » 3,4) derivatives is via a thermal 
non-catalytic route. Further, the reaction between 
[(n-C6H5CO2Me)Cr(C0)2(CNC6H3Me2-2,6)] and S.e-Me^HgNG 
in both the absence (no reaction) and presence of catalyst 
(<1% ring cleavage) under similar reaction conditions 
rules out the possibility that the ring-cleavage derivatives 
are formed in secondary reactions via the decomposition of 
the product. The significant feature of the above 
experiments is the finding that catalytic cleavage of an 
(n-Arene)-Cr bond does not take place under our reaction 
conditions.

2.3 Spectroscopic properties of (n-Aren6)Cr{CQ)^(CNR) complexes

2.3.1 Infra Red

The IB data {Table 2.1) for the (n-Arene)Cr(C0)2 (CNR) 
complexes show anomalous behaviour. Whereas two v(CO) and 
one v(NC) stretching frequencies are predicted, two v(CO) 
and two v(NC) absorption were observed in both solution and 
the solid state (except for (n®-C6H5C02Me)Cr(C0)2{CNC6H3Me -2,6), 
which has one v(NC) and two v(CO) bands in solution, and
one v(NC) and three v(C0) bands in the solid state). This
phenomenon will be discussed in Chapter VIII.
2.3.2 Proton Nuclear Magnetic Resonance

The 'II NMP datii (Table 2.1) for the (n-Arene)Cr(Co)£- 
(CNR) complexes gave the expected resonances (number, position).

2.3.3 Maas Spectrum of (n -C.H..CO„Me)Cr(CO).(CNBu^)
Mass spectra gave fragments consistent with the

structural formulation proposed. A typical example is shown 
in Fig. 2.1, which indicates the fragmentation pattern 
(together with peak intensities and metastable peaks) for the 
mass spectrum of (n-CgHgCOyMeJCKCO^CCNBu1). The fragmenta­
tion pattern is in agreement with that reported for related 
complexes.1161 The loss of the CO ligands precedes loss of 
^BuNC, indicative of the stronger o-donor ability of ^BuNC 
than CO. The ^Bu-group is lost before the CN linkage.2’
The arene ligand is the last to be lost.



Table 2.1: Spectroscopic data for the (n-Arene)Cr(CO)„(CNR) comp]'
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Experimental
2.4.1 The catalysed synthesis of {(n-C-H;.X)Cr(CO)o{CNR)}

(X = H. C(. CO Me, Me; R = But, 2,6-Me^Hj)

(n-C6H5C02CH3 )Cr(C0)3 and (n-C|.M5Ce)Cr(CO)3 were 
prepared by the method of Mahai'fy and Peuson.1 ,a

Un-C6H5X)Cr(CO;33 (2.00 mmol), catalyst 
[(n-C5Me5Fe(CO)2 )2 (20 mg) and co-catalyst PdO (20 mg), and
2,6-M^CgHgNC (1.3 mmol), or tBuNC (1.1 mmol),were combined 
in freshly distilled heptane (15 mi) the mixture was heated 
at reflux (100°C), and the reaction was monitored by TLC 
(silica; eluent : liexane~diethyl ether (30%)) and IR 
spectroscopy (2200-1700cm 1 region), On completion of the 
reaction (or when no further changes were apparent (Ft = But), 
or after 16 h (R =s 2,6-MCgCgHg)), the reaction mixture was 
allowed to cool and the product isolated by column chromato­
graphy (2 cm x 40 cm column, silica ; gradient elution with 
hexane-diethyl ether mixtures). The column was run, and the 
product collected, under nitrogen, using deoxygenated eluent 
solutions, as the products tend to be air-sensitive, especially 
in solution. Reoryatallization from dichloromethane- 
hexane solution gave the required prc duct as yellow or orange 
crystalline material. (Table 2.2). Product yields were 
generally >60%* Even in the solid state, the 
(rrCgHg)Cr(C0)2{CNR) derivatives decomposed on exposure to 
air, as evidenced by the change in colour from yellow to 
lime green.

’.4.2 Reaction of ( r^H.COJIelCrtCO)^ with a.B-Me^HgNC, 
with catalyst [ CpPe(L) (Cp = C,tL, C^HjCO^Me,
C,Me,i L = CO; Co = L « 2,6-Me2C6H;NC), and
co-c-jtalyat PdO

(rrC6N5C02Me)Cr(C0 )3 (1.00 mmol), catalyst [CpFe(L)g]g 
(20 mg) and co-catalyst PdO (20 mg), and 2,6-MegCgH3NC 
(1.3 mmol), were combined in freshly distilled heptane (15 mC), 
the mixture was heated at reflux (100°C), and the reaction 
Was monitored by IR spectroscopy and TLC (as above!. On 
completion of the reaction, or when no further changes were 
apparent, column chromatography (as above) was used to



isolate the product(s), which v-re purified by recrystalli- 
aation from dichloromethane-hexiu-H solutions. In addition 
to the main substitution product, (n^CgMgCOgMelCrfCO)^- 
(CNCgHgMe^-2,6), arene-ring displacement products of the 
type Cr(C0J6_n (CNC6H3Me2-2,6;n (n = 3,4), were obtained.
These products were characterized by IR and NMR 
spectroscopy (Table S.3).

2.4.3 Preparation of [(CgH^CO^Me)Fe(CO) ^

CgH^COgMe was synthesized from CtCOgMe, according 
to the method of Peters.

A mixture of [FeCGOlg] (8 m(, 0.06 mol), octane 
(100 m£i, md  CgH^COgMe (3 g, 0.024 mol), was degassed and 
the reaction mixture refluxed (120*0) under argor for 24 h.
The mixture was cooled in ice, prior to filtering, and 
yielded 1.7 g (32%) of deep purple product. Cleavage with 
I2 yielded (C^COgMelFetCOgl as a black crystalline 
material. Analytical and spectral data for these compounds 
are given in Tables 2.4 and 2.5 respectively.
2.4.4 Reaction of E(C H^CO Me)Fe(C0)g:L  with ^BuNC (1:1

[(C5HdC02Me)Fe£CO)232 (0.47 g, 1.00 mmol) was 
dissolved in benzene (20 mt), and to this was added ^BuNC 
(130 u<, 1.2 mmol). The solution was then brought to reflux 
(80*0). The reaction was monitor-d by TLC (silica; eluent : 
benzene-diethyl ether (20%)). The reaction was allowed to 
proceed for 3 h, during which time TLC indicated the 
formation of three products, with nf-vrlues of 0.34, 0.60 
and 0.75 (trace). The products were separated by column 
chromatography (2 cm x 40 cm column, silica; eluent : 
benzene - diethyl ether (20%)), and purified by filtration 
and recrystallization from benzene-hexarie solution. The 
lower brown band (Rf 0.60) yielded the monosubstituted 
maroon complex [(CpH^COgMe)2Fe2(CO)2(CNBu*)] (70%), while 
the upp'Sr green band (Rf 0.37) gave disubstituted 
((C5H<,0O2Me)Fe(C0)(CNBut) ?2 (< 10%), as a bottle green sollcl. 
Analytical and spectral data for these complex s are given 
in Tables 2.4 and 2.5 respectively. The «-race product (Rf 0,75)



was present in insufficient amount to be isolated.
2.4.5 Reaction of »lth ^uNC

(1:2 Ratio)

((C5ridCO^fe)Fe(CD)232 (0.47g, 2.00 mmol) was 
di. jived in benzene (20 m€), and to this was added 
tGuNC (112 lit, 1.00 mmol). The solution was then brought 
to reflux {80lC!). The reaction was monitored by IR 
spect opy. The formation of the monosubstituted 
[(Cghg )2Fe,{CO)3(CNBu6)] was judged to be complete
after 15 min. Further ^BuNC (150 l.i3 mmol) was 
added, the progress of the reaction was monitored by TLC 
(as above). The reaction was allowed to t oceed for 4 h, 
but complete conversion to the disubstituted product had 
not occured in this time. The reaction was stopped and 
the solvent removed in vacuo. The products were separated 
by column chromatography (see above) a: purified by
recrystallizaMon from benzene-hexane solution. The lower 
brown band (Rf 0.60) yielded maroon [(C^H^CO^Ma)̂ Fe2(CO)̂  
(CNBu*)] (< 5%). The upper green band (Rf 0.41) gave
0.28g (50%) of green [ (CgH^CO^Me )f'e(CO) (CNBu*) ]g. (See 
Tables 2.4 and 2.5). The trace product (Rf 0.75) was not 
collected.
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III. THE MODIFICATION OF (n^C-H CO^MelCrtCO) BY LIGANDS L

3.1 Introduction

A typical example of a half-sandwich metal carbonyl compound 
ij (rrCgHg)Cr\CO)g. The crystal and molecular structure 
fat 78°K) of this complex has been determined by Rees and 
Coppens13 using X-ray and neutron diffraction techniques.
The molecule exhibits a "piano-stool" arrangement of the 
(n-Arene) and the Cr(CO)3 unit, with the conformation of 
the carbonyl ligands with respect to the carbon atoms of 
the Arerie ring staggered.

Considerable interest has been shown in complexes of 
the type (n-Arene)Cr(CO>3, owing to the catalytic potential 
of such compounds.1-5 It is possible to modify the chemistry 
of (Arene)Cr(CO)3 in two ways;- 

(i) by varying the arene ligand 
or (ii)by the substitution of CO by ligand L (eg. RNC, CS, PR^). 

Further, if the (rrCgHg) ring is replaced by a ring containing 
an electron-withdrawing group, eg. n-CgHgCO^Me, the 
stability of the complex (to air oxidation) increases, c 
making such substituted derivatives more accessible for

The compliv (n“C5H5C0?Me)Cr(C0) ̂ . i n d  a wide range of 
ligand substituted ilnrivu ives, ( "n ̂ elCrlCO^L, have
besn previously investig ite-l by X-ray crystallographic 
techniques. “  • ’1-*1 ‘ Unlike tne unsubstituted (n-CgHe)Cr(C0)3, 
the parent compound (n-CgHgCOgMc)CrtC adopts an eclipsed 
conformation of the carbonyl ligands with respect to the 
C-atoms of the arone ring, as do most of the (n-C^HgCO^Me)- 
Cr(CO)gL derivatives, This, and the effect of the ligand 
L on molecular structure, can be rationalized in terms of 
electronic effects.

3.2 The Structuie of io^C H^CO MelCrtCD)^

The crystal and molecular structure of (n-CgHgCOgMe)Cr(CO)3 
was first determined by Carter, McPhail and Sim1aa in 1967 
;R-value of 14.190,and in 1976 redetermined by Saillard and



Grandjaan (R-value of 3.4%), improving the accuracy of 
i parameter data.

3.2.1 __
i (rrCgHgCOgMe)Cr(CO)̂  moleouie has the typical 

)r-CO angles 
' (av. 88.2(1)°' .

3.2.2

(C6H5fi)Cr(C0)3
(Fig. 3.1), viz. staggered (I), anti-eclipsed (Ha), i.e.

i of ring eclipsed, and syn-eclipsed 
(lib), i.e. C-atom bearing substituent R, and meta G-atoms 
of ring eclipsed

From electronic considerations, 16 it is possible 
to nredict the most favourable conformation for a given 
(rrC6H5R)Cr(CO)3 complex. According to the hybridization 
model, the Cr(C0>3 unit has three filled hybrid orbitals 
coll inear with the Cr-CO bonds and three empty hybrids, 
directed in an octahedral arrangement, with the empty 
hybrids staggering the Cr-CO bonds (Fig. 3.2). The Cr(CO>3 
group will orient itself such cha- the empty sec of hybrid 
orbitals (a) are pointed towards regions of high electron 
density, and the filled set of hybrid orbitals (b) towards 
regions of low electron density on the arene ring, The 
charge distribution on the arene ring is dependent on 
the electronic nature of the ring substituent R. Case a: If 
R is an electron-acceptor A, the Cr(CO)3 group will orient 
itself with the empty trio cf orbitals (a) pointing towards 
the electron rich ipso and meta positions, and the filled 
trio of orbitals £b) towards the electron deficient ortho 
and para positions, giving the anti-eclipsed conformation 
(Ila). (Fig. 3.3a). Case b ; If R is an electron-donor D, 
the Cr(CO)3 group will orient itself with the empty trio of 
orbitals (a) pointing towards the electron rich ortho and 
para positions, and the filled trio of orbitals (b) towards 
the electron deficient ipso and meta positoins, giving the 
eyn-eclipeed conformation (lib) (Fig. 3.3b).



II a l i b

Figure 3.1 The three possible conformations for (CgHgR)- 
Cr(CO)3 : I. staggered, Ila. anti-eclipsed,
and lib. syn-ecl psed.

(b)
Figure 3,2 Two sets of three hybrid orbitals of Cr(CO)^: 

(a) empty, (b) filled.



Figure 3.

Ha

Ring polarization with electron-accepting 
substituent A results in the anti-eclipsed 
conformation H a  for (CgHgA)Cr(CO)g

o :

Figure 3,3b Ring polarization with electron-donoting 
substituent D results in the syn-eclipsed 
conformation lib for (C6HgD)Cr(CO)3



Hence for (n-CgHgR)Cr(CO)g complexes, electron- 
withdrawing R-groups favour the antl-eclipsed conformation 
( Ha), and electron-releasing R-groups the syn-eclipeed 
conformation {lib). However, steric factors may favour a 
staggered conformation (I), especially if bulky groups are 
present.3 ’J* Further, since the rotation barrier in many 
(r^OgHgR)CrfCO)3 complexes is not expected to be very 
large if the R-group is neither strongly electron-withdrawing 
or -releasing,3’ packing forces may be the determining 
factor in the conformation adopted in the solid state.

In the case of (r-CgKgCOgMe)Cr(CO)g, since the CO^Me 
group v- ‘•ron-withdrawing, the anti-eclipsed conforma­
tion ich the substitutent resides on a non­
et lip , would be expected. This is indeed the
Gonformatio,, .ound in the crystal.36
3.2.3 Cr-C bond 1ensths

The av. values for the Cr-CO and Cr-C-ring bond 
lengths are 1.843(3)8 and 2.217(3>A respectively. The 
distance between the chromium atom and the centre of 
gravity of the arene ring, Gr-A.-en , is 1.7144(4)A. b 

3 2.4 Ring C-C bond l^ngtha

In the unsubstitute'-: complex, (n^CgH^JCrjCOjg, which 
has a staggered conformation, there is a lowering of the 
benzene-ring symmetry from 0 ^  to C^; the C-C bonds of the 
arere rin& alternate in length, with Che three non-eclipsed 
C-C bonds (av. 1,406(1)A ) shorter than fhc three eclipsed 
C-C bonds {av. 1,423(1)A). 85 Thia effect has been 
rationalized in terms of Molecular Orbital (MO) Theory, 
which demonstrates that the observed bund lengths correlate 
well with electron overlap populations.!911B

However, In xha eclipsed (n'-C^I^CO^Me)Or(CO)3 
molecule, the C-C bonds of the arene ring are uniform 
within the error limits (av. l.407(4)A).5°b
3.2.5 Planarity of Ring

The arone ring in (n-C„HgCC2Me)Cr(C0)3 ia essentially 
planar.1eb In the case of (n-C6H6)Cr{CO)3, the ring H-atoms



are displaced an av. of 0.03A from the plane of the benzene 
ring towards the Cr-atom." This slight bending of the 
hydrogen atoms towards the metal atom has been ascribed to 
better metal-ring orbital overlap.16 This effect is not 
apparent in {n^CgHgCOgMe)Cr(CO)̂ , but the o-C-atom of the 
substituent is bent 0.010(3)$ towards the Cr-atom.” 6 
3.2.6, Cr-C-0 bond angles

In M(C0)n (n = 2,3,4) groups, the M-C-0 fragments are 
expected to be bent (ca. 6° deviation from linearity) due 
to the different occupation of the two anti-bonding t* 
orbitals on a carbonyl ligand.18 The carbonyl ligands in 
(n^CgHgCOgMe)Cr(CO)g are slightly bent, with Cr-C-0 angles 
ranging from 178.0 to 179.3* (av. 176,8(3)0).’6b The fi-ight 
difference in Cr-C-0 angles within the Cr(C0)3 group (although 
equal within experimental error) could be due to crystal 
packing forces, or to the influence of other groups within 
the molecule which lower the symmetry of the M(C0)3 group
r r _ c „ . "
3.2.7 Packing considerations

( -CgHgCOgMe)Cr(CO)3 crystallizes in the triclinic 
centrosymmetric space group Cl, with four molecules in nhe 
unit cell. The molecules pack with the arene rings parallel, 
the separation between the adjacent benzene planes of 
3.38A being very close ro the graphite distance of 3.35A.Ha  
There ore no unusually short non-bonded contacts, but 
intermoleculur repulsions could result in minor deviations 
from the ideal geometry,

•3 The structural effect of substitution of CO by ligand I

The electronic nature ol the ligand 1, relative to CO, may 
result in structural changes in the (q-CgHgCOgMe)Cr(CO) .
With bulky L groups, eteric factors may also be important.
3.3.1 Ligand geometry

Although the "piano-stool" arrangement is retained, 
the OC-Cr-CO angle may differ significantly from th , OC-Cr-L 
angles. If L is a better t-acceptur than CO, an increase 
in the OC-Cr-CO angle, and a dimunition of the OC-Cr-L angles 
is expected."1



3.3.2 Conformation
Since the electronic preference for a conformation is 

governed by the electronic nature of the arena substituent, 
the ligand substituted derivatives ( ) Cr(CO)̂ L 
would be expected to have the same conformation as the parent 
molecule (n^CgHgCO^Me)Cr(CO)g,viz. anti-eclipsed (Ila),

However, as mentioned previously, where the barrier to 
ring rotation is not large, packing forces may determine 
the molecular conformation in the crystal.3’

Exceptions to the predicted conformation may also be 
caused by steric factors,”  particularly if the L group is 
bulky. A staggered conformation may better accomodate a 
sterically demanding L group, by minimizing intramolecular 
repulsive interactions.
3.3.3 Influence of electronic nature of L on Cr-C bond lengths 

The electronic nature of the ligand L, relative to CO,
effects the Cr-C bond lengths in (n-CgHgCOgMe)Cr(CO)2L. 
Specifically, if the ligand L is a stronger ligand than CO,
i.e. stronger o-donor and " -acceptor properties than CO, a 
shortening of the Cr-CR (L = CR) bond (relative to the Cr-CO 
bond lengths in (n^CgH^COgMe)Cr(COJ^) is expected, with a 
concomitant lengthening of the Cr-CO bonds, and of the Cr-C 
ring bond lengths, and the Cr-arene distance, relative to 
these Cr-C distances in In^CgHgCOgMe)Cr(CO)3 . However, with 
a ligand L which is a poorer * -acceptor than CO, the inverse 
trends in Cr-C bond lengths arc expected."1
3.3.4 Ring C-C bond lengths

The ring C-C bonds are expected to be uniform, as in 
(h-CgHgCOgMe)Cr(CO)g. Small differences may result from 
differences in the polarization of the electron denisty of 
specific carbon atoms of the ring by the Cr'CCO^L group 
itself.”  The [Cr(C0)j] unit has been shown to exert an 
electron-withdrawing effect upon arene rings which is 
approximately equal to that of the nitre group." ‘
3.3.5 Planarity of Ring

The arerv ring la expected to be essentially planar, as 
for (rrCgHgCOgMe)Cr(CO)g. The ring substituent may bend



slightly towards the Cr-at i, as in (n-CgHgC02Me)Cr(CO)̂ , or 
may bend away from the Cr-atom. A bending away from the 
Cr-atom may be In an attempt to minimize repulsive 
Intramolecular interactions. The bending of the ring 
substituent may also be influenced by intermolecular 
interactions. Steric factors are likely to be more dominant 
with bulky Mgartds I.

3.3.6 Cr-C-0 and Cr-C-R bond angles (L = CR)
Non-linearity of Cr-C-0 fragments is expected for

Cr(C0)2 groups, as for Cr(CO)^ groups.15 Linearity would 
only be expected for M(C0). This applies also to other 
ligands such as CNR,NO. Different Cr-C-0 angles within the 
Cr(C0)g group (often equal within experimental error) could 
be due to crystal packing forces, or to the influence of 
other groups within the molecule which lower the symmetry. 
Steric constraints and crystal packing forces may cause the 
Cr-C-R ( L = CR) angle to deviate from linearity.

3.3.7 Packing, and Steric /actors
Packing considerations could be Important in deter­

mining the overall conformation of the molecule, Packing 
forces may also be responsible for small deviations from 
ideal geometry within the molecule.

For a ligand of the 6ype Z, « CRH1, tne magnitude and 
direction of the bending of the ligand (ie. the deviation of 
the C-fi-R' angle from linearity, and whether the R’ group 
bends in towards the two CO groups, or outwards away from 
the carbonyls), ia probably determined largely by intra­
molecular and mtarmolecular interactions, and the influence 
of crystal packing forces. Steric factors are likely to be 
particularly domitunt in determining the ligand conformation 
when there 1b no very strong electronic conformation 
preference, ep,> for isonltrlle ligands, L = CNR, MG 
calculations indicate"* that the energy difference between 
the linear (C-N-R  ̂180°} and slightly bent (C-N-R = 167- 
171°) conformations is small, although the linear conforma­
tion is slightly more stable electronically. Here steric 
factors may dominate, especially with bulky R-groups.



X-ray Cryatallographlc Studies of (rnC.HgCO^He)Cr(C0)
complexes

The (n-CgHgCOgMe)Cr(CO)2L complexes for which X-ray crystal 
and molecular structures have been reported in the literature 
are listed in Table 3.1. Note that the compound (n^CgHgCOgMe)- 
Cr(CO)g (CNCOCgHg) has two crystal morphologies, a triclinic 
form (A), and a monoclinic form (B), both of which, however, 
have very similar molecular structure.16

Table 3.2 summarizes the principal geometric characteris­
tics of the above complexes. Trends and special features 
will be discussed.

The electronic nature of the ligand L is an important 
factor influencing molecular geometry, through the o-donor 
and n-acceptor properties of L relative to CO. For the 
ligands L of interest, the order of increasing a-donor 
strength is CSe>CS*CNR>CNCOR>CO, and of increasing n-acceptor 
ability is CSe>CS:>CNCOR>CO>CirsDR3 ”1 ’"1'"1 However, the 
PFg ligand does not fall into the PR^ class with PPhg, being 
a stronger n-acceptor than C0.!“

3.4.1 OC-Cr-CO and OC-Cr-L angles

All the (n-CgHgCOgMe)Cr(CO)gL complexes have the 
usual "plano-stool" geometry. The order of increasing 
OC-Cr-CO angle, and decreasing av. OC-Cr-L angle for ligands 
L, relative to the av. OC-Cr-CO angle in t n-CgHgCOgMe)Cr(CO)^ 
of 80.2(1)“. is PPhg, CO, PFj, C8, CSe, which parallels the 
order of increasing n-acceptor ability.
3.4.2 Conformation; An exception

The complexes (n-C^HgCO^MeJCrlCO),1, U  - PPh,, CO, OS, 
CSe), all have the anti-eclipsed conformation as expected, 
with small angles of eclipse at the ortho and para positions 
(Fig 3.4). However, for L = PFj, the angles of eclipse are 
large (av, 18.1°)" and the conformation can be described as 
"off-anti-eclipsed.11

With the exception of L = PPh^, the ligand L (L = CSe,
CS, PFg) occupies fhe ortho position with the angle of 
eclipse (a) (Fig 3.4), where L has moved away from the CO^Me



TABLE 3.1: X-ray Crystal Structures of (rrC6H5C02Me)Cr(C0)2L
complexes

Complex Space Croup, I Reference

(4c6H5C02Me)Cr(C0)3 CT, 4 dD
(rSc6HeiC02Me)Cr(C0)2CS PI, S 31

(rt^CgHgCOgMeJCrCCOJ^CSo Pf, 2 32

{r£c6H5CO2Me)Cr(C0)2PPh3 P2^/n, 4 33

(t^C6H5C02Me)Cr(C0)i,PF_3 Pi, ?. 34

(4 c 6H5C02Me)Cr(CO)2(CNCOPh) PI, 2 (Form A) 16



Applicable for ligand type

sipal geometric characteristics (distances, A'.Angles,0) of (q-C^HgCOgMe)Cr(CO).



Tc:

Figure 3.4 Anti-eclipsed conformation of (n-CgHgCO 
complex, viewed down ligand tripod onto 
showing angles of eclipse, a, b and c, 
positions and para C-atom respectively

2Me)Cr(C0)2l 
arena ring, 
at ortho

Figure 3.5 Unusual staggered conformation of the (n-CgH^COgMe)Cr- 
(C0>2 (CNC0Ph) molecule,viewed down ligand tripod onto 
arene ring. (Both A and B forms the same structurally).



substituent, presumedly for steric reasons. This could 
also account for the larger angle of eclipse (a) of 17.6° 
observed for L = PFg. However, for L = PPh^, the PPh^ 
ligand occupies the ortho position with angle of eclipse
(b).

There is one exception: the (irCgHgC02Me)Cr(C0)^- 
(CNCOPh)16 molecule has a staggered conformation (in both 
A and B forms) (Fig 3.5). Further, the relation of the 
ligand tripod to the arene substituent differs from all the 
other structures; if viewed down the ligand tripod onto 
the arene ring, the -OMe group points to the right, and 
not to the le^t, as is usual. (Fig 3.5,of. Fig 3.4). The 
CNCOCgHg group is anti-parallel to the COgMe substituent. 
Steric considerations could be responsible for the overall 
conformation, and crystal packing forces probably also play

3.4.3 Trends in Cr-C bond lengths

For the complexes (n-CgHgCOgMe)Cr(CO)gb, (L = CSe,
CS, PFj, PPhg, CO), the order of increasing Cr-CO bond 
length and of increasing Cr-C-ring and Cr-arene distances, 
is PPhg, PFg, CO, CS, CSe, which is the same as the order 
of increasing i-acceptor strength of the ligands I,. This 
is also reflected in the Cr-CR (L = CR, R = Se, S, 0, NCOPh) 
bond lengths CNC0Ph<C0<CS<CSe. Note that the Cr-PFg bond 
(2.132(3)5?) is considerably shorter than the Cr-PPh^ bond 
(2.337(1)8), indicating that the PFg ligand, unlike PPhg, 
is a good n-acceptor.
3.4.4 Ring C-C bond lengths

The ring C-C bond lengths are consistent within a 
structure, and from structure to structure (ca. 1.4o8).
3.4.5 Ring planarity and bending of CQ^Me group

In all cases, th-s arene ring is planar, with the 
a-C atom of the CO^Me group either planar with the ring 
(L = CSe), or bending in slightly towards the Cr-atom 
(L a CS, PF3, CO).



3.4.6 Cr-C-0 and Cr-C-R bond angles (L = CR)

For all the complexes, the Cr-C-0 angles deviate 
slightly for linearity (ca. 177®), as expected. The Cr- 
C-R angles (L = CR, R = Se, S, HCOPh), are also slightly 
bent (178 - 179°).
3.4.7 Conformation of the ligand L

In the complex (r,-C6'-'5C02Me)''’r{C0)2(CNC0Ph), 16 the 
isonitrile ligand is bent, with a C-N-C angle of 168(1)°. 
This probably reflects steric and packing requirements.

3.5 Conclusion

From the foregoing analyses, it is apparent that structural 
variations in (n-CgHgCOgMe)Cr(CO>2L derivatives, relative to 
the parent (n^CgHgCOgMe)Cr(CO)g, may be rationalized by 
considering the influence of the electronic nature of the 
ligand L, relative to CO.

However, steric factors and the role of crystal packing 
forces should not be ignored, and these may account for 
exceptions encountered, as well as small deviations from 
ideal geometry.



THE CRYSTAL AND MOLECULAR STRUCTURE OF ( n ^ t L C O J^ C r - 
(CO)^(CNBut)

Introduction

An X-ray crystal study of {'!-CgHgCOgMe)Cr(CO)g(CNBu^), was 
undertaken as part of an investigation iato the anomalous 
IR spectra exhibited by certain ^omplexc , of thi.i type. It 
was hoped that the X-ray stuOy mignt provide a structural 
basis for the rationalization of the anomalous IR data. The 
IR spectra in relation to the structure, will be discussed 
separately in Chapter VIII.

(n^CgH^OgMe)Cr{CO)gtCNBu1) crystallizes in the triclinic 
centrosymmetric space group PI, with two molecules in the 
unit cell. Fig. 4.2 shows a view of the unit cell looking 
down the c-axis. A view of the molecule, looking down the 
ligand tripod onto the arene ring is shown in Fig. 4.1, 
together with the numbering system used in the analysis.

Bond lengths and bond angles, and bond parameters 
involving hydrogen atoms, are given in Table 4.1, 4.2 and
4.3 respectively. Table 4.4 lists the deviations (8) of 
the atoms from the mean plane through the ring C-atoms 
{CU)-C<6>).
Discussion of the Structure of (n^C H„CO„Me)Cr(CO)„(CNBu^)

The structure of the (n^CgHgCOgMe)Cr(GO)g(CNBu^) molecule 
will be discussed in relation to the structures of 
related (n-CgHgCOgMe)C H C O )2l complexes (Table 3.2), 
following the scheme of analysis previously employed. Any 
irregularities observed will be examined in greater detail, 
and possible causes considered (section 4.3). The principal 
geometric characteristics of (n^CgHgCOgMe)Cr(CO)g(CNBu*) are 
summarized in Table 4.5

Since the electronic nature of the ligand L has an 
important influence on structure, it should be noted that 
the CNBu* ligand is a better o -donor and a poorer it- 
acceptor than CO, but a better »-acceptor than PRg. a



%





TABLE 4.1: Bond lengths (A) for (n-C^CC^Me)Cr(CO)2 (CNBut)

2.190(4) C(l)-C(2)
2.198(4) C(2)-C(3) 1.405(8)
2.207(5) C(3)-C(4) 1.404(7)

Cr-C(4) 2.190(5) C(4)-C(5) 1.407(9)
Cr-C(5) 2.224(5) C(5)-C(6) 1.381(7)

2.212(5) C(6)-C(l) 1.420(6)
1.827(4) C0(1)-0C(1) 1.159(5)

Cr-C0(2) 1.838(3) G0t2)-0C(2) 1.157(4)
1.940(5) 1.155(6)

C(l)-C(7) 1.451(6)
C(7)-0(l) 1.346(5) C(9)-C(10) 1.524(6)
C(7)-Oi2) 1.201(6) C(9)-C(ll) 1.512(8)
0(1)-C(8) 1.448(6) C(9)-C(12) 1.523(6)

TABLE 4.2: Bond ancles (°) for n-C6H5C02Ke)Cr(C0) gtCNBu1)

Cr-CO(l)-OC(l) 178.3(3) C0(l)-Cr-C0(2) 86.2(2)
Cr-CO(2)-OC(2) C0(l)-Cr-CN 90.7(2)
Cr-CN-NC C0(2)-Cr-CN 90.2(2)
NC-CN-C{9) 166.8(4) C(l)-Cr-C0(l) 112.7(1)
CN-C(9)-C(10) 106.9(4) C(2)-Cr-C0(l) 89.0(2)
CN-C(9)-G(11) 0(3)-Cr-C0(l) 93.4(2)
CN-C(9)-C(12) 108.4(4) C(4)-Cr-C0(l) 122.1(2)
C(10)-G(9)-C(11) G(5)-Cr-C0(l) 159.0(2)
C(ll)-C(9)-C(12) 112.2(4) C(6)-Cr-C0(l)
C{12)-C(9)~G(10) 110.1(4) C(l)-Cr-C0(2) 161.1(2)
C(6)-C(l)-C(2) 119.2(4) C(2)-0r-C0(2) 249.1(2)
C(l)-C(2)-C(3) 119.8(4) C(3)-Cr-C0(2) 112.6(2)
C(2)-C(3)-C(4) 120.0(5) C(4)-Cr-C0(2) 89.7(2)
C(3)-C(4)-C(5) C(5)-Cr-CO(2) 95.2(2)
C(4)-C(5)-C(6) 119.9(4) C(6)-Cr-C0(2) 123.6(2)
C(5)-C(6)-C£1) 120.7(5) C(l)-Cr-CN 90.3(2)
C(7)-C(l)-C(2) 122.7(4) C(2)-Cr-i. 120.4(2)
C(7)-C(l )• (6) 118.1(4) C(3)-Cr-CN 157.0(2)
C(l)-C(7)-0(2) 124.6(4) C(4)-Cr-CN 147.1(2)
C(l)-C(7)-0(1) 112.0(4) C(5)-Cr-CN 110.2(2)
0(l)-C(7)-0(2) 123.4(4) C(6)-Cr-CN 86.5(2)
C(7)-0(l)-G(8) 115.3(4) C(l)-Cr-C(2) 37.5(2)
Cr-C(l)-C(2) 71.6(2) C(l)-0r-C(3) 67.3(2)
Cr-C(l)-C(6) 72.0(2) C(l)-0r-C(4) 79.8(2)
Cr-C(2)-G(l) 70.9(2) C(l)-Cr-C(5) 67.0(2)
Cr-C(2)-C(3) 71.7(3) C(l)-Cr-C(6) 37.6(1)
Cr-C(3)~C(2) 71.1(3) C(2)-0r-C(3) 37.2(2)
Cr-C(3)-C(4) 70.7(3) C(2)-Cr-C/: 67.4(2)
Cr-C(4)-C(3) 72.0(3) C(2)-Cr 79,1(2)
Cr-C(4)-C(5) 72.7(3) 0(2)- 67,2(2)
Cr-C(5)-C(4) 70.1(3) G(3)-Ct 37.2(2)
Cr-C(5)-C(6) 71.4(3) C(3)-Cr.v 66.7(2)
Cr-C(6)-C(5) 72.3(3) G(3)-Cr-C(o> 78.7(2)
Cr-C(6)-C(l) 70.3(3) C(4)-Cr-C(5)
Cr-C(l)-C(7) 127.3(3) C(4)-Cr-C(6)

C(5)-Cr-C(6)



TABLE 4.3,‘ Bond parameters involving hydrogen atoms for 
(n^C-H.CO-Me )Cr (CO) -{CNBu15)

a). Bond lengths (A)

C(2)-H(2) 0.97(4) CUO)-H(IOA) 0.97(5)
C(3j-H(3) 0.99(5) CIIO)-H(IOB) 0.94(4)
C(4)-H(d) 0.98(4) C(10)-H(10C) 1.07(4)
C(5)-H(5) C(ll )-H(llA) 0.98(5)
0(6)-H(6) 0.90(5) C(11)-H(11B)
C(8j-H{8A) C(ll)-HlllC)
C(8)-H(8B) 0.91(4) C(12)-H(12A)
C(8)-H(8C) 1.03(4) C(12)-H(12B)

C(12)-H(12C) o !m (4)

Bond angles (°)

0(1)-C(2)-H(2) 118(3) Cr-C(2)-H(2) 124(2)
C(3)-C(2)-H(2) 122(3) Cr-C(3)-H(3) 125(2)
C(2)-C(3)-K(3) 217(2) Cr-C(d)-H(d) 129(2)
C(d)-C(3)-H(3) 123(2) Cr-C(5)-H(5) 131(2)
C(3)-C(d)-H(4) 119(2) Cr-C(6)-H(6) 131(2)
C(5)-C(4)-H(d) 121(2) 0(1)-C(8)-H(8A) 110(3)
C(d)-C(5)-H(5) 121(3) 0(1)-C(8)-H(8B) 110(3)
C(6)-C(5!-H(5) 119(3) C(1)-C(8)-H(8C) 105(3)
C(5)-C(6)-H(6) 121(2) C(9)-0(10)-H(10A) 104(2)

119(2) C(9)-C(10)-H(\0B) 108(2)
H(10A)-C(10)-H(10B) 104(4) C(9)-C(10)-H(10C) 110(2)
H(10B)-C(10)-H(10C) 119(3) 0(9)-C(ll)-H(llA) 111(2)
H{100)-C(10)-H(10A) 111(3) C(9)-C(U)-H(118) 109(4)
H(llA)-C(ll)-H(UBj 105(d) C(9).C( 11 )-H{ 110) 111(3)
H(118)-C(U}..V«(11C} 111(3) C(9'-C(22)-H(12A) 112(2)
m u o - c a u - w u u ) 0(9)-C(12)-H(12B) 106(2)
H(12A)~C112}-H(12B) ''(9)-C(12)-H(12C) 112(2)
H(12B)-C(12)-H(12C) 105(4) .,(8A)-C(8)-H(8B) 116(4)
H(12C)-C(12)-H(12A) 108(4) H(8B)-C(8)-H(8C)

H(8C)-C(8)-H(8A)

: d.d: Deviations (A) Of atoms from t < plane defined by
C-atoms (C(l)-C{6)) ( 
(C0),(CNBub)

irere ring" in (n-CgHgCOgMeiCr- 

P=.vlfkion from Plane (A)

C(l)
0(2)
0(3)
0(4)
0(5)



TABLE.d.4 (Continued)

G(6)
H(2)
H(3)
H(d)
H(5)
H(6)
C{7)
0(1)
0(2)
0(3)
H(flA)
H(6B)
H(8C)
c o m
C0(2)
o c a )
0C12)
CN-
NC
C(9)
C(10)
C(U)
C(12)
HUOA)
•H(108)
H(10C)
H(11A)
H(11E)
H(11C)
H(12A)
H{12B)
H(12C)

Deviation from Plane 1A) 

-0.0285 

-0.5468

8 Equation of the plane defined by C(l)-G(6)i 
0.047BX + 1,1172y + 6-59522 = 1.6293



TABLE.4.4 (Continued)

Atom Deviation from

C(6) -0.0071
H(2)
H(3)H(4)
H(5) -0.0285
H(6)
C(7)
0(1)
0(2)
C(8)
H(8A)
H(8B>
H(8C)
C0{1)
C0(2)
0C(1)
0C(2)
CM'

C(9)
C(10)
C(ll)
C(12)
H(10A)
•H(10B)
HflOC)
H(11A)
H{HB)
H(11C)
H(12A)

H(12C)

a Equation of the plane defined by C(l)-C(6):
0.0478% + l,1172y +- 6.5952Z = 1.6293



TABLE A.5! Principal geometric characteristics (distances, 
angL-..,«) of CO Me)Cr(CO (CNBut)

Conformation 
Ring planarity 
Deviation of a-( 
av Ring C-C 

Cr-Arene 
av Cr-C-ring

Staggered

0.079, towards the Cr-atom 
1.405(7)

2.204(f)

1.940(5;
86.2(2 )
90.5(2)
178.1(3)
177.3(4)
166.8(4)



4.2.1 OC-Ci" JO and OC-Cr-CN angles
The molecule has the usual "piano-stool" arrangement 

of Uganda. Within the ligand tripod, the OC-Cr-CO angle 
is 86.2(2)°, and ths av. QC-Cr-GN angle 90.5(2)°. These 
values are intermediate between those for (n^CgHgCOgMe)- 
Cr(C0)2(PPh3 ) [OC-Cr-CO, 85.3(1)°, and av. OC-Cr-P,
S0.1(l)°]" and (n-CgHgCOgMe)Cr(CO)g [av. OC-Cr-CO, 88.2{l)°]” b 
as expected, since CNBu in a poorer n-acceptor than CO, but 
a stronger n-acceptor than PPh^. ‘'la
a,2-2 Conformation

(n^CgHgCOgMe)Cr(CO)g(CNBu^) is an exception to the 
electronic conformation preference, since the molecule 
adopts a staggered conformation in the. crystal. However, the 
relation of the ligaud tripod to the arene ring is normal 
(Fig 3.4) (ie. when viewed down the ligand tripod onto the 
arene ring the -OMe group points to the left), but the 
CNBu ligand which is parallel to the ring substituent has 
moved towards the COgMe group. (The angle between Cr-CN 
and Gr-CU) (bearing substituent) projected on the plane of the 
arene ring is 37.7°). The "angles of eclipse" (Fig 4.3) are 
less than the ideal 30“ for a symmetrical staggered 
conformation (av. 21.3°), placing the conformation inter­
mediate between staggered and the "off-anti-eclipsed" of the 
(rrCgH5C02Me)Cr(C0)2PF3 Structure (av. 16.1°).3“ However, 
in the latter structure, the PFg ligand has moved away from 
the COgMe substituent. The only other isonitrile derivative, 
(n^C6H5C02Me)Cr(C0)2(CNC0C6Ht.),1 * also has a staggered 
structure, but the CNR ligand is anti-parallel to the COgMe 
group (Fig 3.5).
4,2.3 Cr-C bond lengths

The av. Cr-CO bond length, and the av. Cr-C ring and 
Cr-Arene distances of 1.833(4), 2.204(5) and 1.697(1)A 
respectively, ar<» intermediate between the values of 1.823(4), 
2.198(4) and 1.695(1)8 and 1.842(3), 2.217(2) and 1.716(1)A 
for <n-C6H5C02Me)Ci'<C0)2W ’h3)J and (n-CgHgCO^ejCrCCOg1 eb



Figure 4.3 Conformation of the ( n^CgHgCOgMe )Cr (COglCNBu1") molecule, 
viewed down ligand tripod onto arene ring. The "angles 
of eclipse" at the ortho and para positions, are
a, 22.3°, c, 22.8°, and b, 18.9% respectively.

respectively, as expected, (n-acceptor strength C0>CNR>PR3 "la). 
The longer Cr-CN bond length of 1.940(5)A also reflects the 
poor n-acceptor property of the CNR ligand relative to CO.
Note that the Cr-CO, Cr-C ring and Cr-arene distances are 
very similar to those for (n^CgHgCOgMe)Cr(CO)g(PFg)(1.833(11), 
2.201(10) and 1.698(2)A respectively.)1"
4.2.4 Ring C-C bond lengths

The ring C-C bond lengths lav. 1.405(7JA) are similar 
to those in the related structures.
4.2.5 Ring planarity and bending of CO Me-group

The arene ring is essentially planar, with the a-C- 
atom of the arene substituent bending slightly towards the 
Cr-atom, as observed for other (n^CgHgCOgMe)Cr(CO)gL 
(L = CO, ,,b CS, 31 Pfg") ctures.



4.2.6 Cr-C-0 and Cr-C-N bond angles

As expected,39 the Cr-C-0 angles deviate slightly 
from linearity (av. 178.1(3)°). The Cr-C-N group is also 
slightly bent, with a Cr-C-N angle of 177.3(4)°.
4.2.7 Conformation of the CNBu^ ligand

In (n̂ C6H5CO2Me)Cr(C0)2 (CNBut), the isonitrile 
ligand is bent, with a C-N-C angle of 166.8(4)°, similar 
to that of 168(1)° observed for (irCgH5C02Me)Cr(CO>2(CNCOCgHgJ. 
The CNBu ligand bends outwards, away from the carbonyls, 
towards the CO^Me ring substituent, (see Fig. 8.2, ch. VIII).

4.3 Unusual Structural Features of (n—C-H,C0 Me)Cr(CO)^(CNBui'/

The structure of (n-CgHgCOgMe )Cr (COjCNBu1") has been 
discussed above in terms of its similarity to related 
(irCgHgCOgMe)Cr(CO)gL structi-res. However, the molecule 
possesses certain unusual features, which will be considered 
in more detail, and possible reasons for irregularities 
discussed.
4.3.1 Staggered Conformation

On electronic grounds, an anti-eclipsed conformation 
would have been predicted, as is found for the complexes 
(rHC6H5C02Me)Cr(C0)2l (L = CO.” 15 CS, "  CSe, ,Z P P h ^ ’). The 
staggered conformation (Fig. 4.1) adopted by the (n-Cgh^COgMe)- 
Cr{C0)2(CNBut) molecule is thus unexpected. However, from 
theoretical calculation, the energy barrier between the 
eclipsed and staggered conformation is not expected to be 
substantial. ’’11 It is unlikely that the movement from the 
eclipsed position originates from steric factors, since the 
PPhy ligand adopts the eclipsed geometry, and the steric 
bulk of the BuNC group is expected to be less than thac of 
the PPh3 ligand.““ Note, however, that the PPhg group 
eclipses the ortho position on the COMe side of the COOMe 
ring substituent, whereas the SuNC ligand lies on the C=0

4.3.2. Position of ^BuNC vis-6-vls CO^Me

In (n^C6H5C02Me)Cr(C0)2(CNBut), the CNBu1 ligand is 
parallel to the COgMe ring substituent (Fig. 4.1). In



contrast to the "off-anti-ecllpsed" conformation of 
(n-CgH5C02Me)Cr(GO)2(PF3), where the PFg ligsnd has moved 
away from the COgMe group (angle between Cr-PFg and 
Cr-C(COgMe) projected on the plane of the arene ring is 
77.60),1' the CNBu* ligand has moved towards the COgMe 
group (angle between Cr-CNBu1' and Cr-C(COgMe) in 
projection is 37.7°). In the other reported isonitrile 
derivative, (n-CgHgCOgMe)Cr(CO)̂ (CNCOCgHg), the conforma­
tion is also staggered, but the Cr(CO)gL tripod has a 
completely different orientation relative to the 
CgHgCOgMe ring (Fig. 3.5j, and the CNCOCgH^ and COgMe 
groups are antiparallel.16
4.3.3 Bending of the ^BuNC ligand

The ^BuNC ligand bends out towards tr.e COgMe ring 
substituent (see Fig. 8.2), with a C-N-r ingle of 166.8(4)°. 
This aspect is discussed furthei- in " in relation to
the anomalous IR data (ch.II) of the Cr(CO)^(C«R)
complexes.
4.3.4 Intra- and Inter- molecular Interactions

It Is possible that the molecular g.ometry observed 
(both the position of the CNBu* ligand relative to the ring, 
and the bending out of the CNBu*' ligand towards the COgMe 
group) could be due to an interaction between 0(2) and a 
H-atoro of the ^Bu group. Although there are no exceptionally 
short non-bonding intermoleeular distances, weak intra­
molecular (e.g. 0(2)..,H(8A), 2.55A) and intermoleeular 
(e.g. Ot2)...H(10C) 2.75A) interactions are possible. The 
unusual structural features observed may, however, be a 
consequence of purely packing considerations in the crystal.

4.4 Experimental

4.4.1 Data collection

The complex (rrCgHgCOgMe)Cr (CO)g( CNBu*') was prepared 
as described in ch.12. Red crystals were obtained by slow 
recrystallization from dichloromethane-hexane under nitrogen 
at 15°C. Despite the crystalline appearance in ordinary 
light, examination under polarized light characterised most



of the material as polycrystalline. Suitable single-crystal 
fragments of diffraction quality could be cut from the large 
specimens. Preliminary investigation was done by standard 
Weissenberg and precession photography, Refined cell 
constants were obtained during data collection on a Philips . 
PW1100 four-circle diffractometer using graphite-monochromated 
MoKo radiation (X = 0.7107s) at r- .m temperature (20°C). 
Lorentz and polarisation corrections were applied, but no 
corrections for absorption were made as the linear absorption 
coefficient fi was only 3.50 cm-1. Cryntal data and details 
of the structure analysis are summarized in Table 4.6.
4.4.2 Structure Solution and refinement

Structure analysis and refinements were carried out 
by using the program SHELX."*8 Initial co-ordinates for 
the chromium atom were derived from a Patterson synthesis 
and difference Fourier syntheses y'elded positions first for 
all 21 non-hydrogen atoms, and after least-squares refinement 
of these, also for the 17 hydrogen atoms. Positional 
parameters for all atoms and anisotropic temperature factors 
for non-hydrogen atoms were refined by full-matrix least- 
squares analyses. The hydrogen atoms were assigned a common 
isotropic temperature factor, which refined to the value of 
0.0784(27)$. Least-squares refinement was considered 
complete when all parameter shifts were less than 0.5o. At 
this stage the conventional R was 0.0418. Unit weights were 
used, and scattering factors for Cr® were taken from 
"International Tables for X-ray Crystallography. "‘I cb 
Anomalous dispersion corrections'1 ec for chromium were made. 
Fractional atomic co-ordinates, and anisotropic thermal 
parameters for the non-hydrogen atoms are listed in Tables
4.7 and 4.6 respectively. A listing of the Structure 
Factors is to be found in Appendix D.



TABLE 4.6: Crystal data and details of structural analysis for 
(rrCgHgCCL.Me)Cr(CO)2(CNBu6)

Crystal dimensions (mm)
Space Group
a(A)
b(A)
cl!)
oC)
B(°)
r ( ° )
v{%)

CrCi5W ° *

0.16 x 0.16 X 0.14 
Pi O k  2) 
12.812(6) 
9.314(5) 
6.807(3) 
97.28(3) 
87.94(3) 

106.02(3)

Dc(gem' )
F(OOO)
ptcm-1 )
id)
Scan mode 
Range (D)
Scan width (")
Scan speed (es 1)
Range of hkl 
Measured intensities 
Unique reflections 
Internal consistency R-index 
Omitted reflactions 
R (R = Rw)

MoKa (0.7107) 
ti/26
356523

1.20

+h, + k , + 1



TABLE 4.7: Fractional Atomic Co-ordinates for (rpCgHgCC 
(CMBu^)

x/a y/b z/c

Cr 0.3668(0) 0.2001(1) 0.4679(1)
C(l) 0.2524(3) 0.1541(5) 0.2213(6)
0 (2 ) 0.2814(4) 0.0211(5) 0.2408(6)
0(3) 0.3914(4) 0.0227(6) 0.2384(7)
0(4) 0.4723(4) 0.1571(6) 0.2202(7)
0 (5 ) 0.4434(4) 0.2885(6) 0,1933(7)
0(5) 0.3353(4) 0.2873(5) 0.1949(6)
0 (7 ) 0.1380(4) 0.1618(5) 0.2306(6)
0(8) -0,0456(4) 0.0259(7) 0.2639(9)
0(9) 0.1778(3) 0.5196(5) 0.7383(6)
C(10) 0.0615(4) 0.4223(7) 0.7540(10)
0(11) 0.1906(5) 0.6187(7) 0.5746(8)
0 (1 2 ) 0.2156(5) 0.6098(6) 0.9378(7)
cod) 0.3224(3) 0.0703(4) 0.6535(5)
03(2) 0.4873(3) 0.2861(4) 0.6244(5)
00 (1 ) 0.2965(2) -0.0132(3) 0.7704(4)
0C(2) 0.5619(2) 0.3369(3) 0.7267(4)
0(1) 0,0678(2) 0.0274(4) 0.2513(5)
0(2) 0.1106(3) 0.2741(4) 0.2218(5)

0.2326(3) 0.3380(5) 0.6081(6)
NC 0.2450(3) 0.4180(4) 0.6863(6)
H(2) 0,224 (3) -0.06b (5)
H<3) 0.408 (3) -0.071 (4) 0.265 (5)
H(4) 0,549 (3) 0.157 (4) 0.224 (6)
H(5) 0.500 13) 0.383 (4) 0.174 (6)
H(6) 0.315 (3) 0.376 (4)
H(8A) -0.065 (3) 0.066 (4) 0.154 (6)
H(8B) -0.060 (3) 0.071 (4) 0.385 (6)
H(SC) -0.088 (3) -0.085 £5) 0.224 (6)
H(10A) 0.019 (3) 0.495 (4) 0.777 (6)
H(10B) 0.040 (3) 0.372 (5) 0.627 (6)
H(IOC) 0.054 (3) 0.358 (4) 0.876 (6)
H(UA) 0.144 (3) 0.687 (5) 0.539 (6)
H(11B) 0.165 (3) 0.557 (4) 0.451 (6)
H(11C) 0.263 (3) 0.676 (5) 0.563 (6)
H(12A) 0.205 (3) 0.544 (4) 1.046 (6)
H(12S) 0.177 (3) 0.685 (5) 0.959 (6)
H(12C) 0.289 (3) 0.663 (4) 0.936 (6)

igMe)Cr(CO)



TABLE 4.8- Anistropic Thermal Parameters (A1 ) for the non-hydrogen8 
atoms of (n-CsH5C02Me)Cr(CO>2 (CNBu^)

0.0442(3) 0.0421(3) 0.0471(3) -0.0027(2) -0.0010(2) 0.0203(2)
C(l) (3) (3) (2) (2) -0.002 (2) (2)
C(S) (3) (3) (2) (2) -0.004 (2) (2)
C(3) (4) (3) (3) (2) -0.002 (2) (3)
0(4) (3) (4) (3) (3) 0.014 (2) (3)
C(5i (3) (3) (3) (2) 0.013 (2) (3)
0(6) (3) (3) (2) (2) 0.003 (2) (2)
C(7) (3J (3) (2) (2) 0.008 (2) (2)
C(8) (3) (4) (4) (3) -0.C08 (3) (3)
C(9) (2) (2) (3) (2) -0.003 (2) (2)
0(10) (3) 14) (4) (3) -0.001 (3) (3)
till) (4) (4) (3) (3) -0.007 (3) (3)
0(12) (3) (3) (3) (3) -0.007 (3) (3)
00(1) (2) (2) (2) (2) -0.011 (2) (2)
00(2) (a) (2) (2) (2) -0.001 (2) (2)
00(1) (2) f2) (2) (1) -0.002 (1) (2)
OC<2) (2) i2> (2) -0.026 (2) (1)
0(1) (2) (2) (2) (2) -0.004 (2) (2)
0(2) (2) (2) (3) (2) -0.015 (2) (2)

!2) (3) (2) (2) -0.005 (2) (2)
(2) (2) (2) (2} -0.002 <3) (2)

The hydrogen atoms were assigned a caminon isotropic temperature 
factor, which refined to the value of 0.078-1(27)*' .



5.1 Introduction
Direct displacement of CO in (n-C5Hg)Mn(CO)3 by donor 
ligands L to give (rnCgH^MntCOlgL is extremely difficult 
to achieve by thermal means.'7 Consequently the synthetic 
routes presently available to synthesize (n^CgHg)Mn(CO)gL 
complexes employ photochemical"' or Me^NO induced"1 
techniques.

With isonitrile ligands (L = RNC), preparation of 
(n-CgHg)Mn(CO)̂ (CNR) derivatives has involved photochemical 
methods. Irradiation of (n-CgH5)Mn(CO)g in the presence of 
THF (tetrahydrofuran) or KCN yields (rA:cH=.)Mn(CO)2(rHF) ‘9 
or K+i(n-CgH5)Mn{CO)2CN]-Sla, which on reaction with RNC11 ,S ‘ 
or fiX(X = I, C€, Br)1 !b,c’8J,s’yields the desired product 
(n-C5H5)Mn(C0)2(CNR). (n^C5H5)Mn(C0)2(CNBut) has also been
obtained from the photolysis of U-CgHg)MnfC0)2IC Ph^] and 
"BuNC in THF solution.51 To date, isolation of the apparently 
unstable (rrCgH,. )Mn(CO) (CMR)2 derivatives has not been 
achieved.,0 Tvi-eubstituted derivatives, (n-C5H5 )Mn(CNR)3, 
have also been reported, and have been synthesized either 
by irradiation of {n-CgHg)Mn(CO)3 and RNC in THF,56 or 
from [Mn(CNC6Hs yi  and Na[CgH5 ].s"

The complex, (n^C^Me)Mn(CO)2 (CNBub) has been catalytically 
synthesized by electrochemical techniques.ss However, this 
reaction Involves the displacement of acetonitrile (end not 
CO) from (n-CgHjMe)Mn(CO)2 (NCMe) by Bu^NC, and consequently 
still necessitates the use of photochemical, or Me^NO- 
induced techniques in the synthesis of the acetonitrile 
derivative. To date no thermal displacement reactions of 
CO ci (rrCgHg)Mn(CO)g by isonitriles have been reported.

Since PdO has been found to be an effective catalyst for 
the direct displacement of CO by RNC on several metal 
carbonyl complexes,1 '11 the thermal reaction between 
(n-CgHg)Mn(C0)3 and a variety of RNC ligands, with PdO as 
catalyst, was investigated.



Results and discussion

5.2.Z PdO catalysed reaction of {n^CJ tJMnfCQjj with
isonitriles

PdO was found to be an effective, though not highly 
active catalyst for the reaction of (rrCgHg)Mn(CO)g with  ̂
isoniti'ile ligands (BNC), allowing for the synthesis, under 
moderate thermal reaction conditions, of a series of 
(n^CgHg)bln(CO)g{CNR) substituted complexes. Product yields 
varied from poor (MeNC) to excellent (CgH-^fVC) (Table 5.1).
By contrast, the thermal uncatalysed reaction did not 
proceed under the identical experimental conditions.

Since th= catalyst mixture {(irCgHg)Pe(CO)g]g/PdO 
was found to catalyse related substitution reactions 
between isonitriles and metal carbonyl complexes,11 and was 
applied successfully to the reaction between (rnArene)Cr(CO)3 
and PNG (see ch II), the catalytic potential of an iron 
dimer-PdO mixture was investigated for the reaction of 
(n^Cgtig/Mn(CO)g with tBuNC. However, it was found that 
the reaction rates observed either for the use of a catalyst 
mixture (iron dimer/PdO) or for PdO alone (equal amounts of 
Pd In both reactions) are the same.

The PdO-catalyssd synthetic route can be extended 
to related systems. For example, the reaction between 
{nSc5H5)V(CO)4 aid ^BuNC in toluene in the presence of PdO 
(1100C, d h) yielded a yellow product identified as 
(rA:5H5)V(CO)3(CNBut) [IH(hexane), v(NC): 2100(w), v(C0): 
1970(a), 1904 (sh,sp), 1892 (vs) cm”1] by comparison with 
the IK spectra of ( n - C ^ g W C O ^ P R g )  complexes. s’ The 
thermal reaction in the absence of PdO (110“C, 4 h) gave only 
recovered starting material, (ti-CgH,. )V(C0)j.
b.2.2 Characterization of {n-0^ L)Mn(C0)^(CNR) products 

The isonitrile complexes (rrCgHg)Mn(00)g(CNR) have 
been fully oharacteriaed by IR and NMR spectroscopy.
(Table 5.2).
(a) Infra Red

The IR spectra of (,rCgHg)Mn(CO)g(CNR) complexes are 
expected to shon two v(C0) and one v(NC) stretching vibration.



This has been ob’ i/ed previously for RNC = MeNC11 and 
CNCOPh' ,b’°, ana was *»lso observed for the complexes 
with RNC » CgHgCHgNC, f-.e-Me^gHgNC, and MeNC prepared in 
this study. However, for RNC = Bu^NC and C^H^NC, two 
u(NC) (and two v(CO)) vibrations were observed in both 
the solid state and solution. This phenomenon of 
observing more IR active v(NC) bands than expected has 
also been detected in a series of (rrArene)Cr(CO)2(CNBut;) 
complexes (see ch II), and will be discussed in oh VIII.
(b) Proton Nuclear Magnetic Resonance

The NMR spectra of the (n^CgHg'Mn(CO)g(CNR) 
complexes (Table 5.2) are as expected, and show no unusual 
features.
(c) Maas spectrum of (rrC^H,)Mn(CO)^(CNBub)

The fragmentation pattern of the complex
(rrCgHg)Mn(CO)g(CNBub ) is shown in Fig. 5.1, together with 
peak intensities. Loss of the Co ligands precedes loss 
of the CNBu1, and the uu6 fragment is lost before the 
CN linkage. ”  The cyclopentadienyl ring is lost last.
Such a fragmentation pattern is typical of half-sandwich 
metal carbonyl complexes, and has been observed for other 
(n-C5H5)Mn(CO)2(CNR) complexes.se
Experimental-preparation of (n^C H^)Mn(C0)2(CNR), (R = Bub, 
C6HsCH2^ 6H11^ 6H3le2-2,6,M£)

(n^CgHg)Mn(CO)g (2 mmol) and PdO (30 mg) were added to 
toluene (10 mt) and the solution heated to reflux (110°C). 
The appropriate RNC (5 mmol) was then added to the 
reaction vessel, and the reaction monitored by TLC (Silica; 
eluent: hexane, or hexene/CHgCgg (10%)) • Tho reaction was 
allowed to proceed for 6 h (except in the case R » Me, 
where the reaction time was 2d h), after which heating was 
stopped and the product isolated by column chromatography, 
(Silica, 2cm x 40 cm column). Gradient elution, starting 
with hexane (to remove unreaoted starting material) and 
gradually increasing the proportion of CHgC^ to 50% in a 
CH2C42/hexane mixture, was employed. Recrystallization 
from CHgCSj/hexane gave the desired products as yellow 
solids (Table 5.1).



TABLE 5.1: Analytical data for the (n-CcH,jMn(COj-(CNR)







VI. THE MODIFICATION OF (n-C^Hg)Mn(CO)^ BY LIGANDS L

6.1 Introduction

Considerable interest has been focussed on the half-sandwich 
metal carbonyl complex, In-CgH5)Mn(C0)3, owing to the 
exceptional stabilizing capacity of (n5c5H5)Mn(C0)2 moeity.*7 
This has been exploited In the capture and display of 
ligands I. Complexes of the type !n-C5H5)Mn(C0)2l, have been 
detected, isolated and unequivocally characterized, by 
techniques including X-ray crystallography, for a wide range 
of exotic and unstable ligands L.

Some twenty (n-C5Hg)Mn(C0)2L complexes have been studied 
by X-ray crystallography.6' ~ai In most cases, the 
(n~CgH5)Mn(CO)2 moeity has been used to anchor and display 
the ligand L, often a carbene, L itself being of prime 
concern in the structural study, and the geometry around the 
Mn-atom itself of secondary interest.

However, the substitution in (n-CgHg)Mn(CO),j of a CO for 
a ligand L, can result in structural modifications in the 
resulting (n-CgHgJMMCOf^L complex, compared to the parent 
carbonyl, (n-C5Hg)Mn(C0)3 . The structure of (n-Cj.H5)Hn{CO)3 
will be discussed in detail, and the structural effect of 
ligand substitution examined by considering the tn^CgH^Mn- 
(CO)gL complexes for which X-ray crystal and molecular 
structures have been reported. Structural trends, ana 
notable except!jns, will be rationalized in terms of 
electronic and steric factors.

6.2 The Structure of In -C.fiJMnfCO).,

The crystal and molecular structure of (n-C5H^)Mn(CO)3 was 
first determined by Berndt and Marsh in 1963. ’ a (R v-jue 
of 9%), and in 1981 redetermined by Fitzpatrick, le Page, 
Sedman and Butler b. (R value of 2.8691), improving the 
accuracy of bond parameter data.
6.2.1 Ligand geometry and conformation

Tho molecule has the typical "piano-stool" geometry, 
with the OC-Mn-CO angles being equal within experimental 
error (av. 92.0219)'"*).



6.2.2 Conformation

The (CgHg) ring-(CO)3 tripod conformation is shown 
in Fig. 6.1. Two ring C-atoms (C3 and C5) are eclipsed by 
two carbonyls (C12 and C13 respectively), while the third 
CO ligand (Cll) eclipses the C1-C2 bond of the ring. The 
deviations from the fully eclipsed structure destroy 
possible mirror Cm) symmetry of the (n^C5Hg)Mn(C0)3 
molecule.S5b
6.2.3 Mn-C-rlng and Mn-CO bond lengths

The av. values for the Mn-C-ring and Mn-CO bond 
lengths are 2.124(2) and 1.780(2)A respectively. The 
distance between the Mn atom and the centre of gravity 
of the cyclopentadiene ring, Nn-Cp, is 1.766A.s,t>
6.2.4 Ring planarity and C-C bond lengths

The (CgHg) ring is essentially planar. A notable
feature of the (CgH5) ring is the non-equivalence of the
C-C bonds (see Fig 6.2). This breakdown of the 5-fold 
ring symmetry in the crystal is indicative of some degree 
of C-C bond localization. There does not appear to be a 
correlation between the ring C-C bond lengths and the ring- 
tripod ligand arrangement, as found for (ri-C6Hg)Cr(CO)3 
(see section 3.2.4.)

6.2.5 Mn-C-0 bond angler.

The av. Mn-C-0 bond angle is 178.9(2)°.59b Hear 
linearity of M-C-0 bonds is predicted for M(CO) (n = 2,3) 
groups. ’ (see section 3.2,6)
6.2.6 Packing considerations

The compound crystallizes In the monoclinic 
centroaymmetric space group P2j/a, with Z = 4. In general 
the packing is rather loose,59 with the shortest non­
hydrogen intermolecular contact involving the cyclopenta- 
dienyl ring being 3.407A. b

However, the orientation of the ring with respect 
to the carbonyl groups is probably determined largely by 
crystal packing forces, since the intrinsic electronic 
barrier to rotation of the ring about the molecular axis



Figure 6.1 Conformation of (n^CgHg)Mn(CO)g, looking down onto the 
(CgHg) ring. (CO C-atoms are circled; H is the mid­
point of the C(l;-C(2> bond.) Angles of eclipse, a and 
b are 7.25 and 5.93° respectively.s$b

1.38 8 # / X l . 3 82(3)

C<3)\  / C6i
1.365(3)\ / 1.405(3)

C(2) 1.401(3)C<1>

Figure 6.2 Ring C-C bond lengths (A) in (n-C5Hg)Mn(CO)3.Seb



in {n-C„H5)Mn(CO)3 is estimated to be very small (ca. 0.008 
kJ mol” ).3 6 Potential energy calculations*1 have shown 
that the barrier to ring rotation in the solid phase of 
7.24 kJ mol-3" is due to non-bonded intermolecular C...H 
and 0...H interactions, (eg. 0...H distances of 2.48 to

Crystal packing forces could also be responsible 
for minor deviations from ideal geometry observed.

6.3 X-ray Crystallographlc Studies of (n-QU)Mn(CO),L complexes 
The (n-C^Hg)Pn(CO)gL complexes for which X-ray crystal and 
molecular structures have been reported in the literature 
are listed in Table 6.1. The pt inci pal geometric 
characteristics of the (n-C5H5)Mn(CO)gL structures are 
given in Table 6.2. Trends and special features will be 
discussed.
6.3.1, OC-Mn-CO and OC-Mn-L angles

Although the (n~C5Hg)Hn(COJ2L complexes all adopt 
the "piano-stool" arrangement of ligands, in general the 
av. OC-Mn-L angle is greater than the OC-Mn-CO angle.
The reverse is expected if L it, a better n-acceptor than 
CO."* However, in most cases L is a vinylidene ,carbene 
or n- olefinic ligand.

Since PR^ is a poorer ^-acceptor than CO,“3a the 
smaller av. CO-Mn-P (91.6(3)°} than OC-Mn-CO (92.4(4)“) 
angle seems anomalous. However, the CO-Mn-P angles are 
92.7(3) and 90.5(3)°.62 The difference could be due to 
steric repulsions between the bulky PPh^ group (Tolman 
cone angle 145°)** or crystal packing forces. Hence 
caution must be exercized in interpreting small bond 
parameter deviations in terms of electronic effects.
6.3.2 Molecular Conformation

In (n^C5Hg)Mrt(C0)g, one CO ligand eclipses a C-C 
bond of the (CgHg) ring, while the other two carbonyls 
eclipse ring C-atoms. For (n-CgHg)Mn(CO)gL, the 
ligand L may eclipse e C-C bond or a C-atom of the 
(CgH5) ring. In the cases L = SO^," PPhg,"  ry:(C02Me)g,** 
n-C^Hg,* * L eclipses a ring C-atom, but for all the



other structures of Table 6.1 (excluding (n-CgH5)Mn(C0)£ 
[PPh2(0C (Me) (CHC(O)Me)}]. where the(CgHg) ring ie 
disordered63)^ eclipses a ring G-C bond. Hence It appears 
that in general with vinylidene, carbene and n-olefinic 
ligands L, L eclipses a ring C-C bond, and with ligands such 
as L = PPhg, L ecllpaea a ring C-atom. Note also that 
in {n-CgHgMntCOMPPhg)^'6 both PPh3 ligands, and the CO, 
near-eclipse ring C-atoms. This phenomenon could possibly 
have an electronic basis. MO calculation of (n-C^Hg)Mn(CO)gL 
complexes for different ligand types I, might provide 
information on the electronically most favourable conforma­
tion. However, crystal packing forces probably also play 
a role in determinir-i molecular evnformaticn,especially aa 
the barrier to rotation in complexes of the type 
(n-C^Hg)Mn(CO)gL is predicted to be small.ie
6.3.3. Mn-C-ring and Mn-CQ bond lengths

For the (TrCgHg)Mn(CO)gL structures, the Mn-C-ring 
bond distances are generally in the range 2.12 to 2.18A, 
of. av. Mn-C-ring of 2.124(2)& for < . ‘’b A
notable exception is L = SO^61 (av. Mn-C-ring 2.090(2)4), 
Possibly this could reflect a weaker bonding of the S02 
ligand to Mn, compensated for by increased Mn-Ring bonding.
A weaker bonding of the SOg ligand could possibly account 
for the reported instability of the (rrC^H^)Mn(CO)g(SO)g 
complex,61 which has also been ascribed to steric crowding 
of the SOg and CO ligands.11

The Mn-CO bond lengths are generally 1.74 to l.BoS, 
comparable to the av. Mn-CO bond length of 1.780(2)A for the 
parent complex, (n-CgHg)Mn(CO)g.S,b For ligands such as 
PPhg, which is a weaker «-acceptor than CO,1*16 a decrease 
in Mn-CO bond length relative to (n-CgHg)Mn(CO)g would be 
expected. This is indeed observed (av. Mn-CO bond lengths 
of 1.75(2)A and 1.780(2)A respectively for (rrCgHg)Mn(CO)g 

(PPh3)ei and (n-CgHg)Mn(CO)g"b). Further, the Mn-CO bond 
length in {n-CgtfgjMnlCO)(PPh3)2 is 1,749(9)%."
6.3.4 Ring C-C bond lengths

The ring C-C bond lengths for the (n-C^H^)Mn(C0)2L



TABLE 6.1: X-ray Crystal Structures of (n-CgHg)Mn(CO)gL complexes

Complex Space Group Z Reference
<rnC5H5)Mn{C0)3 PS/s, 4 59
(n-CsH5)Mn(CO)2(SO)2 
(n-C-HK)Hn(CO).(PPh„J

'"l/c

. 5 5
(n-C5H5 lMn(C0)2[PPh2(OC(Me)(CHC(O)iHe») PI, 2
(n^C5H5)Mn(C0J2[PhP(0C(CH2)CHC(Me)0)]B P2^/c,
(n-CsH5)Mn(C0)2lC(0)Ph)]"[NMe/1]+ tb2a, 1
(r^C K )Mn(CO)„tN C(CO.Me)„) P2 /n,
(rFC5H5 )Mn(C0)2{SC(C6H6 (Me2 ) 2- 2 ,6 ) ]  P S ^n ,

(irC5H5)Mn(CO)2tCaC(C6Hu J2] P2/c,
( ^ C 5H5 )Mn(CO)2 (CCMe2 J Pntna, <

(n^C5H5 )Mn(C0)2(CCHPh) Pccn, 6

<n§CsHp)Mn<C0)2(CM*2) CmcZ^,
»TrCsH5 )Mnlc0)2(CPh2 )
l 4c5H5)Mn(CO)2(CFPh> 92^/z,

(rrC5H5 )Mn(C0)2CC(0St)Ph] PS^c,

{rrC5H5 )Mn{CO)2[C(-h(C(0)Ph)]g P2^/n,
(n2C5Hs )Mn(C0)2[C(0Me){C6H8(CHMe3)(Me)-2,5)lP21, 2 
{rrCgHg)Mn(CO)2( C ( ) C H P M y ) P2]./a, 4
[( rrCgHg)Mn{C0)2(CPhn20 P2^/c, 4
(rnC5H5)Mn(CC)2[rnC(0)CPh2] PV C’ 4
(n-C5H5)Mn{CO)2I ̂ CH2CHC(0)Me] P2l2l2r
(rrC5H5 )Mn(C0)y{rFcH2CPhC02Me] P2j/a, 8
(rrC5H5)Hn(C0)2CrrCHPhGHP(0l(0St}2j PI, 4 b
(n§C5H5 )Mn(CO)2(n-CtiHs ) PZ^c, 4
{rrC5H5 )Mn(C0)2(n-G7H8} P2^/m, 2

Pnma, d ^ 83b f
[(rrC-H„.)Mn(CO) ] (C.H.) PZ./e,

a Oienediolate group disordered
b 2 crystallographically independent molecules in the asymmetric unit 
c Molecule possesses crystallographic m symmetry
d 2 crystallographies!ly independent half-molecules in the asymmetric

e Unpublished structure 
f Ref. 41 therein
g No co-ordinates, or bond data pertaining to Table 6.2. available 
h Redetermined structure





Sff



complexes are generally In th range 1.35•to 1.43A, cf. av. 
value of 1.388(3)A for ( ^Hn(CO)3. b With one 
exception, the C-C bond lengths within one structure are 
all equal within experimental error. The exception,
(n - C )Mn{CO)g(CCMeg),* * has an alternating pattern of 
C-C bond lengths (Fig. 6.3), indicative of some degree of 
C-C bond localization. The pattern is not, however, similar 
to that observed for (n-CgHg)Mn(CO)g, which also has non­
equivalent ring C-C bonds (see Fig. 6.2). It is interesting, 
and perhaps significant, to note that the shortest C-C bond 
(Cd-Cd1) in (n^CgHg)Mn(CO)̂ (CCMeg) corresponds to the C-C 
bond eclipsed by the vinylidene ligand. The non-equivalent 
ring C-C bond lengths could, however, be indicative of 
some unresolved disorder of the Cg-ring. A 25% C^-ring 
disorder was observed for (n^CgHg)Mn(CO)g[PPhg(OC(Me)- 
(CHC(O)Me)))f1
6.3.5 Mn-C-0 bond angles

The Mn-C-0 bond angles are in the range 174-179°, 
as expected.19
G .3.6 Packing, and Sterlc Factors

Crystal packing forces are probably responsible for
(i)' The overall conformation of the ligand tripod with 

respect to the cyclopentadienyl ring, although the electronic 
nature of the ligand L could govern whether L eclipses a 

ring C-atom or a ring C-C bond.
(ii) Angular deviations which destroy possible m molecular 
symmetry. For L = CCMe^,99 CMeg,'' n-C7Hg,M  crystallo- 
graphic m molecular symmetry is observed.
(lii) Small distortions and deviations from ideal geometry.

Steric factors could account for anomalous bond 
angle and bond length data. For example, for (n-CgHg)Mn(CO)- 
[C(COgMe)CHPPh3J, "  the OC-Mn-C carbene bond angles are 
85.5(1) and 95.7(1)°, for C0(1) and C0(2) respectively cf, 
the ideal value of 90°, due to the bulky COgMe substituent 
directed towards the C0(2) ligand.

In the complex (r A y - y M n f C o y  rC(0)CPhg], "



Figure 6.3 Ring C-C bond lengths (A)11 in (n-CgHg)Mn(CO)g(CCMe).
(Atoms C(3) and 0(4) are related to c(3')  and C(4') by 
a erystallographic mirror plane through 0(2) and the 
midpoint of the C(4)-C(4' ) bond.)

the two co-ordinated n-oleflnic C-atoms (Cl and C2) are not 
equidistant from the Mn-atom (2.17(2J and 1,96(2)A 
respectively), possibly due to steric in- .actions between 
the phenyl rings on Cl and the carbonyl groups. Further, 
the Mn-CO bond lengths differ (1.73 and 1.81A).

6.4 Conclusion

The overall geometry of the (n-CgHg)Mn(C0)gL complexes is 
similar to that of (n-CgHg)Mn(COjg. Observed bond angle 
and bond length trends oan be rationalized in electronic 
terms, and anomalies explained by the influence of steric 
factors and/or crystal packing forces.



VIZ. THE CRYSTAL AND MOLECULAR STRUCTURE OF (ri-C H:)Mn(CO)„(CNBut)

7.1 Introduction
An X-ray crystal study of (n-CrHg)Mn(C0)2(CNBut')l was under­
taken as part of an Investigate into the anomalous IR 
spectra exhibited by certain complexes of this type. It 
was hoped that the X-ray study of (n-CgHgjMnCCOJgfCNBu^, in 
conjunction with that of (n-CfiH5C02Me)Cr(CO)2(CNBu^) (ih.IV), 
might provide a structural explanation of the anomalous IR 
data cf these complexes. This aspect will be discussed in

(n-C^Hg)Mn(CO)2(CNBu*" 1 crystallizes in the orthohombric 
non-centrosymmetric space group Pna2^, with four molecules 
in the unit cell. Fig. 7.2 shows a view of the unit cell, 
looking down the b-axis. The molecule is shown in Fig. 7.1, 
together with the numbering system used in the analysis.

Bond lengths and bond angles, and bond parameters 
involving hydrogen atoms are given in Tables 7.1, 7.2 and 
7.3 respectively. Table 7.4 lists the deviations (A) of the 
atoms from the mean plane through the cyclopentadienyl ring 
C-atoms (C{1)-c{5)).

7.2 Discussion of the Structure of ( n-C.H, )Mn(C0)„(CNBu<:)
Vhe structure of (n-CgH5)Mn(CO)2(ChBu") will be discussed in 
terms of the structural features analysed for the related 
(n-C^Hg)Mn(CO) complexes (Table 6.2), The principal 
geometric characteristics of ( ) Mn(CO)̂ (CNBu*) are 
summarized in Table 7.5.
7.2.1 OO-Mn-CO and OC-Mn-CN angles

The complex has the "piano-stool" arrangement of 
ligands, with the C-Mrv-C angles all close to ,.-J0. The C0- 
Mn-CO angle is slightly smaller than the CO-dn-CN angles, 
as expected1-0 since CNBu is a poorer ^-acceptor than CO. ̂ 1 
However, the difference (of 1°) is too .'-tight to be 
significant.
7.2.2 Molecular conformation

In (n^CgHg)Mn(CO)g(CNBu'-), the CNBu1" ligand essentially 
eclipses d ring C-C bond (In projection, angle of eclipse C(4)- 
Mn-C(S). • is 13.7°), but the disorder in the C5-ring (vide



Pigur. 7 A t. ORTEP*9 view of the (n-C5H5 )Mn(COjgtCNBu*,1 molecule, 
showing the numbering system







TABLE 7.1 Bond lengths (A) for (n§G5H5)Mn(CO)2(CNBut)

Mn-C(l) 2.10(3) C(l)-C(2) 1.56(5)
Mn-C(2) 2.09(2) C(2)-C(3) 1.23(4)
Mn~d(3) 2.12(4) 0(3)-C(4) 1.39(5)
Mn-C(4) 2.17(2) 0(4)-C(5) 1.49(4)
Mn-C(5) 2.20(3) C(5)-C(l) 1.27(5)
Mn-C(ll) 1.82(3) C(ll)-0(1) 1.13(4)
Mn-C(12) 1.72(4) G(12)-0(2) 1.20(5)

Mn-C(6) 1.85(2) C(6)-N 1.17(2)
N-C(7) 1.48(2) C(7)-C(9) 1.82(4)
c{7)-c(a) 1.30(5) C(7)-C(10) 1.45(3)

TABLE 7.2 Bond angles (°) for '[n-C5H5)Mn(CO)2(CNBut)

C(2)-Mn-C(l) 43(1) C(9)-C(7)-C(8) 107(2)
C(3)-Mn-C(l) 63(1) C(10)-C(7)-C(8) 120(3)
C(3)-Mn-C(2) 34(1) C(10)-C(7)-C(9) 110(2)
C(4)-Mn-C(l) 65(1) C(ll)-Mn-C(l) 137(2)
C(4)-Mn-C(2) 64(1) C(ll)-Mn-G(2) 98(1)
0(4)-Mn-C(3) 38(1) C(ll)-Mn-C(3) 96(2)
C(5)-Mn-Cfl) 34(1) C(ll)-Mn-C(4) 122(1)
C(5)-Mn-C(2) 63(1) C(ll)-Mn-C(5) 158(1)
C(5, -Mn-C(3) 61(1) C(12)-Mn-C(l) 90(2)
C(5)-Mn-C(4) 40(1) C(12)-Hn-C(2) 113(2)
C(6)-Mn-C(l) 133(2) C(12)-Mn-C(3) 147(2)
C(6)-Mn-C(2) 153(1) C(12)-Mn-G(4) 147(1)
0(6)-Mn-G(3) 119(2) C(12)-Mn-C(5) 107(1)
C(6)-Mn-C(4) 90(1) Cf2)-C(l)-Mn 68(2)
C(6)-Hn-C(5) 101(1) C(5)-C(l)-Mn 77(2)
C(2)-C(l)-C(5) 105(3) C(l)-C(2)-Mn 69(2)
C(l)-C(2)-C(3) 105(4) C(3)-C(2)~Mn 75(2)
0(2)-C(3)-G(4) 118(4) C(2)-C(3)-Hn 72(2)
C(3)-C(4)-C(5) 99(3) C(4)-C(3)-Mn 73(2)
C(4)-C(5)-C(l) 112(3) C(3 )-C(4)-Mn 69(2)
C'8)-C(7)-N 108(3) C(5)-C(d)-Mn 71(2)
C(9)-C(7j-N 101(3) C(d)-C(5)-Mn 59(2)
C(10)-C(7)-N 109(2) C(l)-G(5)-Mn 69(2)



TABLE 7.2 (cont.)

0{l)-C(U)-Mn
0 ( 2 } - C U 2 M n

C (7 )-N -C (6 )

173(3)
173(3)
177(2)
172(2)

C(ll)-Mn-G(6)
C(12)-Mn-C(6)
C(12)-Mn-C(ll)

91(2)
93(2)
91(1)

(a)

E 7.3 Bond parameters Involving hydrogen atoms for 
(n-CgH5)Mn(C0)2 (CNBut )

Bond angles Involving hydrogen atoms (=)

H(l)-C(l)-Mn
H(2)-C(2)-Mn
H(3)-C(3j-Mn
H(4)-C(4)-Mn
H(6)-C(5)-Mn
H(8A)-C(8)-C(7)
H(8B)-C(8)-C(7)
H (g O -C (e )-C (7 )

K (6A ;-C (8 )-H (S B )

K(ea)-C(8)-H(8C)
H(8C)-C(8)-H(8A)
H(9A)-C(9)-C(7)
H(9B)-C|9)-C(7)
H(9C)-C(9)-C(7)
H(9A)-C(9)-H(9B)
H(9B)-C(9)-H(9C)
H(9C)-C(9)-H(9A)
(b) Bond lengtna

G(1)-H{1)
C(2)-H(2)
C(3)-H(3)
C(4)-H(4)
C(5)-H(5)

C(e)-H(SA)
C(B)-H(8D)

139(11)
138(7)
137(7)
102(17)

119(10)
137(23)
84(21)

115(18)
87(21)

106(13)

107(25)
155(1’)
89(19) 

involving hydrogen

H(l)-C(l)-C(2) 
H(I)-C(1)-C(5) 
H(2)-C(2)-C(l) 
H(2)-C(2)-C(3) 
H(3)-C(3)-C(2) 
H(3)-C(3)-C(4) 
H(4)-C(4)-C(3) 
H(4)-C(4)-C(5) 
H(5)-G(5)-C(4) 
H(5)-C(5)-C(l) 
H(10A)-C(10)-C(7) 
H(10B)-C(10)-C(7) 
H(10C)-G(10)-C(7) 
H(10A)-C(10)-H(10B) 78(13) 
H(10B)-C(10)~i!(10C) 83(15) 
H(10C)-C(10)-H(10A)117(15)

95(11)
151(13)
112(11)
143(11)
129(13)
310(12)
147(7)
108(7)
94(7)
151(7)
122(9)
108(11)
121(13)

0.9(1)
0.7(1)
0 .8 (1)
1 .0 (1)
1.1(1)
1.0(3)
0.8(2?

C(B)-H(8C)
C(9)-H(9A)
C(9)-H(9B)
C(9)-H<9C)
C(10)-H(10A)
C(10)-H(10B)
CdO)-H(lOC)

1.3(2)
0.9(3)
1.0(3)
1.1(2)
1.2(2)
1.0(2)
0.9(2)



TABLE 7.4 Deviations (A) of atoms from the plane defined by the 
5 C-atoms (CU)-C(5)) of the cyclopentadienyl ring® of 
(n^C5H5 )MntC0)2(CNBut)

Deviation frc

N
0(1) -3,3044
0(2}
c m -0,0340
C(2)
CO)
C(4) -0.0565
0(5)
H(l)
HC3J -0.0876
H(3)
H(4)
H(5)
MO)
C(7)
CC"
H(oA)
H(8B)
HOC)
0(9)
H(9A)
HOB)
HOC)
C(10)
HCIOAJ
H(IOB)
H(10C)
C(ll)
C(12)

a Equation of the plane defined by atoms C(l)-C(5>: 
(17.?776)x + {-2.2175)y + (-0.07gd)z = 6.6923



TABLE 7.5 Principal geometric characteristics 
angles, °) of { ) Mn(CO)2(CNBu1

Mn-Cp 3
Mn-C ring 2,14(4)
Mn-CO 1.77(4)
Mn-CN 1.85(2)
C-C(ring) b 1,39(4)
Mn-C-0 173(3)
Mn-C-N 177(2)
C-N-C 172(2)
CO-Mn-CO 91(1)
CO-Mn-CN 92(2)

(distances,
>

a Co = centre of gravity of CS-ring 

b , Ring C-C bonds not equivalent (see Fig. 7.3)



Infra) precludes a detailed analysis of the conformation of 
the Mn{C0)gL "tripod" relative to the (CgHg) ring, as has 
been done for the (n-C5Hg)Mn(C0)3 precursor*8*5 (see section

7.2.3. Mn-C bond lengths

The av. Mn-C ring bond length is 2.14(4)A, of. 2.124(2)A
for (ri-C.H„ )Mn(CO)„S,b. The Mn-Cp distance is 1.779A, cf.

o 3 c d ,gh o o
3..766A for ( ) Mn{CO>3 ao, and 1.790A, 1.778(1)A and
1.773(3]? for the complexes (AyWMnlCOlgL, L = (C(COgMe)-
CHPPhg)?6,(n-CH2CHC(0)Me),g end (n-C7Hg )” b respectively.

The av. Mn-CO distance Is 1.77(4)A cf. 1.780(2)A and
1.75(2)8 for (nS:5H5>Mrt<CO)3S9b and (^C5Hg )Mn{C0)2 (PPh3 '*
respectively. This trend is in the expected direction, since
CNBu is a poorer ^-acceptor than CO, but a better w-
acceptor than PPh3“,a. However, with the small range (3e),
the M-CO bond distances are effectively equal within the
limits of experim6fita] error. Note that the Mn-CO bond
lengths in (r?̂ C5H5;Mn|C0)2{CNBut) are not equal within
error limits (1,8213) and i.72(4)A for Mn-C(11) and Mn-C(12)
respectively.) A similar effect was observed for
< A 5H5;MnlC:0)2U-C(0)CPh,]’e (see section 6.3.6.) The
Mn~CN bond length is 1.85(2)A.
7.2.4 Ring planarity and C-C bond lengths

As for (rnC5H„)Mn(CO)388b, the C5-ring in 
(n-Cgfig)Mn(CO)g(CNBu } is essentially planar (see Table 7.4). 
However, the ring C-C bond lengths are not equivalent 
(Fig. 7.3), indicative of some degree of disordtr. A 2*5% 
disorder of the C5-ring was observed for (n^CgH5)Mn(C0 )3[PPhg- 
(0C(Me)(CHC{0)Me))).6’ Unresolved C5-ring disorder could 
also account for the non-equivalent ring C-C bond lengths 
(fig. 6.3, ) in (r>̂ C5Hg)Mn{C0)j(CCMeg).85 Non-equivalent 
ring C-C bond lengths could bo a genuine electronic effect 
indicative of some degree of C-C bond localization, in 
accurately determined structures, eg. (n-C5H5)Mn(CO)3 ,t,b
7.2.5 M-C-0 and M-C-N bond angles

Both the Mn-C-0 bond angles are 173(3)*. Near 
linearity (ca. 175=) is expected,"  Crystal packing forces
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C(4)< >0(2)

1.49 (4)\ /1.55(5)

7.3 Ring C-C bond lengths (A) in (u-C H )Mn(C0) (CNBu )

could also be responsible for deviations. The isonitrile 
ligand co-ordinates in a linear fashion, with the Mn-C-N 
bond angle 177(d)0.
7.2.6 Conformation of the CNBut ligand

The isonitrile ligand is slightly bent, with a C-N-C 
angle of 372(2)°. However, for terminal isonitrile ligands, 
a fi-N-R angle >170° is considered linear. b Note that the 
CNBu* ligand bends inwards away from the ring, in contrast 
to the CNBu6 ligand in (n^CgH^O^Me)Cr(CO)2(CNBu6) (ch. IV), 
which bends outwards towards the arene ring.
7.2.7 Packing

As for (n-CpH-JMnfCO)-,S,b’e° the overall conformation,
and in particular the orientation of the ligand tripod with 
respect to the (C^Hg) ring, is probably determined largely 
by crystal packing forces. Short non-bonded intermolecular
distances include C(llj H(S):2.96A, 0(1)..,,H(5):2.41A,
0(1)....HU): 2.61A and 0(1)... .H( IOC) 12.B6A.



Small distortion due to close intrwmo ecular non- 
bondod contacts could also be due to packing requirements 
eg. C(12)...C(1): 2.72A and C(l2)...H(1): 2.39A.

.3 Experimental
7.3.1 Data collection

The complex (rrC^H^MniCOi^CNBu^) was prepared as 
described in ch. V. Crystals of ( irCgHg)Mn(C0)2(CNBul:) were 
obtained from a dichlorcmethane solution as pale yellow 
needles. Preliminary investigation by standard Weissenberg 
photography established the space group as either the 
centroeymmetric Pnma or the non-centrosymmetric Pna2^.
Refined cell constants were obtained during data collection 
on a Phillips PW1100 four-circle diffractometer using 
graph!te-monochromated MoXo radiation (x = 0.7107A) at room 
temperature (2D°C). During data collection, the crystal 
deteriorated on long exposure to the X-ray beam, as was 
evidenced by the fall-off in intensity of certain standard 
reflections which were checked at intervals. The data were 
corrected for Lorentz and polarization effects, but 
absorption corrections were not made as the linear absorption 
coefficient was only 9.70 cm” . Crystal data and details of 
the structure analysis are summarized in Table 7.6.
7.3.2 Structure Solution and Refinement

Structure analysis and refinement were carried out 
using the program SHEC.X 62, ’68 Initial co-ordinates for 
the manganese atom were derived from a Patterson synthesis, 
the other fifxxsn non-hydrogen atoms being located from 
difference Fourier syntheses. The basic structure was 
solved using the centrosymraetric Pnma, but refinement was 
only possible after transforming to the non-centrosymmetric 
Pna2^. The fourteen hydrogen atoms were placed from 
subsequent difference Fourier syntheses. Positional 
parameters and anisotropic temperature factors for the non- 
hydrogen atoms were refined by full-matrix least squares 
analysis. The methyl hydrogens were assigned a common 
isotropic temperature factor, which refined to a value of 
0.0S7(23)&.



The cyclopentadienyl ring showed disorder, and in the 
initial stages was refined as a rigid pentagon. All 
restraints were removed in the final cycles. Leaet- 
squsres refin* .■ X was considered complete when all 
positional shifts were less than 0.5o. At this stage 
the conventional R was 0.0996. Unit weights were used. 
Scattering factors for Mn were taken from "International 
Tables for X-ray allography,""*^ and anomalous 
dispersion corrections for manganese were made. 60 Final 
atomic coordinates and anisotropic temperature factors 
for the non-hydrogen atoms are given in Tables 7.7 and 
7.8 respectively. A listing of the Structure Factors . 
to be found in Appendix D.



TABLE 7.8 Crystal data and details of structural analysis for 
(n^c H-)Mn(CO) (CNBu11)

Crystal dimensions inm) 
Space Grt up
.-.fA)

0.60 x .OS

19.123(9)
6.020(3)
10.942(5)
1259.65

oc

fjcan mode 
jiange C,

i (',
U'/.n -veet' I’s ’ )
Ran,}* A  mu?
Measured i-i\enaities 
Unique reflecn. -ons 
Internal conslsv.ncy R-index 
Omitted refle'tiona 
Observed reflection criterion 
R (R = Rw)

MoKn (0.7107)
tc/26
3-0~25
1.00



TABLE 7.7 Fractional atomic co-ordinates for ( ( CO)2- 
(CNBu1)

Atom x/a y/b z/c

Mn 0.47X4(1) 0.6579(5) 0.7500(0)
0.341(1) 0.393(3) 0.745(4)

0(1) 0.423(1) 048(6) 0.553(2)
0(2) 0.416(2) 0.956(5) 0.935(3)
0(1) 0.069(3) 0.625(6) 0.845(4)
0(2) 0.530(1) 0.707(5) 0.712(2)
0(3) O.S6>(2> 0.550(7) 0.648(4)
0(4) 0.534(1) 0.363(4) 0.706(3)
0(5) 0.546(2) 0.425(5) 0.835(3)
0(6) 0.394(1) 0.491(4) 0.743(5)
0(7) 0.270(1) 0.299(3) 0.737(3)
0(8} 0.235(2) 0.411(9) 0.655(3)
0(9) 0.235(3) 0.377(5) 0.885(4)
0(10) 0.275(1) 0.059(4) 0.728(3)
0(11) 0.439(2) 0.841(5) 0.633(3)
0(12) 0.443(2) 0.830(9) 0.864(3)
H<1) 0.566(8) 0.761(28) 0.878(15)
H(2) 0.588(7) 0.825(24) 0.710(12)
H(3) 0.573(8) 0.521(27) 0.578(13)
H(4) 0.527(7) 0.197(24) 0.702(11)
H(5) 0.548(7) 0.247(23) 0.868(12)
H(8A) 0.185(18) 0.-350(48) 0.667(30)
H(8B) 0.264(12} 0.417(43) 0.000(23)
H(8C) 0.240(11) 0.620(40) 0.653(19)
H(9A) o.iuaus) 0.345(53) 0,853(31)
H(9B) 0.238(12) 0.536(44) 0.889(21)
HOC) 0.238(11) 0.201(38) 0.923(18)
H<10A) 0.263(11) -0.059(34) 0.814(20)

0.226(10) -0.001(32) 0.708(17)
0.286(11, -0.009(36) 0.655(20)



TABLE 7.8 Anisotropic thermal parameters (Ai ) for the non­
hydrogen0 atoms of (n-CgHg)Mn(CO)g(CNBu^)

Atom UH U22 U33 U23 ,J12

Mn 0.034(1) 0.071(2) 0.053(2) 0.007(4) 0.000(3) -©•002(2)
0.05(1) 0.08(1) 0.08(1) -0,02(2) -0.02(2) -0.01(1)

0(1) 0.04(1) 0.17(3) 0.05(1) 0.02(2) 0.01(1) 0.00(2)
0(2) 0.10(2' 0.09(2) 0.06(1) -0.03(1) ••0.01(1) 0.04(2)
0(1) 0.13(3) 0.05(2) 0.07(2) -0,03(2) -0.08(2) 0.02(2)
C(2) 0.02(1) 0.05(2) 0.07(2) -0.00(2) -0.00(1) 0.01(1)
C(3) 0.10(3) 0.09(3) 0.07(3) -0.04(3) -0.01(2) 0.04(2)
C(4) 0.06(1) 0.02(1) 0.12(3) 0.03(1) 0.05(2) 0.01(1)
C(5)b 0.058(8)
C(6)b 0.068(6)
C(7}b 0.047(6)
C(8) 0.05(1) 0.17(5) 0.05(2) -0.00(2) -0.01(1) 0.01(2)
0(9) 0.19(6) 0.07(2) 0.09(3) -0.03(2) 0.09(4) -0.09(3)
C(10)b 0.056(6)
C(U)b 0.0421U)
C(1Z) 0.05(2) -1.19(4) 0.04(1) -0.01(2) -0.02(1) 0.02(2)

a The ring H-atoms (HI to H5) have isotrn’’ic temperature factor of 
0.0001(38)A' ; the methyl H-atoms [H8A-C, H9A-C, H10A-C) were 
assigned a common temperature factor whiUi refined to 0.06?(23)A'.

flefifjed as an isotropic atom.



VIII. ANOMALOUS INFRA RED SPECTRA OF (n^ARENE:Cr(COL(CNR) AND 
(n^C:a:)Mn{CO) (CNR) COMPLEXES

8.1 Introduction - Anomalous IR data

As mentioned previously, certain complexes of the type 
(n-Arene)Cr(C0)2(CNR) and (n-CgHg)Mn(CO)g(CNR) were found 
to give anomalous infra red(IR) spectra, both in solution 
and the solid state. (Chs. II an V respectively),

On the basis of group theory lalysis, compounds of the 
above type are predicted to given infra red spectra with 
two v(CO) bands and one v(NC) absorption bard. This is 
indeed observed for complexes (n-CgHg)Mn(CO)^(CNR) (R =
CHgCgHg, CgHjMeg-a.G, Me). However, for R = But and 
^6^11' two V(C0) and two v(NC) bands are observed in both 
the solid state and in hexane solution (see Table 5.2).
Further, all the (n^CgHgX'CrtCO^fCNR) (R = Bu\ X = Me, H,
C$, CO^Me; R = CgHgMe^-2,6, X = Me, H) complexes studied 
also gave two v(CO) and two v(NC) bands both in the solid 
state and in Cri£C«2 or hexane solution (Table 2.1), with 
the exception of {n ^ C ^ C O ^ e ) Cr(CO) ̂ (CNCgHgMeg-a, 6}, which 
in solution (hexane, CC€4, CHgCeg, CHCe3' gives two u(C0) 
bands and only one v(MC) oand, as expectea, but in the 
solid state (KBr), gives three v(CO' bands and one v(NC) 
band (Figure 8.iia); see section 8.5)• A typical example 
of the anomalous IR data is shown in Figure 8.1(b), the 
solid state spectrum of (n^CgHgCOgMe)Cr(CO)g(CNBu^).
UR(KBr): v(NC): 2090, 2060(sh)| v(C0): 1908, 1856, 
v(COOMe): 1700 n f 1 .]

Anomalous IR data of this nature is also observed for 
the related complex (n-CgH^RutCNBu^gl. ‘ ’ This complex is 
expected to give two v(NC) IR adsorptions, but three v(NC) 
bandti are ooderveo in the IR spectrum in both solution 
(CHgCdg, benzene) and the so.! id state. [IR(KBr): \i(NC):
2130, ^098, 2060 cm-1].

In the cases of the related complexes, (n-CgHg)Fe(CO)- 
[P(0Me)3]X (X = C€, Br, I)8‘a and (n-C5H4Me)F9(CO){P(OMe)3]l!‘b 
the v(C0) absorption band is resolved into two components in 
n-heptane solutions. The doubling of the number of v(co)



bands in these complexes has been ascribed to rotational 
isomerization,66 arising from either restricted rotation 
about the M-P bond with the formation of eclipsed and 
staggered isomers, or restricted conformational rotation 
within the P(OMe)3 ligand.

Similar effects of observing more than the anticipated 
number of infra red bands have been reported. For example, 
the complexes tranB-(n-C?HB)Fe;CQ).,[C(0)CH = CHR] (R = Me, 
Ph)e,a give three v(CO) bands in the IR spectra, (hexane 
solution) instead of the expected two, and ■‘•he related 
complexes (n-C^Hg)Pt R R2(C(0)Mej(R1= ■ Me,Et; R • «e,R2=
Et)'8*3 have two v(C(0)R) bands in the IR spectra (hexane or 
CCe4), while only one v(C(0)R) band is predicted. This 
splitting has been ascribed to confomtional Isomerization 
about the metal-seetyl bond.”  In the former case the 
resolution of the bands due to the conformers is not complete, 
with only the high frequency band showing splitting. ’a The 
possibility of more than two isomers co-existing in solution 
a.lso cannot be excluded. a No solid state IR data of these 
complexes has been reported, however.

In an attempt to formulate a ra.'analizatlon of the 
anomalous IR data of the (n-Arene)Or(CO)g(CNR) and 
(nSCgHg)Mn(CO)g(CNR) complexes, IR spectral and X-ray 
crysta11ographic structural studies of two representative 
compounds, (n-CgH5C02Me)Cr(CO)̂ t CNBu6) and (n-C^Hg)Mn(CO)2~ 
CNBu*), were undertaken. Since the anomalous IR data persist 
both in solution and in the solid state, this fact must be 
taken into account by any proposed explanation of the effect. 
IR spectral studies of (n-C.H^CO^Me )Cr(CO L (CNBu^") and 
( n̂ Ĉ .Ĥ )Mn(CO V(CNBu**) in different solvents 
IR spectral studies of the complexes (n^CgHgCOgMejCrCCO) 
(CNBu*) and (n-C^HgMnCCO^CNBu1') in solvents of different 
polarity (Table 8.1 and 8.2 respectively) revealed that 
the relative intensity of the lower frequency band 
increases with decreasing solvent polarity. This 
suggests the existence of conformers with different dipole 
moments. In the case of (n5c6H5C02Me)Cr(CO)9(CNBut), this
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effect cannot be due to interaction of the HNC group with 
the arene-ring substituent, since (rr-CgHg)Cr(C0)2(CNBu } 
also has two v(NC) stretching frequencies. Further, 
unless there is fortuitous overlap of two sets of CO 
stretching frequencies, the two different conformers must 
have the CO ligands in very similar environments. To test 
this hypothesis and to determine the nature of the different 
conformers, crystal structure determinations of the complexes 
(rrCgHgCOgMe)C r ( C O C N B u * ) and (rCgHg)Mn(CO)g(CNBu^), were 
undertaken. The full crystal and molecular structures of 
these two complexor ire reported in chs. IV and VII 
respectively. ructural features which could have
bearing 01. the -R effect will be discussed.
Structural data w   ^H,COJ4e)Cr(CO)JCNBu*) and
(n-C^ W M n (CO)_(CNBu^) from X-ray Crystallographic Studies 
The (n§C6H5C02Me)Cr{C0)?(CNBut) and (rrCgHglMntCO)2tCNBut) 
molecules are illustrated in Figures 8.2 and 8.3 respectively. 
In both cases, the structural feature of note is the non­
linear isonitrile ligand (C-N-C angle of 166.8(4)° and 
172(2)° respectively). Further, in the cast, of (n-CgHRC02He)- 
Cr(C0)2(CNBut ), the Isonitrile ligand bends towards the 
ring (Figure 8.2), while for (n-C^MntCOj^CNBu*1), the 
isonitrile bends away from the ring (Figure 8.3). In both 
isonitrile structures the C-N-C plane of the isonitrile 
ligand is close to perpendicular to the mean plane of the 
respective carboeycle rings (11° for Cr, 4° for Mnj 
(Figure 8.4(c), (d)). It is thus possible th-t the 
observation of a non-linear RNC group could give rise to 
different conformers, two of which correspond to the struc­
tures shown in Figure 8.4(a) and (b). This could provide 
ar explanation of the solution IR data. However, for both 
the Cr and Mn-svructures, there u  only one molecule in the 
asymmetri" unit cell (Crystal data: PI, 2 = 2 ,  and Pna2^, 
2 = 4 ,  respectively), of the conformations hown in Figure 
8.4(a) and (b) respectively, and there is no evidence of 
disorder of the isonitrile ligand. Hence an alternative 
explanation is required to explain the solid state (KBr) tft



TABLE 8.1: IB spectral study of [(rfoji,CO„Me)Cr(CO;JCNBu )]



TABLE 8.3: 1R spectral study of (OgHg)Mn(CO)g(CNBu ) In

i(CK)/cm'

1941, 1881

1944, 1893

1952, 1905

IR(KBr); v(NC), 2118, 2072(sh); v(C0), 1971, 1926

from peak areas (+ 1556)
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,0 (6)
H(6)

FIbuig 8.2 Sideways ORTSP "J view of the (n^CgHgCo^eJCr(C0)2- 
(CNBut) molecule.



Figure ; Sideways ORTEP"1 view of the (n-CgHg)Mn(CO)g(CNBu )
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(a) (n-C6H5C02Me)Cr(C0)2 (CNBu1)-

(b) (t^Cgh's) Mn(co)2 (cNBu1) — 6*

(c) (ne-C6H5C 0 2Me)Cr(co)2 (cNBu1)

(d) ( r)s--C5H5) Mn (00)5 (cNBu*) oC

ti ™ 166-3(4)

188(a)

-  ° <  = 1 l ( l )  

‘4(2)°

Figure 8.4 Diagram illustrating the conformation of the CNBu* 
ligand in (n-CyHgCO^e)Cr(CO>2(CNBu*) ((a) and (n>) 
and (n-CgHg)Mn(CO) CNBu*) ((b) and (d))



Structural data on ( ) Ru(CN!iuC) from an X-ray 
Crystallographlc study

As mentioned in section 6.1, (n-CgH^.lufCNBu^Jgl gives three, 
instead of two v(NC) adsorptions in the IR spectrum both in 
solid state and in solution, ihe X-ray crystal and 
molecular structure of this complex has been reported. 17 
The compound crystallises in the ..triclinic space group PI 
with 2 = 4 ,  ie. there are two molecules in the asymmetric 
unit. These two crystallographically independent molecules 
do not have the same ligand conformation with respect to 
the cyclopentadienyl ring. This suggests a possible 
explanation of the solid-state IR data. The two conformations 
probably arise from packing forces in the crystal. Further, 
there is the possibility of intermolecular interactions 
between the two different molecules.

Of significance is the finding that each molecule 
contains two different types of RNC groups, viz. one near- 
linear (C-N-C,175°(av.)), and one with a larger C-N-C bend 
{162=(av.)). In both molecules the bent isonitrile points 
away from the ring. This suggests the possibility of the 
existence of oonformers (Figure S.4(a) and (b)) to account 
for the solution IR data. Another possible explanation 
could be thei lowering of the symmetry of the molecule by 
the bending of an isonitrile.
The solid state IR spectrum and crystal structure of 
(n^C-H^-CO Me)Cr(CO)„(CWCcĤ IHê -2,6)

In hexane solution, the IR spectrum of the complex 
(n^C6H5C02Me)Cr{C0)2(CNC6H3Mfe2-2,6), unlike that of the 
other (n-Arene)Cr(CO)g(CNR) derivatives studied, is as 
expected, viz. two v(CO) bands and one v(NC) band.
However, In the solid state (KBr), three \i(C0) bands and 
one v(NC) band is observed. (Figure 8.1(a)sIH (KBr): v(NC): 
2070; v(C0)! 1904, 1855, 1840; v(COOMe): 1715 cm"1).

If, as suggested in sections 8.2-8.3, the observation 
of two UNO) IR bands for (rrC.H^CO^MejCr(CO^tCNBu^), arises 
due to the bent isonitrile ligand (oonformers in solution, 
influence of crystal packing forces in solid state), the



observation of only one v(NC) IR band (in both solution and 
solid State) for (rnCgHgCC^Me)Cr(GO)2(CNCgHghe^-S,6) 
suggests the isonitrila ligand should be linear in this 
complex. Hence a crystal structure determination of the 
compound was undertaken. Also, the observation of 
splitting of one of the v(CO) bands in the solid state IR 
spectrum only was considered likely to be accountable in 
terms of crystal packing.

Standard Woissenborg and precession photography gave 
the monoclinic space z. •-!? PS^/c (absences hOt, < = 2n + 1, 
and OkO, k = 2n + 1), and the unir cell oarar,rs were 
determined as a = 30.15(6)A, b = 7.3&(Z!jA, v -• U- •v'?4)A,
8 = 105", V = 3560A3 with Z = 8. A full data set was rollected, 
but attempts to solve the molecular structure, in B2^/c, and 
other possible monoclinic space groups,* using heavy atom, 
and direct methods, were not successful.

However, as the X-ray photographs obtained showed no 
evidence of centering, it appears as if the asymmetric unit 
contains at least two (possibly four) molecules, with the 
possibility of intermolecular interactions, eg. between a 
carbonyl on one molecule and a group on a erystallographi- 
cally independent molecule. Therein probably lies the 
explanation of the anomalous solid state IR spectrum.

6.6 Possible explanations for the anomalous IR data
8.6.1 Conformers in solution

(a) RNC bending

"s expected in sections 8.2-8.4, the observation of 
ben .iitrile ligands in the three isonitrile derivatives 
studied cryatallographically suggests .he existence of 
conformers {eg. Figure 8.4(a) and (b)) could account for 
the anomalous IR solution data. T:ie predominance of one or 
other conformer appears from the IR studies (section 8.2) to 
depend on the solvent polarity. It hes been shown”  for 
biphenylchromiumtricarbonyl that increased inductive electron 
withdrawal in chloroform than in benzene results from 
interaction of the strongly polar solvent with the electron- 
rich chromium centre.

* The condition Okl, k. = 2n+1 was also observed; hence it was 
thought that the compound might exhibit pseudo-orthoi-hombic



(b) Trlpodal rotation

Conformational isomers could also arise in solution 
due to the rotation of the L3 tripod around the metal- 
ring axis. For the complexes examined, the barrier to 
such a rotation is predicted to be very small. ”

rn)s proposal receives a measure of support from 
recent Xow temperature C  3 NMR studies on (rrCgEtg)Cr(CO)g- 
(CS),’‘a in which the low temperature isomer was found to 
possess the same symmetry as the solid state structure.
It has been claimed that this demonstrates that rotation 
resulting in isomers co-existing in solution is due to 
tripodal rotation around the Cr-Arene bond, which is 
slowed down at low temperatures. However, this claim has 
been disputed by other workers,1‘b ’c who interpret the 
results in terms of restricted ethyl group rotation about 
the arene ring.
8.6.2 Solid state effects

(a) Crystal lattice effects

In solid state infra red spectra, an absorption 
baid splitting may occur when the band corresponds to a 
degenerate vibration of the isolated molecule because the 
site symmetry of the molecule in the crystal lattice may 
be lower than that of the isolated molecule. '

With non-degenerate vibrations, the coupling 
together of vibrations of adjacent molecules can give rise 
to various combinations leading to band multiplicity.9 3 
A simple factor-group analysis often fails to predict the 
number of observed IR bands. This is a consequence of the 
vibrational unit cell appropriate to the groups, being of 
different effective symmetry to the crystallographic

(b) Pacliing effects

The crystal lattice is governed by the principle of 
dense packing8’ ie. the molecules pack together in such a 
way as to minimize the voids between adjacent molecules and 
so make the most economic use of space. As a result of 
the influence of crystal packing forces, interaction



between groups on adjacent molecules, or the same 
molecule may become possible owing to relatively short 
non-bonded distances. Hence the anomalous IR data could 
arise from short intermolecular or intramolecular non- 
bonded contacts (eg. 0(2)...H(10C), 2.75A, or 0(2)...H(8A), 
2.55A respectively, in (ri-CgH^COgMa}Cr(C0)2(CNBut).) „
9.6.3. Lowering of molecular symmetry by bent isonltrlle 

The anomalous IR data could also arise from a 
lowering of the molecular symmetry by the bent isonitrile 
ligand. (C-N-C in range 162-172®). It has been shown 
using Ab Initio MO Calculations91* that for RNC ligands, as 
the C-N-C angle decreases, the TT-acceptor character of the 
RNC ligand increases markedly. Hence a bent isonitrile 
reflects an enhanced degree of beck-bonding (flf(3d)-»(C=N)rr*.)9 * 
Hence tl e degree of bending found for a particular 
Isonitrile ligand could reflect electronic rather than 
steric factors.

8.7 Conclusion

From the foregoing analysis, the most likely ' localization 
of the anomalous IR data for the (n-Arene)Cr(C0/2(CNR) and 
(n^CgH5)Mn(C0)2(CNR) complexes appears to be:-
(a) In solution, the existence of conformers with the M G  
ligand bending towards (fig. 8.4(a)) or away from (Fig,
8.4(b)) t, e. ring. The predominance of one or other 
conformer in a particular solvent depends on the solvent 
polarity. The results of the IR studies in solvents of 
varying polarities (section 8.2) favours conformers 
arising from RNC-bending (vide supra) rather than from 
tripodal rotation.
(b) In solid state, a lowering of the molecular symmetry 
due to the bending of the RNC ligand (one conformer only 
present in the crystal*) or intramolecular interactions 
between groups, Alternately, the phenomenon may be due

. to crystal latbiee effects (see section 8.6.2.(a)).

* It is possible that there could be more than one conformer in 
the polycrystfilline sample of (n-CgHgC0gMe)Cr(C0)^(CNBu:), but 
the (f]^C^ii^)Mn(C0)^(CNBut) sample consisted of single crystals,



THE GEOMETRY OF Fe(CO), (n = 1.2) STRUCTURES.AND THE CRYSTAL
AND MOLECULAR STRUCTURE OF F«(CO)_(CNMeL
Introduction

For penta co-ordinate transition metal complexes of the 
type M(L)g, two basic geometries are possible, viz. the 
D3h trigonal bipi vamidol (tb,.), and t! j Cdv square 
pyramidal (spy). ihe energy difference between the two 
geometries is very small,a ,7 with the trigonal pyramidal 
arrangement of five valence electron pairs being slightly 
more stable for d° and d10 transition metals, as well 
as for non-transition elements.9i

However, according to Gillespie's96 valence-shell slectron- 
pair repulsion theory, for transition metal atoms with non- 
symmetrical d-configurations, the interaction of the valence- 
shell electron pairs with the non-bonding-d-shell as well as 
with each other, determines the overall geometry of the 
M(L)S complex. This additional interaction may result in the 
square pyramidal geometry becoming more stable than the 
trigonal bipyramidal structure.

On the basis of Molecular Orbital (MO) calculations, Elian 
and Hoffmann96 have shown that for d8 transition metals 
eg. Fe°, complexes of the type M(L)5 are predicted to adopt 
a trigonal bipyramidal -structure. Hence Fe(L)5 complexes 
would be expected to exhibit trigonal bipyramidal geometry.

The X-ray structure of iron pentacarbonyl, Fe(CO)g, was 
first reported by Hanson,,ain 1962, and redetermined the 
following year by Donohue and C a r o n . T h e  geometry of the 
Fe(C0)g molecule is trigonal bipyramidal, with no significant 
distortions according to the redetermined structure.89*5 
The OC-Fe-CO angles are all close to the ideal values 
(ax OC-Fe-COax ; 176(5)°, av. eq OC-Fe-COax 90(1)°, and 
eq OC-Fe-COeq : 120(l)°59b). Within the limits of experi­
mental error, the Fe-Cax and Fe-Ceq bond lengths are equal 
(av. Fe-CO : 1.79(2)A,,h).

However, from a more recent (1969) electron diffraction 
study160 of Fe(CC>5, the Fe-COax bonds (av. l.806(5)A) are 
significantly shorter than the Pe-COeq bonds (av. 1,833(4)A).



From an analysis of electronic effects in tbp d8 
M(L) complexes, Rossi and Hoffmann'11 have concluded that 
strong o-donors will strengthen axial M-L bonds. A w- 
acceptor tends to counteract this o-bonding effect, while a 
it-dnqor reinforces it. Hence for ligands that are good 
n-acceptors, the n- and i;-bonding effects oppose each other, 
although the o-bonding effect seems to dominate, ie. longer 
equatorial M-L bonds are found. This is indeed observed 
for FefC0)5 (vide supra), since carbony?s are good *- 
acceptors."3

Using valence-shell electron-pair repulsion theory, 
Gillespie96 reached the conclusion that the oblate 
ellipsoidal electron clouds of d8 tbp M(L)g complexes 
favour axial bonds which are shorter than equatorial bonds. 
However, Gillespie pointed out that this difference in bond 
lengths is likely to be small.

When considering the overall geometry of M(L)g complexes, 
steric and electrostatic effects111 as well as electronic 
factors must be taken into account. For complexes of the 
type Fe(C0)5^n<L)n (n = 1-5), where ligand(s) L has been 
substituted for one or more carbonyls, steric factors may 
have an important influence on structure, especially if L 
is a bulky ligand.
The Geometry of FeiCO) L Structures

9.2.1. Axial versus Equatorial Site Preference of L

Given that d8 complexes of the type M(L)g are 
expected to display tbp geometry’ 1 for complexes of the 
type Fe£CO)dL, the relative stability of the axial (ax) or 
equatorial (eq) location of a ligand L vis-a-vie CO is 
dependent on electronic factors, such as the <•- and ir- 
bonding characteristics of the ligand L relative to CO, as 
well as on steric considerations,168 A ligand L which has 
large steric requirements might be driven by steric forces 
towards an equatorial position, where the number of 906 
interactions with adjacent ligands is smaller.1,1

Based on electronic considerations, Rossi and Hoffmann* 
have predicted that both good o-donors and good n-donors



prefer axial sites. With a ligand that is both a good 
o-donor and a good n-acceptor, however, the trends oppose, 
and the site occupied by the ligand depends on the relative 
strength of the o- and it-bonding effects, Nevertheless, 
based on a simple "-bonding model, strong n-aooeptors tend 
to occupy equatorial sites, so that back-bonding may be 
optimized.18“ This results from the greater availability 
of metal d-orbitals of correct symmetry to form n-bonds 
with ligands in equatorial versus axial sites.8 ’ Hence, 
for Ftv "'J^L complexes, in tfe absence of overwhelming 
steric repulsion,97 a ligand L that is a weaker "-acceptor 
and/or a stronger o-donor t.\.an CO (eg. isonitriles, “5 
phosphines, * 3b> 161 stibmes, ' ’ arsines,'4’ sulphides ' 
amines ) wou.’d be expected to iccupy an axial position.

Table 9.1 lists complexes »f the type Fe(CO).L 
(excluding those complexes with olefinic ligands and 
complexes with bidentate ligands such as Fe(CO)d(AsCgF^g16a 
[Fe(C0)4(B7H:2)]~, lls in which the iron atom is essentially 
hexa co-ordinate) for which X-ray Crystal and Molecular 
structures have been determined. All these complexes 
exhibit tbp geometry (C3v symmetry), with ligand L occupying 
an axial site, with the exception of L - PFh(PPhg)g, “ * 
which occupies an equatorial position. This exception is 
probably due to the predominance of steric factors with the 
bulky phosphine ligand.
9.2.2 Distortions to the tbp geometry

Geometric data for the ax-WefCO), tbp structures of
Table 9.1 are summarized in Table 9.2. X ihe majority of 
cases, the tbp geometry is slightly dist /ted, with a bending
of the iquatorial CO ligands towards the axial L substi­
tuent 11'’ 116 (ie. axOC-Fe-COeq angles slightly greater than 
the ideal 90°, and L-Fe-COeq angles slightly less than 90°.)

A variety of possible reasons have been advanced to 
account for this phenomenoni- 
1) Influence of crystal packing forces.550
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Intramolecular interactions, especially 
repulsions between phenyl groups on L with 
equatorial carbonyls.11 s’11 *’ 15 
b) Short intermolecular contacts.113 

3) Electronic factors
i) Reh’bridlzation of orbitals of Fe resulting in 
a decrease in repulsions between electron pairs of 
Fe and L, and a concomitant enhancement of overlap 
of filled Fe-orbitals with acceptor-orbitals of the 
equatorial CO ligands. The new hybrid orbitals 
occupied by non-bonding electrons would be po-.nting 
away from the axial position of the tbp occupied

ii) An electron density donation from L o orbitals 
to eqCO 2 orbitals. A bending of eqCO ligands 
towards L would be expected to increase Fe-COeq 
orbital overlap. 111
iii) Valence-shell electron-pair repulsions: An 
increase in the angle between multiple-bond character 
Fe-CO bonds, and the decrease in the angle between 
the single Fe-L bond and the Fe-COeq bonds would 
decrease repulsions between the bonding electrons 
and so stabilize the molecule119 (applies to cases 
where the Fe-L bond is of single-bond character.)

9.2.3 Fe-CO bond length trends

In the parent complex, Fe(C0)g, the Fe-COax bonds 
(av. 1.806(5)A) are significantly shorter than the Fe-COeq 
bonds (av. 1.633(d)A),1‘0 The electronic rationale for 
this effect of shorter M-Lax bonds than M-Leq bonds in d8 
tbp M(L)g complexes has been discussed in Section 9.1.
However, for substituted complexes of the type ax-LFe(CO)^, 
the effect of L on the Fe-CO bond lengths must bs considered. 
The nature of this effect depends on the electronic 
properties of the ligand L relative to CO. The two axial 
ligands compete for the two Fe dit orbitals.11 ’bi 131 wiien 
L is a poorer u-auceptor than CO, metal back-bonding to



the axial CO will increase, resulting in a shorter Fe-COax 
bond.1 “  ’M  ’ b It has been shown from core electron- 
binding energies and valence-orbital ionization potentials 
that for ax-LFe(CO). complexes, where L is a poorer % - 
acceptor than CO, the Fe dx2-y2, dxy orbitals do not 
interact with the axial ligands, whereas the Fe dxz, dyz 
orbitals are destabilized by ca. 0.3ev (relative to 
Fe(CO)r) because of the loss of the strongly back-bonding 
CO ligand.

The Fe-CO bond length data in Table 9.2 for 
ax-LFe(CO)^ complexes shows two trends:- 
1) The Fe-C bond lengths in the substituted complexes

are generally shorter than those in Fe(CO)5 itself. 
This trenU is rationalized in terms of the 
replacement of one CC group by a poorer it-acceptor 
ligand L increasing the amount of n-bonding to the 
remaining four CO groups and thus shortening the 
Fe-CO bond lengths.116 

2/ For the majority of ax-LFe(CO). complexes, the Fe-COax
bond length is shorter than the Fe-COeq bond lengths. 
For ligands L which are poorer n-acceptors than CO, 
this is expected in terms of the axial trans-effect 
(vide supra).
In the case of eg[(PPhg)gPhPjFe(CO)^, where no axial 

trans effect operates, the Fe-COeq and Fe-COax bond lengths 
are equal within experimental error (av. values of 178.0(6) 
and 178.8(6)' respectively116), but shorter than those 
found Hi Fe(CO)5 (vide supra).

However, Cotton et al18 6 have pointed out that caution 
must be exercized in interpreting Fi'-CO bond length 
differences as significant, especially where the differences 
are small, as the data have generally not been corrected for 
thermal motion. For instance, a grepter thermal motion 
in the axial carbonyl and correction for thermal motion, 
would lengthen the Fe-COax bond more than the Fe-COeq bonds.
9.2.4 Fe-C-0 bond angles

In these LFe(C0)4 complexes, the carbonyl ligands



co-ordinate in an essentially linear manner, with Fe-C-0 
bond angles generally in the range 175 - 179°, (Table 9.2). 
Kettle11 has shown that ca. 5° deviations from linearity 
are expected for M(CO)̂  (n = 2-4) groups, due to different 
occupation of the two anti-bonding „* orbitals on a carbonyl 
ligand. This applies to other ligands electronically 
similar to GO, eg. CN. (In [(NC)Fe(CO)J"", the Fe-C-N bond 
angle is found to be 178.0(7)" 1,7). The reason for the 
different Fe-C-0 angles within the Fe(CO) group must lie 
in crystal packing forces.31

The larger deviations from linearity of the eqPe-C-0 
bonds (av. Fe-G-O(eq): 171.9(4)®) than the axFe-C-0 bond 
(Fe-C-O(ax): 1?7.2(4)») in (^ u ^ F e f C O ^ ,  “ " could be due 
to steric repulsions between the 6q CO ligands and the 
^Su-groups of the bulky phoaphine ligand (Tolman cone angle"^ 
for tBu3P: 182°). A similar effect is observed with the 
bulky AsMe3 and SbMe^ ligands112 (see footnotes d and e to 
Table 9.2). Deviations from ideal geometry could also be 
due to crystal packing forces.
The Geometry of Fe(CO)_(L)^ Structures

9.3.1 Geometry - tbp, distorted tbp, spy

For penta co-ordinate complexes, there are two basic 
geometry types viz. tbp and spy. These two geometries may 
differ little in energy,8b ‘  ̂ and the actual arrangement 
may Jie somewhere between the two ideal configurations.13*
As mentioned previously, for d8 M(L)g complexes, a tbp 
geometry is predicted on electronic grounds. 1

Table 9.3 lists complexes of the type Fe(C0)3(L)2 
(excluding those complexes where (L)^ = iieno ligand,(eg. 1,2- 
bis(2|6'-di-isopropylphenyliminoethanel^ ) which determines 
the substitution geometry) for which X-ray Crystal and 
Molecular structures have been determined. With the exception 
of the case where (L)g is the bidentate phoaphine ligand 
PhgPCHgPPhg,' all the complexes have the expected tbp 
geometry.

The exception, the complex FefCOjgtPhgPCHgPPhg),'" 
has a geometry Interm* ite between tbp and spy, and can be



viewed either as a distorted tbp with the P-atoms co­
ordinating in axial and equatorial sites, or as a distorted 
spy in which both P-atoms occupy cis-basal sites. Regarding 
the structure as a severely distorted tbp, the axP-Fe-Peq 
angle is 73.5(1)8, a significant deviation from the ideal 
90s. This is a consequence of the steric strain inherent 
in the PhgPCHgPPhg ligand itself. The distorted geometry 
is a consequence of the bidentate nature, and small bite 
size of the Ph^PCH^PPhg ligand.

The symmetrically substituted biphosphine complexes, 
dlax-[ (R^PLFe(CO)̂ ] (R = 0CH3,IJ6 NMe2“  ’ ), havo essentially 
undistorted tbp geometry. However, the complex diax- 
l[(3,5-He2CcH3O)3P]Fe(C0)3(CH0))1J7 has a slightly distorted 
tbp geometry, with av. OC-Fe-CHO angle of 86.3(2)s and 
av. OC-Fe-P angle of 93.1(1)°. This bending of the 
equatorial CO ligands towards the axial CHO group is 
probably a consequence of steric repulsions between the 
phenyl rings of the bulky phosphate ligand and the 
equatorial CO ligands. In ax-eq[Me^As( ) AsMe^]Fe(CO)3.11 * 
the equatorial CO ligands bend towards the ax-As atom 
(axAs-Fe-COeq: 89s, axOC-Fe-COeq: 92s). This is probably 
due to electronic factors'°" (see Section 9.2.2.)
9.3.2 Ligand site preferences - ax-ax, ax-eq, eq-eq

On the basis of symmetry and overlap arguments, Rossi 
and Hoffmann'01 have shown that, for d tbp M(L)g complexes, 
the stronger o-donor ligand would preferentially occupy an 
axial site, while the stronger "-acceptor ligand would be 
found in an equatorial position, Hence a ligand L that is 
a stronger o-donor, and/or weaker "-acceptor, would be 
expected on electronic grounds to occupy an axial site in 
tbp Fe(C0)3(L)2 complexes.

In Table 9.3, the sites occupied by the ligands L 
and L 1 in the complexes Fe(C0)3LL' are given. For 
diphosphine derivatives (L = L ' = P(0CH)3,13 6 P(NMe)3 '1’), 
the phosphine ligands, which are weaker "-acceptors than 
CO, a occupy the two axial sites, with the more strongly 
"-accepting carbonyls in the equatorial positions, where



TABLE 9.3: X-Ray Crystal Structures of Fe(CO)_LL' Strt





backbonding to the metal atom can be optimized.^
Diaxial substitution is also observed for the phosphite- 
formyl complex, [(3,5-MegCgH^O)^P]Fe(CO)g(CHO) .117

The bldentate arsine ligand, (L)g = MegAs(CgH^)- 
AaKe3,111 co-ordinates to the Fe-atom in an ax-eq fashion. 
However, this co-ordination geometry is dictated by the 
steric restrains inherent in the bldentate ligand, 
reflected also in the axAe-Fe-Aseq angle of 64°. iSence 
only one As-atom is able to occupy the electronically 
favoured axial position. The subjugation of electronic 
factors to the spatial limitations of bldentate Uganda is 
also demonstrated by the bldentate phosphine ligand,
(L)g = PhgPCHgPPhg,' where P-atoms again co-ordinate 
ax-eq in a distorted tbp. The severe distortions to the 
geometry, with an axP-Fe-Peq angle of only 73.5(1)A, 
reflect the steric strain of this bldentate ligand.

The pair of related phosphine-olefin cogple^es,
L = PPhg, L' = els or trans isomer of CHgCHgOuCcCCOCHgCH^,11 
provides an illustration of steric vs electronic control of 
the ligand site preference in tbp Fe(CC-)3LL' complexes.
In accordance with the electronic predictions of Rossi and 
Hoffmann,1*' the olefinic ligand should occupy an equatorial 
site with the carbon-carbon double bond approximately in 
the equatorial plane, as such a ligand arrangement provides 
for optimum "-backbonding interaction. This mode of 
co-ordination is indeed found for both the ajiove isomeric 
olefin Ligands.131

Further, PRg, being a stronger o-donor and weaker 
"-acceptor" 8,1 than CO, should on electronic grounds1 c 1 
occupy an axial site. In the case of Fe(C0}3(PPhJ(cts- 
[CHgCHgOCfOJC^i, the phosphine ligand does indeed occupy 
the electronically favoured axial position.' However, in 
the case of the Fe(CO) 3( PPhJ (trans- [ CH..CHJ3C (0) C L ! 
complex, the phosphine co-ordinates in the electronically 
less favoured equatorial site. 119 This unexpected 
equatorial disposition of the phosphine ligand has been 
ascribed to the steric hinderance caused by the trans­
substituents of the olefin at the axial sites of the 
trigonal bipyramid.13 6 The bulky PPh3 ligand (Tolman cone



angle"1 for PPhg: 145") thus prefers to co-ordinate at an 
electronically less favoured equatorial site. In this 
instance, steric effects dominate the electronic site 
preference in determining the final ligand arrangement. 
Further, in both the Fe(CO)3(PPh3)(olefin) complexes, the 
olefin substituents are directed towards the other side of 
the molecule away from the bulky PPty ligand, in order to 
minimize steric repulsions in the compounds.” 9

In the complex Fe(C0)3(PPh^)(CHg^CHCOgMe),” 9 the 
phosphine ligand occupies an axial site, while the olefin 
co-ordinates equatorlally, as expected on electronic 
grounds. 1 ‘ The co-ordination plane of the olefinic 
ligand is tilted by 11.2" from the equatorial plane of the 
iron atom, and the carbomethoxy grouo is directed away from 
the triphenyl phosphine ligand,a reflection of the influence 
of steric factors on structure.
9.3.3 Fe-CO bond length trends

Substitution of an axial CO by a poorer n-accepting 
ligand in Fe(CO)g, results in a shortening of the Fe-CO 
bonds in Fe(C0)^L relative to Fe(CO)^,'9" and a greater 
shortening of the axial Fe-CO bond trans to L than of the 
Fe-COeq bonds'l’b (axial trans effect). As would thus 
be anticipated, upon replacement of one CO ligand by a 
strongly o-donating/weakly :-accepting ligand, such as PR^, 
additional CO replacement becomes more difficult.'""
However, this second substitution, once achieved, would be 
expected to result in a further shortening of the remaining 
Fe-COeq bonds. b This is indeed observed for the diax 
complexes FetCOlgLL1 (L => L1 = P(0CH3)3,lls P l N M e ^ ; 11’
L = P(OCgHgMe^-3,5)3 , L1 = CHO"'” ) (see Table 9.4).

Roisi and Hoffmann"' have evaluated the relative 
strength of axial and equatorial bonds in d® tbp complexes. 
Their conclusions were that M-L o-bonding results in 
stronger axial bonds, "-donation will weaken metal-ligand 
bonds, but greater weakening of the equatorial bonds is 
expected, while "-acceptor ligands strengthen metal-ligand 
bonding, especially When the ligand occupies an equatorial 
site. Hence if ligands are "-donors, o-and "- bonding



effects co-operate, resulting in strong axial and weak 
equatorial bonds. However, for good u-acceptors, the o- 
and 1-bonding effects oppose each other, although the o- 
effect seems to dominate, with longer equatorial bonds found. 
As expected, these conclusions parallel the site preference 
arguments.

Table 9.4 gives Fe-CO bond length data for the 
Fe(CO)gLL' complexes. For the complex ax-eq(Me,As(CgH^)- 
AsMe3)Fe{CO)3,‘,e *he short Fe-COeq bond of 1.68rt reflects the 
increased back-bonding to the two remaining carbonyl ligands 
on equatorial substitution of a weakly ir-secepting arsine 
ligand. A similar shortening of the sole remaining Fe-COeq 
bond (1.766(5M) is observed in the complex eq-eqlPh^P)- 
[trans-(CH3CH20C(0)C)23Fe(C0)3,1 ”  where the weakly ir- 
accepting phosphine ligand occupies an equatorial site.
In the related comolex, ax-eqtPFyFlLcis-^CH^CH.OCCDC)^]- 
Fe{C0)3 ,1 ”  the Fe-COax bond (1.796(6)A) would be expected 
to be similar to that in the mono-substituted ax-(PhjP)- 
Fe(CO) 1'‘ {1.795(4)A). The shorter Fe-COeq than Fe-COax 
bonds in both these olefinic complexes, reflects the 
stronger bonding of the equatorial carbonyls to Fe, owing 
to the equatorial substitution of an olefinic ligand, which 
is generally a poorer "-acceptor than CO.1,s The Fe-COax 
{1.784(2)A) and Fe-COeq (1.780(2) and 1.783(2)A) bond 
lengths in the related complex, ax-eqtPh^PliCH^CHCO^MelFetCO)^, 
are, however, equal within experimental error.
9.3.4 Fe-C-0 bond angles

The Fe-C-0 bond angles for the Fe(C0)3Lg complexes 
are given in Table 9.4. In accordance with Kettle's”  
predictions of near-linearity of M-C-0 bonds for M(C0)3 
fragments, the Fe-C-0 bond angles are in the range 175-179°. 
Variations of Fe-C-0 angles within an FefCOjg group are 
ascribed to the influence of crystal packing forces!’ Crystal 
packing forces could also account for minor deviations from 
ideal tbp geometry. Note that for ax-eq(He3AB(CcHJ)AsHe3)- 
Fe(C0>3 "  the axFe-C-0 bond angle is essentially linear
(178.9°), but the eqFe-C-0 bond angle is only 171.6°, This 
deviation from linearity probably arises from steric



repuilsiv; s between the eq carbonyls and the bulky bldentate 
areine llganu.
The Crystal and Molecular Structure of Fe(COL(CNMeL

9.4.1 Anomalous Infra Red Data
On the basis of the electronic predictions of Rossi 

and Hoffmann,101 the diisonitrile complex Fe(C0)3 (CNR)2 
would be expected to have tbp geometry, with the iaonitrile 
ligands, being stronger o-donors, but weaker ir-acceptors 
than CO, occupying the axial sites. Such a diax-(RNC)_- 
Fe(CO)3 tbp geometry would have molecular symmetry.1"1

The infra red spectrum of this ligand arrangement 
is predicted from group theory analysis to give one v(CN) 
and one v(CO) stretching absorption,1"1 However, complexes 
of the type Fe(CO)3(CNR)2 (R = Me,'"1"1 CgH^,""Bu\"""' 
CHgPh,"' Ph,"" CgHgMeg-2,5,' C g H ^ - S ,  4,6,'l'2 )

Typically give one \j(CN) and two v(C0) adsorption in 
various solvents (CHC^,1‘‘1 ~ 1 CS,1'1 C C t ^ ). For example, 
the compound Fe(CO)g(CNMe)g gave one v(CN) and more than 
o:.e v(CO) adsorptions in both solution and the solid state. 
[!R(CHCe3 solution),v(CN): 2160 cm"1 , v(C0): 2000,
1922 cm-"1; IR(KBr), \.(CN): 2182£s) cm-1; v(C0): 2026(w),
1935(sh), 1919(a), 1397(a), lB78(sh) cm-1 (s = strong, w = 
weak, sh = shoulder)].

A similar phenomenon of anomalous IR data has been 
observed for the bisphosphite complex diax[(Me^O) ] ^Fe(CO)̂ .' 
Bisphosphine complexes of the type Fe(C0)3(PR3)2 would also 
be predicted to give only one v(CO) IR absorption. This is 
observed for Fe(C0)3(PR3 )2 (R = Ph,M ' '“ >a C^Hg i’e ) 
complexes. (Nots thafc the diisonitrile complex Fe(CO)3(CNCgHg)g 
(in n-hexadecane, '5 has been reported to give only
one v(CO) absorption also, in contrast to the results of 
other studies1'1""2 (vide supra) on this and related complexes). 
However, the complex Fe(C0)3(P(0Me)3)2 gives three v(C0) 
adsorptions: the E' band splits into two bands, and there
is also a third band assigned as which is not
expected to be infra fed active in the symmetry.161 A 
crystal structure determination of the Fe(C0)3 {P(0Me)g)2 
complex has been performed.116 The geometry is tbp with the



phosphite ligands in axial sites. The anomalous IR data 
has been ascribed to a lowering of the symmetry of the 
molecule from due to interna).asymmetry of the P(0Me)g 
ligands.11'1 The three P-0 bonds of PCOMe)^ are not 
equivalent, probably due to an asymmetrical configuration 
of the three O-CHg groups. A feeble activation of the 
A; band results from the vibration of one of the CO groups 
in Pe(Cu^(P(OMe)g)g being different from that of the other 
two, owing to interaction of one CO with a phosphite ligand. b 

A crystal structure determination of the complex 
Fe(C0)3(CNMe), was thus undertaken in order to determine 
whether ‘he anomalous IR data (vide supra) could be ascribed 
to a deviation from idealized symmetry, due to possible 
non-linearity (the result of electronic or steric effects) 
of the C-N-C unit bound to Fe, which could allow the A1, 
band to gain a little intensity,'"'

The precedent for the above proposition was the 
X-ray molecular structure of the penta-isonitrile complex, 
Fe(CNBub) g , w h i c h  shows marked deviations from D3h symmetry 
of idealized tbp geometry, with substantial bending of the 
isonitrile ligands at the N-atoms (mean C-N-C angle 134(2)°). 
This non-linearity of the isonitrile ligands has been 
attributed to extensive back-bonding of Fe(3d) electrons 
to the C'sN)?* antibonding orbitals.91 In addition, the 
small size of the methylisonitrile ligand ("fan-shaped" 
angle"* for MeNC: 52°(wideness), 52° (thickness)) further 
limits the possibility that the anomalous IR data results 
from steric effects, eg. unexpected substitution geometry.111
9.4.2. Discussion of the Structure

The geometry of the Fe(C0)3(CNMe)2 molecule is 
illustrated in Figure 9.1, which also shows the numbering 
scheme used in the analysis. Fe(C0)3(CNMe)2 crystallizes 
in the monoclinic space group P2^/c, with 2 = 4 .  A view 
of the unit cell, looking  ̂ vn the b-axis, is shown in 
Figure 9.2. Bond lengths and bond angles are given in 
Tables 9.5 and 9.6 respectively.

As predicted, 111 the geometry of the Fe(C0)3 (CNMe)2 
complex is tbp, with the methylisonitrile ligands in axial



positions, .lo distortions to the tbp geometry are apparent. 
The C-FV-C an^leJ are close to the ideal values (mean 
OC-Pe-CN: 90.0(3)*, mean OC-Fe-COi 120.0(4)°, and NC-Fe-CN: 
177.1(3)°). Further, the CO and CNMe ligands are linearly 
co-ordinated to tho central Fe atom. The slight deviations 
from linearity are in accordance with Kettle's 3* predictions 
for M(Cfi) (R = 0, N, n » 2,3) units (mean Fe-C-0 and 
Fe-C-N angles 178.6(8) and 177.5(6)° respectively). The 
isonitrile ligands (mean C-N-C: 177.2(9)°) are alsc linear. 1 b 

Hence the anomalous IR data cannot be ascribed to 
a lowering of the idealized symmetry due to non-linearity 
of the isionitrile ligands. However, the symmetry could 
conceivably b» lowered due to an internal asymmetry in the 
isonitrile ligands, similar to that observed for the phosphite 
ligands of diax[Fe(C0)3(P(0He)3)g]. ' For the CNCHg 
ligand, the uncertainty in the positions of the hydrogen atoms 
does not allow for a meaningful analysis of their relative 
orientations. Ot er explanations could account for the 
anomalous IR data, For example, Cotton and Parish 11,1 have 
proposed that the second weak ''(CO) band could be a 
combination or overtone band which has gained intensity 
by Fermi resonance with the strong fundamental.

The Fe-CO bond lengths in diax[Fe(CO)3(CNMe)„]
(av. 1.785(6)°) are shorter than those in the parent 
carbonyl, Fe(C0)g (av. Fe-COaxi 1.80615)A and av. Fe-COeq: 
1.833{d)A ), but slightly longer than the Fe-CO bonds in
diax((He3N)3P]2Fe(CO)3117 and dlax((CH.0)^P).Fe(C0)^ lle 
(av. values of 1.759(3) and 1.761(6)A respectively), These 
trends are understandable in terms of the electronic 
nature of isonitrile ligands, which are better "-acceptors 
than phosphines, but poorer’r-acceptors than CO. “ 6

The Fe-CNR bond length found in the only other 
structure of the type Fe(C0)5_n(CNR)n (n = 1-5), FetCNBu^g’1 
(av. 1.824(8)A), is much shorter than the mean Fe-CNMe 
distance of 1.867(0)^ in Fe(C0)3(CNMe)2, consistent with the 
increased electron density on the Fe atom in the Fe(CNBut>5 
complex, In the latter structure, however, the isonitrile 
ligands deviate markedly from linearity, indicative of 
extensive back-bonding. 51
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Figure 9.2: An ORTEP*1 view of the unit cell of Fe{C0)3(CNrte)̂ ,
looking down the b-axis.
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TABLE 9.5: Bond lengths (A) for Fe(CO)^(CNMe)g

Fe-C(l) 1.775(8) C(1)~0(I) 1.150(9)
Fe-G(2) 1.790(8) C(2)-0(2) 1.138(8)
Fe-C(3) 1.791(9) C(3)-0(3) 1.144(9)
Fe-C(4) 1.873(8) C(4)-N(1) 1.148(8)
Fe-C(5) 1.860(8) C(5)-N(2) 1.150(8)
N(l)-C(6) 1.416(10) N(2)-C(7) 1.430(11)
C(6)-H(l) 0.83(6) C (7 ) -H (4 ) 0.98(11)
C(6)-H(2) 0.89'9) C(7)-H(5) 0.93(13)
C(6)-H(3) 1.05(12) C(7)-H(6) 1.04(12)

TABLE 9.6: Bond angles C)  for Fe(CO)g(CMMa)^

Fe-CU)-O(l) 173.4(8) C(4)-N(l)-C(6) 176.3(8)
Fe-C(2)-0(2) 178.3(7) C(5)-N(2)-C(7) 178.1(9)
Fe-C(3)-0(3) 179.2(8) N(l)-C(6)-H(l) 108(5)
Fe-G(4)-N£l) 178.0(6) N(1)-C(6)-H(2) 109(6)
Fe-C(5)-N{2) 176.9(0 N(1)-C(6)-H(3) 117(6)
C(l)-Fe-C(4) 90.7(3) N(2)-C(7)-H(4) 103(6)
C(2)-Fe-C(4) 89.5(3) N(2)-C(7)-H(5) 100(8)
C(3)-,'e-C(4} 89.1(3) N(2)-C(7)-H(6) 118(7)
C(l)-Fe-C(5) 92.2(3) H(1)-C(6)-H(2) 93(7)
C(2)-Fe-C(5) 89.2(3) H(l)-C(6)-H(3) 93(8)
C(3)-Fe-C(5) 89.5(3) H(2)-C(6)-H(3) 129(8)
C(4)-Fe-C(5) 177.1(3) H(4)-G(7)-H(5) 114(10)
C(l)-Fe-C(2) 119.6(4) H(4)-C(7)-H(6) 102(9)
C(l)-Fe-C(3) 118.2(4) H(5)-C(7)-H(6) 119(10)
C(2)-Fe-C(3) 122,2(4)



EXPERIMENTAL

9.5.1 Data collection

The compound Pe(GO)3(CNMe)2 was obtained from the 
CoC{g.2HgO catalysed reaction between Fe(CO)s and 
MeNC. 11,1 Since the compound was both air and light '• 
sensitive, yellow crystals were grown under nitrogen in the 
dark from a benzene-hexane solution at 200C.

Preliminary investigations by standard Weissenberg 
and precession photography established the monoclinic space 
group PSj/c from the absences hOl, < » 2n + 1, and 
OkO, k = 2n + 1. Refined cell constants were obtained 
during data collection on a Philips • PW1100 four-circle 
diffractometer, using graphite monochromated McKo 
radiation i x = 0.7107A) at room temperature (20°C).
Lorentz and polarization corrections were applied, but 
corrections for absorption were omitted as the linear 
absorption coefficient is only 16.32 cm-1. No special 
precautions were taken during data collection, and crystal 
deterioration was not observed. Crystal data and details 
of the structure analysis are summarized in Table 9.7.
9.5.2 Structure Solution and Refinement

Structure analysis and refinement were carried out 
using the program SHELXSE"ea. Initial co-ordinates for the 
iron atom were derived from a Patterson synthesis and 
difference Fourier syntheses yielded positions, first for 
all 13 non-hydrogen atoms, and after leaet-squaree 
refinement of these, also for the 6 hydrogen atoms, 
Positional parameters for all atoms, and anisotropic 
temperature factors for non-hydrogen atoms, were refined 
by full-matrix least-squsres analyses. Least-squeres 
refinement was considered complete when all parameter 
shifts were less than 0.5c. At this stage, the conventional 
R = 0.0680. Unit weights were used. Scattering factors 
for Fe(0) were taken from "International Tables for X-ray 
Crystallographybb and anomalous dispersion corrections''60 
for iron were made.



Fractional atomic co-ordinates of all atoms, and anisotropic 
thermal parameters for the non-hydrogen atoms, are given in 
Tables 9.8 and 9.9 respectively. A listing of the Structure 
Factors is to be found in Appendix D.



TABLE 9.7: Crystal data and details of structural analysis for
Fe(C0)3(CNMe)2

Formula

Crystal dimensions (mm)
Space Group 
a (%) 
b (2) 
c {£)
6 (•)
0 (A3 )

F(000)
Do (gem 3)
H (cm-1)
X (A)
Scan mode 
Range (e)
Scan width (6)
Scan speed (0 sec *)
Range of hk-f 
Measured intensities 
Unique reflections 
Internal consistency R-index 
R (R = Rw)

0.19 x 0.19 x 0.14 »
P2J./C (NO. 14) 
12.451(6)
6.564(3)
IS.087(6)
92.45(3)

MoKo (0.7107)

0,0000
0.0680



TABiii 9.8(a): Fractional atomic co-ordinatea for the non-hydrogen
atoms of Fe(C0)3fCNMe)2

Atom x/a z/c

0.2457(1) 0.3155(2) 0.5729(1)
N(l) 0.3692(5) 0.0696(10) 0.4097(5)
N(2) 0.1393(5) 0.5622(10) 0.7472(5)
0(1) 0.0518(5) 0.3053(11) 0.4276(5)
0(2) 0.2863(6) -0.0062(10) 0.7371(5)
0(3) 0.3977(6) 0.6515(10) 0.5450(6)
C(l) 0.1278(7) 0.3069(12) 0.4852(6)
0(2) 0.2693(6) 0.1199(11) 0.6743(6)
0(3) 0.3384(7) 0.5203(13) 0.5550(7)
0(4) 0.3206(5) 0.1614(11) 0.4710(5)
0(5) 0.1776(5) 0.4692(11) 0.6785(6)
0(6) 0.4352(8) -0.0411(19) 0.3385(8)
0(7) 0.899(11) 0.6818(20) 0.8298(10)

TABLE 9.6(b): Fractional atomic co-ordinates and isotropic
temperature factors for the hydrogen atoms of 
Fe(CO)3(CNMe)2

Atom y/b c/z y(Az )

H{1) 0.399(5) -0.137(10) 0.311(5) 0,05(2)
H(2) 0.438(7) 0.025(14) 0,274(8) 0.09(3)
H(3) 0.492(9) -0.139(20) 0,376(9) 0.16(5)
H(4) 0.091(8) 0.820(18) 0.799(8) 0.12(4)
H(5) 0.022(10) 0.621(21) 0.829(10) 0.16(6)
H(6) 0.702(19) 0.005(10) 0.16(5)



TABLE 9.9: Anisotropic temperature factors (8Z ) for the non­
hydrogen atoms of Fe(C0)3(CNMe)2

F(e) 0.0457(6) 0.0461(6) 0.0469(6) -0.006(5) 0.0050(4) 0.0026(5)
N(l) 0.060(4) 0.066(4) 0.047(3) -0.006(3) 0.005(3) 0.014(3)
N(2) 0.060(4) 0.062(4) 0.059(4) -0.008(3) 0.009(3) 0.003(3)
0(1) 0.069(4) 0.117(6) 0.066(4) -0.021(4) -0.027(3) 0.024(4)
0(2) 0.069(4) 0.069(4) 0.082(4) 0.026(4) 0.025(4) 0.023(4)
0(3) 0.120(5) 0.073(4) 0.115(5, -0.003(4) 0.039(4) -0.038(4)
0(1) 0.069(5) 0.056(5) 0.056(4) -0.002(4) 0.006(4) 0.008(4)
0(2) 0.065(5) 0.045(4) 0.055(4) 0.003(4) 0.015(4) 0.004(d)
0(3) 0.069(5) 0.056(5) 0.068(5) -0.004(4) 0.016(4) -0.003(4)
0(4) 0.044(4) 0.060(5) 0.040(4) 0.008(3) -0.006(3) -0.004(3)
0(5) 0.046(4) 0.051(4) 0.061(4) -0.001(4) -0.003(3) 0.001(3)
0(6) 0.071(6) 0.087(7) 0.050(5) -0.015(5) 0.010(4) 0.018(6)
0(7) 0.098(8) 0.079(8) 0.085(7) -0.014(6) 0.025(6) 0.028(7)



X. Derivatives of dirhenium decacarbonyl - a Survey of the 
Literature

10.1 Introduction

' ' Since the preparation of dirhenium decacarbonyl, Re2(C0)1Q 
by Hieber and Fuchs""' in 1941, and that of dimanganese 
decacarbonyl, Mng(CO)^^, by Brimrn, Lynch and S e e n y i n  
1954, these ';wo metal carbonyl dimers have been extensively 
investigated. Studies of these molecules have been carried 
out by IR spectroscopy “ e (in the solid, in solution, and 
in the gas phase 1“ea>, Raman spectroscopy, 7 single-crystal 
Raman spectroscopy, high-pressure solid state Raman 
spectroscopy, 1119 IR and Raman spectroscopy on enriched
samples,J 56 polarized IR, and visible and near ultra violet 
(UV) spectroscopy,'*' 170 NMR spectroscopy (Mn2(C0)10 ),‘51
electron spin resonance (ESR) spectroscopy, mass spectros- 

I copy (MS),15*’ gas phase electron diffraction15S-B and single-
crystal X-ray diffraction at room temperature,1s and at 
74K (Mr2(C0)10).‘S9

An enormous chemistry of Mg(C0)^g(M = Re, Mn) has been 
reported. ‘ “  Notwithstanding the substantial numbers of 
chemical reactions that have been carried out on the M2(C0)10 
dimers, no significant attempt has been made in the 
Literature to ascertain factors responsible for the 
stereochemistry of the products from the reaction of MglCO)^ 
with ligand L.

A review of the reaction of Reg(CO)^^ with ligands L, 
in which the products have the stochiometry Re2(CO)10_n(L)n 
(n = 1-10) and the rhenium-rhenium bond remains intact, has 
thus been undertaken. In particular, emphasis is placed on 
a description of the stereochemistry of the resulting 
Re2'ro)10_n(L)n products.

The metal-metal bond in the Re2<CO)10 (or 
dimer may be cleaved by photolysis (eg. flash photolysis has 
been employed in kinetic studies of the homolysis of 
M2(C0!i0 = Re’ give M(C0)^ radicals161), or by

| I chemical methods such as the action of sodium metal, or
i  of halogens. The latter methods have led to the synthesis



of a wide range of monometallic complexes, and for example, 
the area of rhenium pentecarbonyl chemistry has been the 
subject of extensive investigation in its own right,
Reactions leading to monomeric rhenium species will however 
not: be discussed here- (See Ref. 160 for a comprehensive 
review of this area of rhenium carbonyl chemistry.)

The review has been restricted to Re2(C0)10 derivatives, 
The roetal-metal bond in Reg(CO)^ is stronger than that in 
Mn2(C0']0 (D(Re-Re): 128 W  mol'*1, cf. D(Mn-Mn): 67 W  
mol-*;161 although controversy surrounds the exact values 
of D(N-M) (see ch, XII), there is no dispute regarding the 
relative order, via. D(Re-Re) > D(Mn-Mn)), and hence the 
possibility of metal-metal bond cleavage during reaction 
with L is less probable. On occasion, reference to 
Mn2(C0)jO_n(L)n derivatives will, however, be made.

Further, Re2(C0)10 may also undergo reactions with itself, 
in the presence of ligand,11'1' or with other metal carbonyl 
complexes, resulting in the formation of higher rhenium or 
mixed-metal clusters,1,8 Such reactions, as well es those 
of the higher rhenium carbonyl clusters (some of which yield 
dimeric rhenium products,l,s often through decomposition 
reactions), as well as reactions of monomeric rhenium species 
which yield dimsric rhenium products,1,6 will not be considered

Despite the tremendous growth in recent years in the use 
of single crystal X-ray diffraction methods in product 
characterization, relatively few X-ray crystal structures 
have been reported of dirhenium carbonyl co-ipZexes. This is 
due in part to the relatively few system studies reported in 
this area of rhenium carbonyl chemistry, owing to the 
synthetic difficulties often encountered (vide infra). In 
discussing the dirhenium carbonyl derivatives, emphasis will 
be placed on those complexes for which an X-ray crystal 
and molecular structure has been reported, and a discussion 
of the salient structural features of these complexes, as 
well as those of crystallogrophically studied dirhenium 
carbonyl complexes prepared by reaction of higher nuclear 
rhenium clvaters, 1 ‘1 or of rhenium monomers,161’ will be



given in ch. XIII.
The reactions of interest are usually simple carbonyl 

substitution reactions, in which one or more carbonyl (CO) 
ligands are replaced by donor ligand(s) L, viz.

Re2(CO)10 4. nL - ne2 (ccl)io-ntL)n + nC0 (10,1) 
Such reactions generally involve photochemical techniques, 

although there are examples of thermal reactions of Re2(CO)1(j 
with L, or of photochemical!/ prepared Re2(C0)lo_n(L)n 
derivatives reacting with a ligand L'.161 171 Such examples 
are relatively few, possibly due to difficulty often 
encountered in effecting simple csroonyl substitution reactions 
under mild thermal conditions (&H for CO dissociation, D(Re-CO) 
is calculated to be 195 kJ mol

Trimethylamine-N-oxide induced reactions of Re2(C0)10 

with L have been employed to circumvent this problem!' ' 1,5 
In this method, CO is oxidizec to CO^ under low temperature 
conditions, viz.

ne2(CO)10 + nMe3NO + n L  - Re2(CO)10_n(L)n + nMegM * nCOg

There have also been studies conducted in which CO ligands 
are converted into other ligand while attached to the metal.
For instance, the anionic formyl complex Li*(Re2(CO)g)CHO)} 
has been prepared by the reaction of LiEtgBH with RegtCO)^'76 
and the reaction of ReglCO)^ with LiR in ether, and 
subsequent alkyletion with [RgOKtiF^J/HgO yields the carbene 
complex Re2(CO)9{C(OR')R J.17’"'

The Re2(CO)10/L systems that have been reported in the 
literature will be discussed under ligand type L.

10.2 Reactions of ReglCO)^ with phosphines jand arslnes)

The reaction of ReglCO)^ with nhosphine ligand (eqn. 10.3) 
has received considerable attention.

Re2(C0)10 * nPR3 ■' Re2<col10_ntpR3)n + nC0(n = l,2) (10.31 

Uncertainty aa to the mechanism of this reaction has 
resulted in extensive kinetic studies by several groups.
Kinetic and mechanistic studies on this system will be



discussed in :h XV, The various synthetic methods employed 
to bring about reaction (10.3) are described below,
10.2.1 Thermal reactions

The reaction between Re2(C0)10 and a large excess of 
phosphine, PRg(PRg = PPhg,1”  - 182, PEt2Ph/ 6 ’ a PMePhg,' ‘' 
P(0Ph)3,"s P(OC6H4Me-e)3,‘'1 P(0Cg»4C6-p)3,‘ ’1 
P(C6H11,3 5' in xylene gives Re2(C0 )8(PR3)2?
Long reaction times (15 to 50 h) are required, and product 
yields are generally poor (<30%), although some workers have 
reported good yields (75%) for PPhg.111 In most cases, the 
reaction yields more than one product, eg. mer-trans-HRe(CO)3-

C S ' z    C S  '  " S '  " V / - " : ' " '  " V u ' , ' "
P(0C6H4Me-o)3'8’ (the latter originally incorretly identified 
as the metalated complex [ Re (CO) 3 (PRg) (PR3~H) J l8S). In the 
case of PR3 = PfCgH^Me-o Jg,161 only the metalated product 
Re(C0)4(PR3-H) was obtained. The reaction with P(0Et.)^liS 
yielded a mixture of seven products which were not character­
ized. With PRg = P(0Ph)3,‘84 a trisubstituted product, 
Re2(CO)7fP(OPh)33g was also obtained. Chromatography is 
necessary to separate the products. 18 18 8

The reaction between Re2(C0)10 and PMSgPh' ’3 in 
refluxing petroleum ether (80-100=0, 96 h) yielded 
RSg(CO)g(PMSgPh)2 (46%), together with some HRe(C0)g(PMe2Ph)2 . 
If the reaction is conducted in n-hexane, and stopped after 
5 h, Re2(C0)g(PMe2Ph) is obtained.""

The monosubstituted Re2(l'0)g(PPhg) has been obtained 
(38%) from Re2(CO)g(PPhg)2 by passing a stream of CO through 
a solution of Re2(CO)g(PPhg)2 at 130=0 for 30 h . " ‘ 
Re2(C0)g(PPhg) has also been obtained as the major product 
from the 1:1 reaction of Re.(CO) . with PPh- in refluxing

Teti-asubstituted .{Re(CO)3(PPhg)2J2 has been 
obtained from the reaction of He2(C0)10 and PPhg(l:5 ratio) 
in refluxing xylene.' However, in solution this product
appears to exist as the monomeric HRe(C0)3(PPhg)2 ,'’*b|"* 
Heating Re2(C0>10 with the bidentate phosphine ligand, 
PhgPCHgCHgPPhg (1:4 ratio), in a sealed evacuated tube 
(2dO"C, 2 h) gave the tetrasubstituted comolex, els-



[ Re( CO>3 <PhgPCHgCHgPPhg>2 J2 (20%).

10.2.2 Photochemical reactions

UV-lrradlation of Re2(CO)10 and PRg in petroleum j
ether (PRg = PPhg, PEtgPh""1®) or cyclohexane (PRg = PPh3‘?’b) j
gave Re2(CO)0(PR3 )2 in good yield (70-85%). | ,

The photochemical reaction in cyclohexane between i
Re2(C0)10 and PMePhg (2:1 ratio) after 12 h of UV- ]
irradiation, yielded Re2(CO)g(PMePh2J (d%), He2(CO)Q(PMePh2)2 |
(7%), two isomers of Re2(CO)y(PMePh2)3 (combined yield 10%) |
and a trace amount of Re^(CO)^g(PMePh2)g. When a 1:1 ratio I
between Re,(C0)10 and phosphine was used, only the two j
isomers ol Re2(CO)7(PMePh2)3 (combined yield 22%) (and some | .
HRe(C0)3(PMePh2)2 )was obtained.""

Irradiation of Re2(C0)10 and PMegPh (1:2 ratio) 
in petroleum ether (60-80°C) for 6 h gave Re2(CO)g(PMe2Ph)2 
(d%), and an isomer of Re2(CO)7(PMe2Ph)3 (13%), as well as
trace amounts of HRe(CO)3(PMe2Ph)2 and isomers of '■

Re(CO)3(PMe2Ph)2Ce, The same reaction in cyclohexane after
3 h yielded only Re2(C0)7(PMe2Ph)3 (13%) and a trace of an ]
isomer of Re(C0)3(PMe2Ph)2ce. ‘61 (The chlorine compounds '
arise from the addition of chlorinated solvents to the 
crude reaction mixtures). The products were separated by 
chromatography.

The bisphosphine cm lex Re2(CO)g(PHPh2)2 was 
obtained from the 10 h photochemical reaction between 
Re2<C0)10 and PHPhg (1:2 ratio) in benzene solution.

The photochemical reaction under vacuum of 
Re2(C0)10 with a 5-fold excess of PPhy at 60°C,I,S 
yielded three isomers of Re„(C0)7(PPH3)3l assigned on the 
basis of 13PNMR spectra as l-ax,2,2-transdieq-Re2(C0)2- 
(PPh3)3 (35%), l-eq,2,2-axeq-Re2(C0)7(PPh3)3 (15%), and
l-eq,2,2-tranedieq-Re2(C0)7(PPh3)3 (5%), as well as
Re2(G0)g(PPh3 )2 (40%), and a trace amount of a rhenium j
compound tentatively identified as Re2(C0)g(PPh3 )̂ .

High temperature ultraviolet methods yielded 
M2 (C0)1o_n (PFg )n = Mn, Re; n « 1-4) species as |
unresolved mixtures of isomers. Ii< [



There ha«t been one report of a reaction of 
Re2(CO>10 with an arsine. A 6 h UV-irradiation of Re2(CO)10 
and AsMCgPh (1:2 ratio"1 ) in petroleum ether (40-60<’C) 
yielded the bisarsine ccolex Re^(CO)g(AsMBgPh)2 (9%)-
10.2.3 Amlne-oxide- ae ^sted reactions

An amine-oxidej assisted reaction between 
Re2(CO)10 and PPhg hea been employed in the synthesis under 
mild conditions (20°C, 2 h) of Re2(C0)g(PPh3) and 
Re2(C0)6(PPh3>2.171

Re2(C0)10 + nEt3NC * nPPh3 * Re2(C0)30-n'PPh3fn + nEt3N + 
n(C0)2 (10.4)

10.2.4. Comment on product formulations

From the above it can be seen that synthetic studies 
of the seemingly simple thermal and photochemical routes 
yield a wide range of dimeric and monomeric rhenium-phosphine 
complexes. However, as product characterization has relied 
almost entirely on IR spectroscopy, product formulation, and 
assignment of geometric isomers, may in certain cases be 
subject to queition, especially in the absence of any X-ray 
cryetallographic studies of Re2(CO) ( PRg)̂  complexes. 
Notwithstanding the uncertainty, the data suggest that in 
the majority of cases monosubstitution is axial, and 
disubstitution diaxlal. This aspect will be discussed in

The reaction of Re^tCO)^^ with ^CO

,ie use of acetonitrile as a donor solvent in the reactions 
of Mg(C0)^0 (M * Re, Mn) and M@3N0 results in the complex 
M2(C0)g(NCMe), from which the MeCN lig i can readily be 
displaced under mild thermal conditions. This method has 
been used in the synthesis of high purity 13CO-labelled 
Re2(C0)g(13C0),l’M viz.

fle2(C0)10 + Me3N0 + MeCN * Re2(C0)g(NCMe) + MegN + COg (10.5) 

He2(C0)g(NGMe) + 13C * Re2(C0)g(13C0) + MeCN (10.6)

Sunlight irradiation of a hexane solution of



Mng{CO)10 in contact with 23C0-rich (22.5%) carbon 
monoxide for several hours resulted in a threefold 
enrichment of the natural 13C0 content of the Mng(CO)^ 
dimer,1,ob However, this method is unsatisfactory, as 
both Mn2(C0)10 and R@g(CO)^ exchange CO very slowly,1e,c 

Indirect methods have also been employed in the 
preperation of 13C-enriched samples of M2(C0)10, for 
example, the reaction of a 13CO-enriched M(CO)gX 
(M = Re, X - Cl; M = Mn, X = BrJ sample with NaM(CO)^, 116C 
(Both M(CO)gX and NaM(CO)s were themselves prepared from 
the M2(CO>10 dimer, by cleavage with halogen X or sodium 
amalgam respectively). Iso topically labelled RegtCO)^ has 
also been prepared by reacting HRe^(CO)^^ with carbon 
monoxide (50% ^3CO-enriched) under vacuum, to give 
HR*(CO)5 and Re2(C0)1C|. ‘S081

Only the amine-oxide assisted reaction between 
Re^CO^Q and 13CO results in the production of high 
purity Re2(C0)g(13C0), suitable for synthetic purposes 
(as opposed to use in IR and Raman spectroscopic studies ). 
This reaction highlights the synthetic utility of the 
anune-oxide-induced route. This method has riot been 
investigated (prior to this work) with ligands such as 
isonitrilea and arsines, the reported reactions of 
Re2(C0)10 with these ligands being entirely photochemical 
(see sections 10.4 and 10.2.(b) respectively).

10.4 Photochemical reaction of Re.lCO)^  with isonitriles

Methylisonitrile (MeNC) derivatives, M2(CO)10_n(CNMe)n 
(M o Re, n = 1; M = Mn, n = 1,3,4), have been prepared by 
the photochemical reaction of M2*C0*10 with MeNC-191 
These complexes have been studied by Raman spectroscopy, 
and have been reported to be isostructural',2b with the 
parent M2*C0*10 cornPound8>' * * but the crystal and molecular 
structures have not been reported, presumably due to the 
disorder problems encountered. 11 ,b

1C.5 Amine-oxide assisted reaction of Re.tCO)^ with nitrlles 

The complexes Re2(cO)10_n^CR)n (n = 1,2; R = Me, Et, Prn, 
Pr1) were prepared via the amine-oxide assisted reaction



of Re2(C0)10 with RCN.17“ ^

Re2fCO;i0 + n Et3NO + nBCN - Re2(CO)10_nfNCR)n + iiEtgN + nC02

(10.7) |

The complexes Re2(C0)g(NC«e)1’1 and Ra2(C0)g(NCMe)2175 
have also been obtained from the amine-oxide assisted 
reaction of Re2(C0)1Q in acetonitrile, in the absence of 
added donor ligand. (See also Section 10.10.1).
Photochemical reactions of Re-,(C0)^Q with olefins 

The photochemical-induced reaction of ReglCO)^ and olefins 
has been studied for several different olefins.1** ’ ‘115 3 1 
The major disadvantage is that the photochemical reaction 
usually results in a complex mixture of products, which f
often requires sophisticated method*. ' ch as high-pressure h
liquid chromatography (HPLC196 ) + ' :l'sct separation. In 
addition to the octacarbonyl-ii-olefinyl-ii-hydrido-dirhenium 
complexes (Fig. 10.1(a)), olefinic rhenium monomers, di­
rhenium complexes in which the Re-Re bond has been cleaved, 
with the olefin bridging th' two Re atoms, or with the two :
metals joined through an olefinic residue, and even tri- 1
rhenium oJeflnlc complexes, are usually formed, in lesser or 
greater proportions. In some cases, monomeric and Re-Re 
bond cleaved dimeric products -re formed exclusively from 
the reaction. Even in favourable cases, usually more than 
one octacarbonyl-M-olefinyl-ti-hydrido-dirhenium complex is 
formed, due to cleavage, rearrangement or isomerization of j
the olefin ligand itself. In some instances, the simple 
substitution product, enneacarbonyl-n-olefin-dirhenium j
(Fig. 10.1(b)), can also be isolated.151 ,
10.6.1. The photochemical reaction of He^CO)^  with oleilns |

in hexane solution j

The photochemical reaction in hexane between 
"Re2 (CO)^ and a variety of acyclic and cyclic olefins with 
one to four C=C bonds has been studied.1,5 Table 10.1 lists f
the olefin derivatives of dirhenium carbonyl dimer in which 
the rhenium-rhenlum bond remains intact. The structures j
of these products are shown in Fig. 10.2. |



With ethylene(Ij, styrol(II), 1,3-cyclopentadiene(III>,
1.3-cyclohexadiene(IVj, l,3,5,7-cyolooctatetraen(V) and 
6,6-dimethylfulven(VI), the main products were octacarbonyl- 
H-olefinyl-ii-hydrido-dirhenium(I)'complexes (Fig. 10.2, I-V- 
(A,B),(VIA)), isomerism of the olefin ligands being observed. 
With ethylene, octacarbonyl-|i-rt-1,3-butadienedirheniurn(0)"'
(Fig. 10.2(10) was also obtained. In the eases of ethylene,
1,3,5,7-cyclooctatetraen and 6,6-dimethylfulven, ennea- 
carbonyl-n-olefin-dirhenium was also observed (Fig. 10.2(ID), 
(VC) and (VIB) respectively). For ethylene, additionrl 
vinyl-bridged trinuclear complexes resulted. The only 
dinuclear products obtained from the reactions of Re^CO)^ 
with cyclohexane and with X,3,5-cycloheptatriene, were 
metal-metal bond cleaved octacarbonyl-ti-olefinyl-|i-hydrido- 
dirhenium complexes. In the case of the latter olefin, 
n-cycloheptadienylrhenium tricarbonyl side products were 
also obtained.
10.6.2. The photochemical reactions of Re^(CO)^ with 1,3-

butadiene

In tetrahydrofuren (THF) solution photolysis of 
Re2(00)^0 and 1,3-butadiene or cyclooctatitraene,l 911 yielded 
the olefinic complexes, (C0)4Re-|i(0:n-C<)H5)Re(C0)4(Fig. 10.3, 
(VIIA)) and (C0)4Re-ti(r52 in2CdH6)Re(C0)4 (Fig. 10.3(VIIB)).
The latter complex has also been obtained from the photolysis 
of Re2(C0)ir) with 1,3-biitadiene in pentane solution. 19 5 The 
structure of this dimer (VIIB) has been determined oy X-ray 
crystallography191 (see ch XIII). In these reactions, 
trinuclear, and metal-metal bond-cleaved dinuclear rhenium 
compounds were also obtained.191*-1

The photochemical reaction between Re2(CO)10 and
1.3-butadiene in hexane1,1 has been reported to yield, in 
addition to Re-Re bond-cleaved dinuclear olefinic complexes, 
at a temperature of 240 K, the dimeric complex octacarbonyl- 
y-[l,2-n-l-a-(l,3-butadien-l-y<)] -|i-hydrido-dlrhenium
(Fig. 10.3(VIID)). (VIID) rearranges in solution to 
octacarbonyl-n-ji-l,3-butadienedirhenium(0), (CO^Re-y 
(n2:n2CeH4)Re(C0)4 (Fig. 10.3 (VIIB)), the product mentioned
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reaction of Re.£C0)1n with olefins in hexane solution
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previously as obtained from the photochemical reaction of 
HegfCO^g and 1,3-butadiene in THF, or in pentane 
solution,191 and from that of Re9(CO)10 and ethylene in 
hexane solution (Pig. 10.2.(IC)1’

At a reaction temperature of 198K, however, the 
photochemical reaction between Re2(C0)lc) and 1,3-butadiene 
in hexane196 yielded, apart from the above Re-Re bond 
cleaved dimeric aide products, in addition to the product 
(VII3), (C03)Re(n-l,3-butadiene)Re(C0>5 (Fig. 10,3(VIIC)) 
in comparable amounts.
10.6.3 The photochemical reaction of Re^tCO)^  with 

1,3,5-cycloheptatrlene

Photolysis of RegtCO)^ and excess 1,3,5-cyclo- 
heptatriene in petroleum ether (60-600C)197 yielded two 
Re-Re bonded dimeric products (Fig. 10.4), (C^Mg)Reg(CO)^ 
(VIIIA) and (C^,Hg)Re2 (C0)g (VIIIB) (the structures of which 
have been deduced from FT NMR spectra), as well as 
monomeric and tetra-nuclear rhenium sideproducts. This is 
"in contrast to the photochemical reaction of RegtCO)^ with 
this olefin in hexane solution,1,1 which gave only Re-Re 
bond-cleaved dimeric and n~cycloheptadienyl rhenium 
tricarbonyl monomeric products.
10.6.4 The photochemical reactions of Re.(C0)^0 with 1- 

alkenes and 2-alkenes and further reactions of the

Photolysis of a hexane1’1 or toluene1'6-1 solution 
of Re2 (C0)10 in the presence of excess 1-alkene ((A) pro­
pylene,169-’1 (8) 1-butene'’t""‘ or (C) l-hexene1 ’ 1) 
resulted in the formation of (p-N)Reg(CO)g(p-(n^CH = CHR)) 
(Fig. 10.6: R = Me (1XA1), Et (1XB1) or Bun UXCS in high 
yields. 6 - Mention has been made1’1 of an X-ray crystal 
structure investigation of (u-H) \CO)g(p-n-CH = CHMe) 
(IXA), revealing an Re-Re bond length of c b . 3.20A, but the 
full structure has not been reported to date.

The photolysis in toluene of Reg(CO)^ with (A) or 
(8) also yields, in addition to the trans-isomers (IXA1) or 
(IXB1), the cis-isomers (IXA2) or (IXB2).'99 In the case of



Figure 10.3i Re-Re bonded dimeric products from the photochemical 
reactions of Re2(C0)10 with 1,3-butadiene ^

Figure IQ.Ai Re-Re bonded dimeric products from the photochemical 
reaction of Re2(C0)10 with 1,3,5-cycloheptatriene /T
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Figure 10.5: Products from photolysis reactions of Reg(C0)^g with
1-alkenes (A-E) and 2-alkenes (F)

Dipolar addition product, (ii-H) (p-CH=CH2)Re (C0)fl(PMe„}



(B), a furtner isomer, (IXE),1,6 is also obtained. The cis- 
producrs, (IXA2) end (IXB2), isomerize 8pontan>iously to the 
trans-products, (IXA1) and (IXBl).1”

ThotolysiB of Re2(CO)1Q with ethylene17 1  yields, 
ih addition to (IXD), ( ^Reg(CO)g(|i-(r,-CH=CHg)), (IXB) and 
(IXE), (w-H)Reg(CO)g(p-(n-EtC = CHg)), formed from subsequent 
photochemical reactions of (IXD).

related study of internal olefins,17 ,'-J the 
photolysis, vf Re2(CO)1Q with cis-2-butene resulted in the 
production, in low yield,of (|i-H)Re2(CO)8(^-(n-MeC = CHMe)),
(IXF). Extended photolysis resulted in isomerization of 
(IXF) to (IXB). This later complex (IXB) was u a only 
organometal1ic product to be obtained from the photolysis of 
Re2 (C0)10 with trans-a-butene; 17 0~ 1 an(j probably resulted 
from the observed "" slow isomerization of trane-2-butene 
to 1-butene during reaction.

Compounds ‘IXA-O all react with ethylene at 250C,'71 
to give (IXD). Similarly, (IXD) undergoes alkene-exchange 
with l-hexene‘’‘ to give (IXC). Treatment of a heptane 
solution of UXC) with excess vinyl-n-butyl ether'”  gives 
(IXG), (fi-H)|y-trans-CH=CHO-8uh'Re2(CO)8. Dissolution of 
(1X0) in neat styrene' yields (IXH), (n-H) (p.-trans CH = CHPh)- 
Re2(CO)g in quantitative yield (5-6 h). Compounds (IXA-H 
react with excess olefin at room temperature to give the 
alkenyl-exchanged (n-hydrido)Iu-alkenyl)dirhenium-ccta- 
carbonyl complex.1,1

Compounds (IXA)-(IXH) all react with excess py' 
in the dark to yield free olefin and 1,2-eq,eq-Re^(CO)8(py)2, 
Room temperature reactions of (IXA)-(IXP) with CO ’1~‘ 
result in the formation of R@2(C0)^Q, with liberation of 
olefin, Hcever, the photolysis of (IXB1) in the presence of 
py1 yields (y-H)Re2(CO)?(y-(n^CH = CH Et))py as the major 
product.

A toluene solution of (IXD/ reacts with atm)17t 
over 3 days to initially generate H2Re2(C0)g, which is 
subsequently slowly converted to H^Re3((,0)12. The reaction 
of (IXB1) with H2 is similar.



Dissolution of (IXC) in neat acetonitrile (MeCN)'" 
results in complete conversion to l,2-eq,eq-Reg(C0)g(NCMe)g 
(5 h, room temperature). The major product of the reaction 
in toluene solution of (IXD) with HgS'"  (1 atm, 6 h), is 
He,,(CO!g(SH)g. (IXB1) reacts with excess acrylonitrile'7 ̂ 
in toluene solution to yield Re2 (C0)g(NCCH = CHg)g.

Compounds (IXA)-(IXH) all react with excess PPh3 ‘71 
in hexane at .15aC to give free olefin and 1,2-ax, eq-Re2(CO)g- 
(PPhg)g, which isomerizes to 1 ,2-dlax-Reg(C0)g(PPhg)g. The 
reaction of (IXD) with PBug follows the same pattern.176 
However, the reaction of (IXD) with P(OR)g (R = Me, Ph) yields
1.2-eq,eq-Reg^C0)g(P(0R)g)g, which is stable to isomerization. 1 
Treatment of (IXD) with excess PMeg'7* in hexane or toluene 
solution rapidly generates the dipolar addition product 
(U-H)(|i-CH = CH2)Re2(CO)8(PMe3 ) (X) (Fig. 10.6). This 
product (X) elewly deoompoees in toluene solution to give
1.2-eq,rq-Re2(C0)Q(PMe3)2, which is stable to isomerization.170 
Reaction of(IXAl) " ’ th excess PMeg in hexane at room 
temperature gives only l,2-eq,eq-Re2(C0)8(PMe3)2 in near- 
nunntitative yield (2-3 h). These bisphosphine dirheni"m 
oocccarbonyl products are of importance, as they are rare 
examples of equatorially substituted phosphine derivatives
'f Se2(C0)10. The geometry of phosphine substitution in 
,;!e2IC0)10_n(PR3)n (n = 1-d) complexes will be discussed in

Similsrly, (IXC) reacts with a variety of bident=.te 
piiouphino-ligands L-L (L-L = bis(diphenylphosphino)methane 
(dpprc), 1,1 ’ 130 bis (dimethyl phoaph i no )me thane (dmpui), 1 ’6 bis- 
(dimethylphosphino)ethane(dmpe)1’8 and bis(diphenylphosphine)- 
etn -^(dppe)1,e) to give the bridging ligand substituted 
divf.ynium octacarbonyi compounds, 1,2-eq, eq-Re2(C0)8(p-L-L), 
li yields (90%).

The major products of tne photochemical reaction of
1.2-eq,eq-Re2(CD)g(u-L-L) (L-L = dppm, dmpm) with HgO or 
MeOH 'v-H)(M-0H)Re2!C0)6 (u-L-L) and (u-0R)2Re2(CD)g(n-.,-L) 
(R « H or Me).19' The structure of (p-H>(p-0H)Re2(C0)g(p-dppm) 
has been determined by X-ray crystallography191 (see ch. XIII).



Reactions of (|i-H)(|i-0R)He2(C0)6(u-L-L) and (n-OR)gReg(CO)g- 
(u-L-L) with dry HCi lead to the formation of (fi-H)lu-Ct)- 
Re2(C0)6(n-L-L) and (n-C<)^Re2(C0) (p-L-L) respectively.1 ’'

TreacmePt of a solution of (IXB1) with an excess of
3,3-dimPthylcyclopropene 199 at room temperature leads to the 
formation (2 days, 80%) of dirhenium-octacarbonyl-(n-carbene) 
complex, Re2U':- ' u-(n !n-CH.CH.CMe2)) (XIA) (Fig. 10.7), the
structure of which has been determined by X-ray crystallo­
graphy (see ch. XIII). Reaction of (XIA) with CO (100 atm, 
room temperature) leads to metal-metal bond cleavage and 
formation of Re2(C0)Q(n-(n^-CH.CH.CMeg) (XIB), which is 
unusual In that it contains a n-carbene system not supported 
by a metal-metal bond,1”  On irradiation of (XIB) (2 h, 
room temperature), the n m-butadienyl hydride, (p-H)Re2(C0)g- 
(u-CH=CH,CMe=CH2) (XIC) results.1,5

Treatment of (IXA1)‘6 9 or (IXB1)‘? 1 with excess 
phenylacetylene at room temperature gives the u-hydride-y- 
alkynyl-octaoarbonyl-dirhenium complex, (u-H)Re2(CO)8(ti-C=CPh)
(XIIAj (Fig. 10.6) -'S the major product (85%, 5-10 h).
Similarly, reaction of (IXA1) with (p-meth^xyphenyl) acetylene 
yields (fi-JOHe^COg^-p-CiCCgH^ONe) (XIIBJ (Fig. 10.8).
Treatment of a hexane solution of (XIIA) with excess pyl69 
yields a single isomer of (y-H) (w--CiCPh)Re^(C0)7(py), in near 
quantitative yield (1-2 h, room temperature). This mono­
substituted compound reacts slowly with excess py166 to 
yield a single isomer of a disubstituted species, U-H)- 
(n-CsCPh)Re^tCO)e(py)2 . (XIIB) also undergoes CO substitution 
by py,'" yielding (n-H)(n-p-C5CCGHd0Me)Re2(C0)7(py).

Treabnent of a CHgC^ or hexane solution of (XIIA) 
with excess PPh3 ‘68 results in osaentially quantitative 
production of the disubstttuv.sd t-.ni<Uex, (y-H)(p-C5CPh)Re2- 
(C0)g(PPhg)g (2 h). Du.'ing monitoring of the veaction (in 
^^2C62) by NMR spectroscopy, the monosubstituted complex,
(U-H) (p-C=CPhMle2,C0)7(PPh)gl was observed aa the initial 
product. The reaction of(XHA) with PBu^ <3 analogous.18*
However, treatment of a hexane solution of (XIIA) with excess 
PMe^ results in the Immediate formation of a dipolar addition 
product, (|i-HXu-CsCPh)Re2(CO)8(PMe3) in*. 10.9(XIIIA) or (XIIIB)).



(co)4Re-R<CO)4 (CO)sHe-

Figure IQ.7 : Dirhenium carbonyl (ii-carbene) derivatives

(B) i: C6Hd0Me-p
Figure 10.8: Products of reaction of (p-H){ti-trans-CH = CHMelReg-

(GO) with acetylene

XIIIA

Figure 10.9: Possible dipolar addition products, (n-C=CPh)Re2-
(00)s(PMe3)



10 .7 Photochemical reaction of R e ^ C O ^ g with B„Si'rU

The first report of a dirhenium carbonyl derivative with a 
bridging StRg ligand was the formation of the complex 
Re2 (CO)gH2(ti-SiPhg} in the photochemical reaction of 
Re2(C0)10 and PhgSiHg in benzene solution. 81118 The X-ray 
crystal structure of this complex has been determined. 11 lb 
The crystal structures of the related derivatives, 
Re2(C0)7H2(M-SiEt2)2 !‘2 and ea(C0)6H4(|»-SlEt2)2, **' have 
also since been reported. Nu details of the synthesis of 
these compounds were given, but presumedly the method was 
similar to that for the synthesis of Re2(C0)aH2 (u-SiPn2)21 ,a 
{vide supra). The molecular structures of these three 
complexes will be considered in ch. XIII.

The room temperature reaction of Re2<C0)gH2(u-SiPh2 ) with 
silicic acid in chloroform solution resulted in the formation 
of the dihydride derivative, Re2(CO)g (n-H)2 , 211 the structure 
of which has been determined by X-ray crystallography (see

10.8 The photochemical reaction of Re^CO),^ with 

UV-irradiation of Re2(C0)10 with Hg in THF gives Re2(C0)g (u-H)2 , 
together with monomeric and trimcric rhenium produc ts.
This complex has also been obtained from UV-irradiation of 
Re^CO^gHg, 1,5 from the thermal reaction of Re2(C0 )gH2- 
{(i-SiPhg) with SiOg.nHgO2'2 (vide supra), and from the 
thermal reaction of (p-H){y-CHCH2)Re2(C0)g with Hg'"
(see section 10.6.4).

10.9 Photochemical reaction of Re^tCO)^ with water 

RtigtCO)^ is stable towards water even under drastic 
conditions;’ it is also not attacked by dilute acids or 
bases. ' A "base reaction" can only be achieved with 
methanolic potassium hydroxide, whereupon a dinuclear 
complex K[Re2(C0)fl02H] is formed.2,8

The photolysis of Re2(C0)l0 in wet THF leads to the 
formation of eq-Re2(C0)g(0H2). I?s This product has been 
shown to be formed via primary photochemical homolysis 
of the Re-Re bond, followed by thermal substitution of the 
Re(C0)g.radical by HgO, and then recombination with Re(C0)g .,



to give Re2(C0)g(0H2).
Under 366nm irradiation, Re2(C0)g(0H2) decomposes via 

the proposed unstable intermediate Re2(C0)g(0H2)2, which 
looses HgO and undergoes oxidative addition to an 0-H bond to 
form (n-H)Re2(C0)g(u-0H), which decomposes to HRe(CO)g and 
Re4 (C0)12(0H)4, the observed decomposition produces.175

In THF solution, the co-ordinated water in eq-Re2(CO)g- 
(OHg) is readily displaced by stronger nucleophilic ligands, 
e.g. CO, MeCN, PPhg, to give Re2(CO)10, ea-Re2(CO)g(NCMe) 
and ax-Re2(CO)gPPh3 respectively.1’1 Hence eg-Re2(C0)g(0H2) 
can be regarded as a lightly stabilised form of the co- 
ordinately unsaturated Re2(CO)g.,,s However, in non­
coordinating solvents (e.g. toluene), only rhenium cluster 
compounds are obtained.171 The role of the THF is probably 
to stabilize the Re2(CO)g intermediate.

Under photolytic conditions, Re2(CJ)10 reacts with H^O 
in aqueous ether, yielding initially Reg(CO)^2H3 and 
Red(CO)12£CH)fl, and after extended irradiation, exclusively 
Re/COJ^tOH},,.:'7

Irradiation of Re2lC0)g (1,10-phenanthroline), (indirectly 
prepared166) in wet THF yields Re2(C0)^g ard Re2(CO)g 
(l,10-phenanthroline)2.171 Howe.er, only Re4(CO)14(OH)4 and 
some eq-Re2(C0)g(IVCMe) are formed from the reaction of dieq- 
Re2(CO)g(NCMe)2 with HgO in refluxing THF.1’1 The unstable 
Re2(C0)g,0H2)2 may be formed as an intermediate in the 
reaction of (n-H)(n-CHCH2 >Re (C0)d with HgO (wet THF), which 
eventually yields Re4(C0 )12(0H)4.171

10.10 N-donor ligand derivatives of Re_(C0 |̂ g
10.10.1 Trlmethylamlne-N-oxide-lnduced reactions of Re^lCO)^  

with N-donor ligands

The thermal reactions of Re2(C0)^g with trimethyl- 
amine-N-oxide, MegN0, in tne presence of N-donor ligands L 
lead to substituted derivatives, Re2(C0)^g_^(L)^ (n = 1,2), 
according to eqn. (10.8).

Ra2tC0,10 + nMe3N0 + nL '*Re2(C0110-n(L,n + nMe3N * nC02 U0.8) 

The reaction is usually performed in acetonitrile

I

4.



(MeCN) solvent, and in tho absence of added donor ligand L, 
acstonltrlle derivatives, eq-Re2(CO)g(NCMe)173 and dieq- 
He^(CO)g(NCMe)g'"  are formed (see also section 10.5).

In the presence of N-donor ligand L, the reaction 
results in the formation of substituted derivatives 
Re2 (C0)10_n (L)n ;n = 1,2). This method has been employed 
in the synthesis of the complexes eq-Re2(C0)gL (L = py,1”
2-Mepy.1T ’ MeNilg, 16' EtNHg'^) and dieq-Re^COypy^."'
These derivatives have been shown to undergo photolysis 
reactions16’ resulting m  the formation of new dirhenium 
carbony} complexes (vide infra).
10.10.2 Photolytic reactions of He^(C0)^g L (n = 1,2,

L » N-donor ligand)

Photolysis of solutions of mono- and di-substituted 
N-donor ligand derivatives of dirhenium carbonyl results in 
the formation of new di- and tri-substituted dimers. The 
photolysis reaction in THF solution of eq-Re2(CO)9(NCMe) 
and of eq-fie2(COjg(py) or l,2-dieq-fle2<CO)g(py)2, yields 
the products l,2-dieq-Reg(C0)g(NCMe)2 and l.Mp-HjRe^CO^- 
(py)(NC5Hd ) respectively.'”  Photolysis of eq-Reg(C0)g- 
(RNH2) (R = Me, St) in heptane yields 1,l-Re2(C0)8(RNH2'g.167 
In these reactions, other photolysis products usually include 
RegCCOiQ, monomeric rhenium carbonyl derivatives, and 
rhenium carbonyl cluster compounds.16"
10.10.3 Preparation of (M-H)Re,(CO),(,i-NC,.H.), and subsequent 

reactions with donor ligands

The compound (n-H)Re^(CO)g(w-NC^H^) is formed by 
heating ll2-dieq-Re;,(C0)8(py)2 in refluxing benzene.
This complex has been characterized by X-ray crystallog' .ihy1** 
(see ch. XIII), and itself undergoes further CO-substitution 
reactions with other donor ligand .
(a) rhennai reactions with ligand I

In  benzene s o lu t io n , ( n-H ) Re2 1 CO) g ( n-NC^H^) re a c ts  

s lo w ly  w ith  py to  g iv e  1 ,1 -1 y-H)Re2 (C 0 )^(p y ) (NCgH^), 11’  and 

w ith  PPh3 to  y ie ld  (4-H)Re2 (C 0)7 (u-NC5H4 )(PPhg) and (u-H )-R e- 

(C0)6 (n-NC5H4 )£PPh3 ) 2 . 166 R e flu x in g  ( M U R e ^ C O g U - N C ^ )  

in  a c e to n i t r i le  s o lu t io n  gave (u-KJRe2 (C0J7 (n-NC5H4 j(iYCMe), 166



the structure of which has been determined by X-ray 
crystallography16B (see ch. XIII). All these thermal 
substitution reactions required very long reaction times 
(10-20 h).

(b ) Reaction with Me„N0 in the presence of ligand i.

When a solution of (p-H)Re2(CO)g(p-NCgH^) was treated 
with ...ê NO. in the presence of donor ligand L (L = py, PPh^) i68 
mono- and iSisubstitution of CO resulted. Initially formed 
was the complex (u-H)Re2(CO)7(u-NGgH4) (L), which over a 2-1 h 
period slowly converted to (p-H)Reg(CO)g(p-NCgH^)(Ug.'*'
With L = 1-octene,166 however, only the mono-substituted 
complex (u’' ''\(p-XCgH^)(n-l-octene) resulted, which
did not v .=r reaction to the »i-substituted
product a, -'erature.

(c) Pnotochemlcal reactions with ligand L

Photolysis of toluene solutions of (p-H)Re2(C0)B-
(y-NCgH^) and L (L = py, PPhg)166 resulted in the formation 
of mono-substituted (p-HiRSgtCO)7(p-NCgH^)(L), which over 
a period of 10-15 h was convert’d to di-substituted 
(W-H)Rgg(CO)g( ) ( L)g. After a further 10-15 h 
photolysis, tri-substituted (ti-H)Re2(C0)5(p-NCgH^) (L )3 could 
be obtained. However, with L = P(0Ph>3, 1-octene,‘48 only 
mono-substituted products, (p-H)Re2(C0)?(u-NCgHd)(L), could 
be isolated even after prolonged periods of photolysis.
10.10.4 Preparation of bls-M-donor-1Igand derivatives of Re (CO)^

Although Mnz(C0)s (1,10-phenanthroline) is synthesised 
by the photolysis reaction of Mn2(C0)10 f.nd 1,10-phenanthro- 
line,186-8 the synthesis of the rhenium anologue, RSgfCOIgiL^'
((Lg) = 1,10-phenanthroline, 2,2l-biquinoline, 2,2'-bipy and
4,7-diphenyl-l.10-phenanthroline), was achieved by airless 
addition (in the dark) of a THF solution of NaRelCOg to a 
deoxygenated C<Re(C0)3(L2) solution.286 The displacement of 
Ce“ by RetCOJg” occurs ripidly at 290 K to yield a highly 
coloured solution of Re2(C0 )g(L2), and NaC6 precipitate.

Irradiation of Re,, (CO )g(l, 10-phenanthrol ine) in wet 
THF yields Reg(C0)10 and RegfCOigd.lO-phenanthrolineJg.'



(aqn. 10.9(a). This latter complex has also been obtained 
from the photolysis of (QG1 ,-MnRe (001^(1,10- phenar.throlir.e 
in THF211 (eqn. 10.9(b)).

263C^MBe(CO)3(lJOphenanthroUne) Mg(CO)^ + Re2 (C0)g-
(1,lOphenanthroline)g

(a) M = Re; (b) M » Mn (10.9)

10.11 Dlrhenlum carbonyl carbene complexes
Reaction of RegtCO)^ with LjR in ether, (to give Re2(C0)g- 
[C(OLi)R])‘ ", and subsequent alkylation with [RgO][3F^]/
H.O yields the carbene complex eq-Re„(CQ)Q[CtOR';R)

» 9 ?a I 7 7 1 ? 7 k ^ "
(R = Me, Ph, CgH^Me-p, R' = Me; R = SiPty,
R' = Me a Et ). Similarly, the reaction of Reg(CO)^
with LiSiPhg in THF, followed by treatment with MeFSO^ 
gives eq~Re2(C0)g[C(0Me)SiPh3 ] or eq-Re^(CO)̂ [C(OC^HgOMe)- 
SiPhg], depending on the reaction conditions.' >a In 
addition, the reaction of Re^fCO).^ with excess LiSiPh^ 
and subsequent all<ylation with {EtgQHBF^j/HgO yitilds not 
only eq-Re2(COyc(OEt)SiPh3]1W,a"cbut l,2-ax,eQ- ;ie2(CO)a- 
CC(OEt)SiPh^) and .dirhenium products characterized by
X-ray crystallography 0 (see ch. XIII) as (CO/^iMii-CfSlPh.,)- 
CO(OE'.i)Pe(CO)3{C(OEt)SiPh3] and Re2(CO)g(y-C[giPh3]CO) (y-H). 
The structures of eq-.Re2(C0)g[C(0R')SiPh3] (R = M e / 51 
£t',6a,!5!| and l.a-ax.eq-Re^COJglClOBUSiPl^]161 have also 
been determined crystallographicaily (see ch. XiIlS Further 
treatment of the carbene complex eq-Re2iCO)9(C(OMe)R]
(R = Ph, with iAti /ether, followed by lMe30]!8F4]-
AlgO, yields the y-methy'idine complex Re2(C0j8(u-G(0Me)S]2 ''’b. 
The molecular structure of one such complcx, Re2(C0)g(ii-C- 
(OMe)C^H^He-p]2, has been determined by X-ray -.vystallo- 
grapny ’ b (see ch. XIII).

The isomeric carbene complex, ax-Re2lCO)g[C(OR')SiPh3J 
(R’= Me, Et), can be obtained by reaction of eq-Re2(C0lg- 
[C(0R')5iPh3) with A«2X2 (X = Ci, Brl to give [ax-Re?(CO|g- 
(CSiPh^))+[ASXd]“ , which is then treated with alcohol,
R'OH. 6a The isomers, ax-or-eq-Re^COglC 0Me)SiPh3), 
react with dialkylamine, HNR^ (R' = Me, Et) in pentane to

-4



form ax- or eq-[Re2(GO)gC(NR^)SiPh3] respectively.178® 
Treatment of the ax- or-eq-isomers of Re2(C0)g[C(0Et)- 
SiPhg] with LitCgH^Me) and subsequent alkylation with 
[Et30][BFd] yields the two isomers of l,2--ax,eq-Re2(C0)g- 
[C(OEt)SiPh3)[C(OEt)C6HdMe)l,'b (see Fig. 10.10 (XIVA) 
and (XIVBi).

The reaction of the cationic silyl carbyne complexes 
of dirhenium carbonyl, (ax-Re2(CO)g[CSiPh3)] + [A«X/}]“
(X = C«, Br) with alcohols, R"0H (R" = Me, Et, Pri,But), 
has also been reported to yield alkoxy-carbene complexes, 
ax-Re2(C0)g[C(0R")SiPh3] and eq-Re2(CO)̂ C(0R ")M] T  'halogen- 
silylcarbene complexes, ax-Re2(CO)gfC(X)SiPh3J (X = C<, Br), 
can be isolated as intermediates.11‘ Reaction of (ax-Re2~ 
(C0)g(CSiPh3)3+[AeBrd)~ with dimethylamine,HNMe2, gives 
ax-Re2(C0)gIC(NMe)SiPh3], and eq-Re2 (CO)g[C(NMe)H].z “
The latter compound can also be obtained by treating 
eq-Re2(C0)g[C(0Me)H] with HNMBg.z'' The X-ray crystal 
structure of eq-Re2(CO)g[C(OMe)H3 has been reported211 
(see ch. XIII).

10.12 Thermal reaction of Re^fCO)^  with acetylenes

The reaction of Reg(CO)^ with PhCCPh at 190°C gives 
[Re2(C0)7 (PhCCPh2)], [Re2(CO)6(PhCCPh)3], and 
[Re2(CO)d(PhCCPh)d]. This latter complex reacts 
instantaneously with excess of isonitrile RNC (R a Bub,
Bun , p-MeOCgHd or p-MeCgt^SO^Hg) to give [Re2(C0)4(PhCCPh)3- 
(CNR)g].J1“ An X-ray crystal structure analysis of one such 
isonitrile derivative, [Re2(CO)d(PhCCPh)3(CNCHgSOgCgH^e-p)2], 
iiae been performed2 ‘ z (see ch. XIII).

Complexes of the type p-hydrido-u-alkynyl-dirhenium- 
octacorbonyl are obtained from the reaction of p-hydrido-p- 
olefinyl dirhenium octacarbonyl with acetylenes161 (see 
section 10.6.4).

10.13 Formation of [cls-RegtCOi^CHO) ]" from Re^tCO)^

The anionic formyl complex of dirhenium carbonyl, Li+[cis- 
R@2(C0)g(CH0)]" was prepared by the reaction of LiBt^BH 
with Re2(C0).g in THF soluticn.1’6 Analogous products were 
obtained for Mn2(CU)10 and for the mixed-metal decacarbonyl 
dimer, ReMn(CO)^.'78



(CO)-Re— Re-

Ph3Si/CxbEt
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Figure 10.10: The two isomere of l,2-ax,eq-Re2(CO)g[C(OEt)SiPh3]- j
[C(0Et)CsHdMfl, (XIVA) and UlVB}

Treatment of the eq- or ax- Isomers of Re2(C0)g- ;
(C(QEt)SiPhgJ with LUOgH^Me) and subsequent ;
alkylatlon with [EtgOHBF^] yields the two isomers ;.
of l,2-8X,eq-Se2(C0)5[G(0Et)SiPh3[C(0Et)C6H4Me],
(XIVA) and (XIVB) respectively.



In the tranformylati.on reaction215 of trans-
[{PhO)gP3(CO)3FeCHO]" with Reg(CO)^ in THF, Et^Ccls- 
Re2<C0)g(Ci10)3~ was formed (82% yield as determined by 
NMR integration) together with a co-product, (CO)^Fe - 
[P(0Ph)3 ].

Et^N* [cis-Re2(CO)g(CHO)]"' was also synthesized (32% 
yield) by the reaction of K4"HB(0-Pri)~ with Re2(CO)10 in 
THF at 0eC, followed by aqueous basic workup and cation 
exchange with Et^N*Br.

10.14 Format.un of St^N^cls-Re^CO) H]~ from Re_(C0) ĝ.

The reaction of K^HBtO-Pr1)™ with Re2<C0)10 under fluorescent 
laboratory lighting (d5-50°C, 3 h), followed by aqueous 
basic workup and cation exchange with Et N+Br~ gave the 
hydride anion EtdN+[cis-Re2(CC )gH]~. This metal 
hydride can also be obtained from the photolysis of a THF 
solution of Et4N*[cis-Re2(C0)giCH0)]~.

EtdN+[HRe2(CO)g3"" has also . en detected, though not 
isolated, in the TEABH reduction of Re2(CO)ig in SfeCN 
(see section 10.15).

10.15 Quaternary Ammonium Borohydride reductions cf Re„(C0)^g 

Quaternary ammonium borohydrides, used in single phase or 
phase transfer reactions, are highly effective reagents for 
preparing metal carbonyl anions from metal carbonyls.

The tetraethylammonium borohydride (TEABH) reduction of 
Re2(C0)̂ .j in MeCN (80eC, 1 h) yielded the hydride anion 
EtdN+[HRe2(C0)g] . On stirring the crude product from 
this reaction with CH^Ct^ (room temperature, 1% h), the 
chloro anion, EtdN+[Re2(C0)gC8)~ (19%) was formed.
This product was also obtained in high yield (89%) from the 
TEABH reduction of Re2(C0)^0 in CHgCCg (room temperature, 2 h),

10.16 Conclusion

From the foregoing review of reactions of Re2(C0)^g with 
ligand(a) L to give dimeric products Re2(C0)^_^(L)^
(n = 1-4) in which the Re-Re bond remains intact, several 
points become apparent.
(i) The use of synthetic methods involving the direct 
'action of the Re2(C0 )̂ g dimer give products Re2(C0)^Q_^(L)^,



where n£4, (except for the acetylene complex [Rea(CO)iJ- 
£PbCCPh)d) and the isonitrile dervativeg, [Reg(CO)^tPhCCPh)^- 
(CNRjg] (see section 10.12). In the majority of reactions, 
only mono- and di-=ubstituted products, Re2*co*io_n*L n̂ 
(n = 1-2), result. In a few instances tri- and tetra- 
eubstituted complexes, Re2(C0)10_n(L)n (n = 3,4), have been 
prepared, but generally forcing reaction conditions are 
required. This limitation must be synthetic, and not steric 
in origin, since the decaphosphite dirhenium complex, 
Re^PtOMel^Q, has been prepared by indirect methods.’15 
[Tolman cone angle45 for P(0Me)g: 107*].
(11) Apart fron routine characterization, there has been 
very little comment on the position of ligand attack in 
Re2(C0)10, and the resultant stereochemistry of the 
Re2(CO)io_n(t,)n (n = 1-4) complexes. Even where X-ray 
crystal structures of The product have been undertaken, little 
attempt has been made to rationalize the observed structure 
in terms of electronic and ste.-ic factors. The structures 

Re2(CO)^0_n(L)n (n = 1-4) complexes which have been 
je-er'flined by X-ray crystallographic techniques will be 
discussed in ch. XIII, and an attempt made to rationalize 
structural trends apparent, as well as any exceptions, in 
terms of underlying electronic and steric factors.
(iii) There have been no comprehensive systematic studies 
(chemical, structural, mechanistic) on R@2(W)10/L systems, 
apart from the kinetic-mechanistic studies on the Re^CO)^/ 
PRg system, which will be discussed in ch XV, Such a 
study was thus undertaken on the Re^COl^/RNC system, 
which has received very little prior attention (see section 
10.4). The results of this chemical and structural study 
wj12 tie presented in chs. XI and XIV respectively.



XI. CATALYTIC SYNTHESIS AND CHARACTERIZATION OF ISONITRILE 
DERIVATIVES OF DIRHENIUM DECACAMONYL

11.1 Introduction

Facile synthetic routes are continually being sought to 
substituted metal carbonyl complexes. Until recently, 
phocochemical or (vigorous) thermal techniques have been 
employed to achieve substitution of CO by a ligand L, as 
shown in eqn. (11.1).

M(CO)n + L ----  M(CO) (L) + CO (11.1)

With compounds containing a metal-metal bond, bond cleavage 
may occur, resulting in unwanted by-products, separation 
problems, and reduced yields.

The only report to date of the reaction between Re2(CO)10 
and isonitriles has been a mention of the synthesis (and a 
Raman stidy) o* the complex Re2(C0)g(CNMe), b which was 
synthesized by photochemical methods. However, the
analogous reaction of Mn2(C0)10 with isonitrile ligands 
(RNC) has received more attention. The derivatives 
Mn2(CO)^Q n(CNR)n (R = Me ' or Bu*, n = 1-<1) have 
been synthesized by thermal ’ (refluxing toluene) and/or 
photochemical methods. 1 Indirect methods have also 
been employed in the synthesis of these complexes. For 
instance, a series of complexes, M n ^ C O^p^CNR)
(n = 1,2,4,5; R = Me, Ph. p-C(CgH^), was prepared by 
nueleophilic attack of Mn(C0)5" on Mn(CO)5 ^(CNRl^X 
(X = C{, Br, CN).“ ’ The complex Mn2(CO).^_^(CNPh^(n = 1,2) 
has been obtained in low yield from the reaction of RMn(C0)5 
(J? * Me, Ph) with PhNC in THF. In a systematic study by 
Behrens et al. the complexes Mn2(CO)g(CNR) (R = Et, 81- 
Me3> GeMe3, SnMe3, PPhg, COMe) were prepared by reaction of 
Ne[Mn2(C0)gCN] with EtgOBF^ or RC6.

Recently, Albers and Coville have reported that 
Pd/C or Pd/CaC03 catalyses the reaction between lin2(CO}^Q and 
isonitriles, to give Mn2(CO)^_^(CNR)^ (n = 1-3, R = Bu , 
C6H5CH2' C6Hh ' He! n = 1-4’ R = CgH3Me2-2,6). As a 
logical extension of this study, an investigation of the



transition metal catalysed thermal reaction between 
Re2(CO)10 and isonltrile ligands was undertaken.

What studies there have been of the properties of 
■ M2(GO)10_n{CNR)r| (M = Mn, n = 1-4; M = Re, n= 1, R = Me) 
liave employed Raman, 11 *  IP.120 and NMR1923’216 ' '" 
spectroscopy. No X-ray crystal structures of 
compounds have been reported prior to this work. Hence a 
systematic study was -j.-dorlaksii of the Re2 (CO)10/RNC system, 
in order to obtain chemical, ... 'istic and structural 
information. Techniques employed in this investigation 
include IR, Ramin, 2H NMR and mass spectroscopy, aiiU u'. f-". 
crystal X-ray diffraction (ch. XIV).

11.2 Catalyst Testing

In sunlight, the thermal reaction (11.2) in benzene at 556C 
between Re2 (CO)^ and ButNC (1:1 ratio)

Re2(C0)lo + Bu^NC ---   Re2(CO)g(CNBut) + CO (11.2)

yields predominately Re2(CO)g(CNBut) (210 min). However, in 
the dark (complete exclusion of all light) or in artificial 
laboratory Hf.ht (no sunlight), no reaction occurs between 
Re2(C0)10 and Bu^NC at 55eC (210 min). If after several 
hours of no reaction in the dark,the reaction vessel was 
exposed to sunlight, the reaction to Re2(C0)g(CNBut) 
proceeded at the above rate. Hence the thermal reaction 
between Re2(C0)^ and flu6NC is dependent on sunlight. No 
attempts have been made to elucidate the mechanism of this 
thermal unc • ed reaction, but sunlight-initiated 
fission of the He-Re or of a Re-CO bond cnuld bs implicated.

Reaction (11.2) between Re2(C0)10 and Bu^NC (1:1 ratio) 
in benzene at 55eC was used to screen potential catalysts 
(Table 11.1). Where catalysis was observed, the reaction 
time was taken as the complete conversion of Re2(CO>10 to 
Re2(C0)g(CNBul") (as detected by TLC). Pd-metal, PdO and 
supported Pd-apecies were found to be exceptionally active 
catalysts, with reaction times ranging from lens than 1 min 
for PdO and Pd/CaCOg, to ca. 1 h for Pd-metal, and 2 h for 
Pd/C (5% Pd). (The supports, CaCOg and activated carbon, 
were found to be i-active). The corresponding Pt-species



were much less active (e.g. Pt/A{gOg(5% Pt): 70 min, cf. 
Pd/A<gOg(5% Pd): 5 min). or inactive (no catalysis with PtOg, 
Pt/C (5 or 10% Pt)). Other activated carbon-supported species 
.(5% Rh, Ru, Re) were also inactive, as were the transition 
metal salts investigated (e.g. CoCtg-SHgO, which is known to 
catalyse the reaction between Fe(C0)5 and isonitriles )

The iron carbonyl dimer, [ (i-C^I-^lFeiCOlg],,, was tested 
for its catalytic ability, since this dimer hns been found 
to be an active catalyst for related carbonyl substitution 
reactions, when used alone**-1 or in combination with a co­
catalyst such as PdO.21 However, it was found that with 
[(n-C^Hg)Fe(C0)g]g (4 mg) and PdO (4 mg), the reaction time 
was 1 min, the same as that for PdO (4 mg) alone, while that 
for [(n^CgHg)Fe(C0)gJg (4 mg) alone was 40 min. Hence in the 
case of this reaction, PdO would seem to be the active 
catalyst.

When catalysis was observed with a given species, the 
reaction proceeded at the same rate irrespective of whether 
the catalytic reaction was conducted in sunlight, in artificial 
light only, or in the dark. If, in the instance of the blank 
reaction in the dark, after several hours during which no 
reaction was observed, catalyst was added to the solution of 
Reg(CO)10 and ButNC, the reaction to Reg(C0)g(GNBut) proceeded 
at the normal rate for that catalyst. Hence the catalysed 
reaction is not dependent on sunlight, as in the blank

It was thought that a reducing agent such as LiAiH^ might 
catalyze reaction (11.2). However, when a few mgs of 
LiAtH^ were added to a solution of Reg(C0)1Q and Bu^NC in the 
dark, no reaction was observed (SS’C, 2 h). It was thought 
traces of oxygen in the solution could be responsible for this 
lack of reaction. Further, erratic results initially obtained 
with some Pt-species (e.g. Pt/C, PtOg) suggested that Pt might 
play a role in removing traces of oxygen from the solution.
Hence the combination of Pt/C and LiAtH^ was investigated as 
a potential catalyst for reaction (11.2).

It was found that if a small amount of LiAtH4 was added 
to a reaction mixture of Reg(CO)^^ (0.2 mmol), Bu^NC (o.22 mmol)



TABLE 11.1; Effect of potential catalysts on the reaction
Re (CO) - + Bu^NC --- Re (CO) (CNBu*) + CO (11.2)

Potential catalyst Reaction time (min)

Pd-impregnated polymer (MO mesh)
Pd/C (10%)
Pd/C (5%)
Pt/C (10%)
Pt/C (5%)
Rh/C (5%)
Ru/C (5%)
Re/C (5%)
Pd/CaC03 (10%)
Pd/BaC03 (5%)
Pd/BaS04 (5%)
Pd/A<203 (5%)
Pt/A«203 (5%)
Activated carbon, "Bergswerksverband"

P]3tinous Bromide
Potassium tetrachloroplatinate(II)
coce2-2H2o
IrC«3-nH20
Zn(0)
!(^OsHB)F.(00)a]2 2

Sources of chemicals used in this study given in Appendix A 

In sunlight; no reaction in the dark 

No catalysis



and Pt/G (5% Pt; Img) in benzene, which had been heated at 
55°C for 4 h .in the dark (with no reaction being observed), 
reaction to Re2(C0)g(CNBut) was complete in less than 15 mine 
(the time depending on the amount of LiA<H. added). On 
addition of a further equivalent of Bu^NC, the reaction to 
Re2(CO)a(CNBut)2 was complete in less thai 5 mins. However, 
if Pt/C and LiAeH^ were added together to a solution of 
Re2(CQ)10 and Bu^NC (in the de x) with no pre-heating, no 
reaction was observed (for several hours). If more LiAtH 
was then added after a few hours, a sluggish reaction was 
observed which proceeded very slowly over a period of 
several hours. If a solution of RegfCO)^, Bu^NC and Pt/C 
was heated at 55°C for 4 h (in the dark), oxygen bubbled 
through the solution, and LiA<H. then added, no reaction was 
observed (for several hours). If more was added after
2 h, a sluggish reaction was observed (cf. above). (The 
addition of oxygen has no effect on the reaction rate of the 
thermal uncatalysed reaction (in sunlight)). Hence the role 
of Pt/C in the Pt/C - LiAtH^ catalytic system appears to be 
the removal from the solution of traces of 0^, which if present 
presumably prevent the catalysis of the reaction by LiA<Hd by 
oxidizing the active catalytic species. No attempts have 
been made to further elucidate the mechanism by which the 
LiA(H.-catalysed reaction operates. Other reducing agents 
such as zinc-metal do not catalyse reaction (11.2), hence 
the LiASH^-catalysed reaction could involve a mechanism 
involving the formation of hydride species.

On the basis of the results of the catalyst testing study 
(Table 11.1), PdO was selected as the catalyst to be used In 
the synthesis of Reg(CO)^g_^(CNR)^ derivatives (vide Infra).

11.3 PdO-catalysed reaction of Re_(CO)^^ with isonltrlles

Using PdO as catalyst, a series of isonitrile derivatives,

Re2(C0,10-n(CNR)n (n " 1"3, H = But' V W  C6H11! n = 1"d ‘
Re= 2,6-Me2CgH3, Me), were prepared (reaction (11.3)) in 
generally high isolated yields, under moderate reaction 
conditions (Table 11.2).

Re2(C0)10 * nRNC --- 1 Re2(G0)m _n(CNR)n + nCO (11.3)



The power of this catalytic method is seen whin 
comparing the reaction times at 55°C for the uncatalysed 
and the PdO-catalysed reaction (13.4)

Re2(CO)10 + RNC — —  Re2<CO)g(CNR) + CO (11.4)

There is a substantial improvement in all cases (Table 11.3).
Owing to the facile nature of the PdO-catalysed 

synthesis of Re2(C0)1Q_n(CNR)n (n = 1,2), some Re2(CO)1(>(n+1 )<CNR,(n+1) 
is also generally formed, accounting for the less than 
quantitative yield obtained. The products are readily 
purified by column chromatography.

For Re2(C0):L0_ri(CNR)ri (n = 1,2) derivatives, reaction 
times are of the order of 1 to 5 min, but the synthesis of 
Re2(CO)7(CNR)3 requires longer times (ca. 45 min). Tetra- 
substitution to give Re2(CO)g(CNR)^ could only be achieved 
in poor yields (20-40%) for R = He and 2,6-Me2CgH3; the 
other isonitriles gave no tetra-substituted product after
3 h reaction. This could reflect the better «-acceptor 
ability of aromatic(2,6-MegCgHgNC) than of aliphatic isonitrile 
ligands. ’b In the case of MeNC, this could be due to the 
small size of the MeNC ligand and its electronic similarity 
to CO.'51*3 Higher substitution could not be achieved for 
any of the isonitriles even after 24 h, except possibly for 
RNC = CNCgH^Keg-2,6. In this case a maroon solid was obtained 
with a complex NMR spectrum and IR (CHCl^): 2085(sh),
2060(8), 199S(sh), 1975(ms), 1835(sh), 1890(m) cm-1, but the 
elemental analysis of this compound did not correspond to 
that calculated for Re2(CO)5(CNCgH3Me2-2- 6)5, and its 
identity was not pursued. Hence the limit for this catalytic 
synthetic method, involving direct substitution of RNC on 
Re2(C0 )10, is reached at the tetra-substituted step.

The reasons for this are thought to be electronic rather 
than stprlc, since Re2[p(0Me)31l0 (Tolman cone angle’S for 
P(0Me)g : 107°) is known111 (prepared by indirect methods).
An X-ray crystal structure determination of the tetra- 
substituted Re2(CO)g(CNCgHgMeg-2,6)^ (oh. XIV) has shown 
that there are two cis-equatorial isonitrile ligands on each 
Re-atom. Since isonitriles are weaker n-acceptors than



TABLE 11.2; Reaction conditions and product yields for the
FdO catalysed syntheses of the complexes R e ^ c o ) ^  
<CNR)n

n T(°C) t(mln) Isolated yield

Bu* 1 1
2
3

C6H5CH2 1 75
2
3

C5HU 1

3 75
2,6-MegCgHg 1 5

2 20 70
3 98
4 40
1
2
3
d



React.on times at 55°C for the uncatalysed and PdO- 
catalysed reaction

Re (CO) - + RNC ----► Re (C0)qfCNR) + CO (11.4)

Reaction Time (min) 
UncatalysefJ8 PdO catalysed

B Under laboratory light conditions 

^ Reaction incomplete

Re, | c o | 1(
C N B u '

R c J C O y C N B u ' l  

t=amlo CNC^HgM62-2,6• CNC6H3Me2-2,6 

Re2ICOl9{cNCGH3Me2-2 ,6 }2 H ^ .R e 2ICOyCNBu'l-{CNC6H3Me2-2,6}

Figure 11.1i Synthetic routes to the mixed-isor itrile derivative, 
Re2(CO)g(CNBut){CNCgH^Meg-Z,6>
(T = 55°C).



carbonyls3 the CO-group trans to an isonitrile ligand is 
less labile than that trans to another carbonyl ligand."32 
A fifth isonitrile ligand would have to go trans to another 
isonitrile, or trans to the Re-Re bond, both electroni­
cally unfavourable situations. ’ However, it is 
possible to prepare such complexes by means of indirect 
methods, e.g. Mng(CO)g{CNR)g (R = Me, Ph, p-CtC^) has 
been prepared by nucleophilic attack of Mn(C0)5“ on Mn(CNR)
(X = C(, Br, CM)/"

Since the catalytic reaction of Re2<C0)10 with RNC 
proceeds in a quantitative and stepwise manner, the 
degree of isonitrile substitution can be controlled by the 
number of equivalents of RNC added. Hence it is possible 
to prepare mixed isonitrile derivatives by adding one 
equivalent of RNC, and on complete conversion of Re^(CO}^ 
to Re2(C0)g(CNR), a second equivalent of a different 
isonitrile, R'NC, to give the mixed-isonitrile derivative, 
Re2(C0)8(CNR)(CNR'), e.g. Re2(CO)g(CNBu*)(CNCgHgMeg-2,6).
The order in which the RNC and R'NC ligands are added in 
the mixed reaction is not of consequence, the same product 
being obtained in either case (see Fig. 11.1).

Satisfactory elemental analyses ha'-s been obtained for 
all the Re2(CO)10_n(CNR)n (n •= 1-4) complexes. (Table 11.4). 
These complexes have been charar1',-ized by TR (Table 11.5) 
and NMR (Table 11.6) spect-v \ / (vide infra), and an 
X-ray crystallographic study of a series of representative 
complexes has been undertaken (ch MV).

11.4 Characterization of the dlrhenlum t, .rbonyl Isonitrile 
derivatives

11.4.1. Infra Red Spectroscopy

IR data for the Re2(C0)10_n(CNR)n (n = 1-4) complexes 
given in Table 11.5, These compounds have complex IR 
spectra.

In the case of the mono-substituted M2(C0)g(I.)
(M r Re, Mn) complex, ax-M2(CO)g(L) (point group C4v) is 
predicted to have B v(CD) IR bands, while eg-M2(CO)g(L) (point 
group Cs) should have 9 v(CO; IR bands. However, many
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v(NC)

<b>

2000 1950 1900

Figure 11.2: IR spectra (recorded in hexane, at X5 expansion) of
(a) eg-Re^^tCOlgtCNBu6), and (b) ax-Mn2(C0)g(PMe2Ph)

* 'peak' due to monochromator change at jOOOcm""1
* weak band due to the presence of the ^C-isotope



eq-M„(CO)j(L) complexes reported in the literature222
have fewer v(CO) IS bands - usually S, owing to band overlap.
Axial complexes such as ax-Mn2(C0)g(PH3),11,-i do have 5 v(CO)
.IR bands, but there is also a weak band due to the presence 
of the 13C isotope (e.g. ax-Mn2 !C0)g(PhMe2Ph), IR(hexane),
*(00): 209d(m), 2015(a), 1981(va), 1971(ms), 1959(w) - (13C peak), 
1937(e) cm-1). Hence the two isomers may both have IR spectra 
with the same number (6) of v(C0) bands, the difference 
being in the relative intensities of the bands. The Re2(C0)g- 
(CNR) complexes are found to have one v(CN) and 6 or 7 v(C0) 
bands, not inconsistent with an eg-Re2(C0)g(CNR) geometry.
The complex Re2(C0)g(CNBut) has been shown by X-ray 
crystallography to have the Bu NC ligand in the equatorial 
position (ch. XIV). Fig. 11.2 shows the IR spectra (v(C0) 
region) of (a) eg-Re^COlgtCNBu*) and (b) ax-Mn2(C0)g(PHe2Ph) “ ' 
(substitution geometry established by X-ray crystallography""). 
The intensity patterns (v(C0' bands) are superficially 
similar ((a) m,m-s,sh,vs,m-s,s; (b) m.s.vs.nt-s.w.s). However, 
with the knowledge of which pattern corresponds to which 
structure, these two spectra, backed up as they are by X-ray 
crystal structures, could be used as reference spectra for the 
assignment of substitution geometry for M2(C0)g(L) complexes.

For di-substituted M2(C0)g(L)2 complexes, there are three 
possible geometry-types, viz. diax, ax.eq and dieq. Bi­
axial is ruled out for Re2(C0)g(CNR)2 derivatives, because for 
this geometry (point group Ddd) 2 v(C0) IR bands are 
predicted, as is indeed observed for diax-Mn2(CO)g(PRg)2 
complexes?2’The Re2(C0)g(CNR)2 complexes have complex IR 
spectra with 4 or 5 v(C0) bands. For ex,eq, and for dieq 
geometry, the two ligands may be on the same ((CO)gM-M(CO)3- 
(Ug) or different ((L)(C0)^Re-Re(C0)^(L)) metal atoms.
However, 8 v(cO) IR brads are expected for all four cases 
(assuming staggered conformations). Fewer bands (usually 6) 
are generally exhibited by axieg-M2(C0)g(L)2 complexes,222 
owing to band overlap. It is thus impossible to determine 
the substitution geometry from the IR spectrum, without a 
prior knowledge of the intensity patterns characteristic of



all the possible isomers. Further, the possibility of the 
product being a mixture of different geometric isomers 
(vide infra) cannot be excluded on the basis of IR data 
.alone, although 1H NMR is useful in this regard (see section

X-ray cryetalJograpbic studies (ch. XIV) have shown the 
substitution of both Re2(C0)a(CNCgH^Meg-S,6)2 and 
Mn2(' g(CNBut)2 to be diequatorial. However, in the former 
complex, the two isonitrile ligands are on different rhenium 
atoms, ie. 1,2-cis-dieq-Re^(C0)^(CNC^HjMs^-2,6)^ [FTIR(hexane), 
u(NC)i 2150(m), 2152(sh); v(CO)r 2053(m), 2023(s,'. 1985(vs), 
1952(m), 1943(s) cm-1], while the latter complex has both 
isonitrile ligands on the same manganese atom, ie 1.1-cis- 
dieg-btn2 (CO) a (CNBut) 2 [FTIR(hexane), v(NC): 2174(w), 2154(w); 
v(CO): 2055(m), 1999(vs), 19?2(vs), 1963(w), 1952(m), 1935(m) 
cm-1]. The l_L2-dieq-Mn2(CO)8(CNBuC)2 isomer is however also 
known [FTIR(hexane), v(NC): 2144(w)j v(CO): 2049(w), 2006(s), 
1977(vs), 1943(sh), 1939(w) cm'1)215 (see section 11.4.2.) 
and l.l-cis-dieq-Re.tCOptCNSu1')̂  has been prepared indirectly 
(FTIR(hexane), v(NC): 2183(m), 2157(w); v(C0); 2065(m),
2032(s), 1987(vs), 1932(m), 1935(s) cm-1]. ,,s

It is interesting to note that the IR spectrum of a 
polycrystalline sample of Mn2(CO)g(CNSut)2 (IR(hexane), u(NC): 
2172(w), 2152(m)i v(CO): 2057(m), 1996(m>, 1976(vS), 1949(w), 
1936(m) cm-i]J,° is clearly a supposition of the above two 
spectrum types, indicative of the presence of both isomers, 
via. l,2-dieq-Mn2(C0)^(CNBu^L and 1,l-cis-dieq-Mn_(CO)g- 
(CNBut:)2, the former predominating. The other Mng(CO)g(CNR)2 
complexes reported have similar spectra.1,0 The H NMR spectra 
of these Mn2(C0)g(CNHJ2 complexes also provide evi ’.ence for 
the presence of two isomers, in contrast to the Re2(C0)8(CNR)2 
complexes (see section 11.4.2).

The FTIR spectra (hexane) of single-crystal samples of

L2zdl£3-Re2(C018(CNC6H4Me2~2’6)2 and WzSis^dieg-Mn2(CC)g-
(CNBut)2 are shown (v(CO) region) in Fig, 11.3(a) and (b) 
respectively. In both cases there are 6 .<(C0) bands, but the 
re.’ative intensitiec of the bands differ significantly.
Hence IR spectra could be ust o assign the substitution
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Figure 11.3(a): FTIR spectrum of 1.2-dleq-ReJCO)Q(CNC^Me.-a.6)g
(recorded in hexane)



Figure 11.3(b): FTIR spectrum of l,l-cis-dieq-Mn^(CO)g(CNBu^)^
(recorded in hexane)



geometry of such complexes. (This aspect of establishing 
a correlation between IR spectral data and substitution 
geometry for Mg(CO)g(L)g complexes will be further 
elaborated in ch. XV). All the Reg(CO)0(CNR)2 complexes 
prepared have IR spectra similar to that of 1.Z-dieq-Re^CO)B~ 
(CNCgHgMe2-2,6)g. The Re2(G0)Q(CNR)2 complexes all have one 
v(NC) IR band, with the exception of Re2<C0)g(CMCgH2Me2-2,6)2, 
which has two. As expected, the mi” 1 isonitrile derivative, 
Re2(CO)0(CNBu^){CNCgH0Me2~2,6), has two v(NG) absorptions.

For M2(C0)7(CNR)3 complexes, 7 v(CO) IR bands are 
predicted for the most likely geometries with all three RNC 
ligands equatorially substituted (axial substitution is 
electronically disfavoured,1s* and no ax-M„(CO) ( CNR)̂
(n = 1,2) isomers are known). The Re2(C0)7(CNR)3 complexes 
have * to 6 v(CO), and 1 or 2 v(NC) bands in their IR spectra. 
The structure of Re2(C0)7(CNMe)3 has been determined by X-ray 
crystallography £ch XIV), and was found to be a l-eq,l,2-cie- 
dieq-isomer. Different conformations are possible in solution, 
but probably not isolable. The conformation observed in the 
crystal could be largely determined by crystal packing forces 
(see ch. XIV).

The IR spectrum of an all-equatorially substituted 
Mg{CO)g(CNR)̂  compound is expected to have 6 v(CO) bands for 
both the staggered' and eclipsed forms. The Re2(C0)g(CNR)4 
(R = CgHgMeg-2,6; Me) complexes have 3 or 4 v(CO) bands, and
1 (R = Me) or 2 (R = CgHgMeg-2,6) v(NC) bands. The complex 
Re2(C0)g(CNCgH3Me2-2,6)4 has been shown crystallographically 
(oh. XIV) to have a staggered geometry, with two isonitrile 
ligands occupying cis-equatorial positions on each rhenium 
atom. [FTIR (benzene), v(NC): 2109(m), 2089(m); v(CO): 
1978(vs), 1942(m), 1929(w), 1899(m) cm-1]. The analogous Mng- 
(CO)g(CN C6H3Meg-2,6)4, however, has 1 v(NC) and 6 v(C0) 
bands.826

Prom the above discussion it is apparent that the number 
of v(CO) bands observed in an IR spectrum of a metal carbonyl 
complex of the type M2^CO*lO-n^n *n ' 1-4  ̂ is often less 
'■ban the number predicted by the application of Group Theory,



due to possible band overlap. Further, Group Theory often 
predicts the same number of bands for alternate geometries. 
Hence IR data alone is not sufficient for an unambiguous 
assignment of substitution geometry. However, used in 
conjunction with X-ray crystallography for selected complexes, 
it is possible to establish a correlation between IR 
spectral data (intensity patterns) and substitution geometry, 
as was illustrated in the case of the two possible isomers 
of dieq-MgtCO)g(CNP)g (M = Re, Mn). This correlation is 
extendud to other isomers of M2(CO)s(L)2 in ch. XV. (Section

11.4.2 Proton Nuclear Magnetic Resonance Spectroscopy

The 1H NMR spectra of the RegtCOl^JCNR)^ (n = 1-4) 
complexes are given in Table 11.6. The monosubstituted 
Re2(C0)g(CNR), disubstituted Re2(C0)g<CNR)2 (with the 
exception of R Me, vide infra) and tetra-substituted 
Reg(CO)g(CNR)^ complexes give the expected NMR spectra
(single 6(CH ) (x = 2,3) resonances). The simple spectrum 
observed for Reg(CO)g(CNOgHgMeg-2,4j^ is in contrast to the 
complex spectrum reported for the analogous Mng(C0)g- 
(CNCgHgMeg-2,6)j.The signal for the CHg or protons 
of the trisubstituted Re2(CO)7(CNR)3 complexes consists of 
two resonances in a 1:2 ratio. Thi; ivas also observed for 
the Mn^(CO)^(CNR)g complexes.181 The three isonitrilss are 
expected to arrange themselves in equatorial positions around 
the dimer in a 2:1 ratio, as indicated in Fig. 11.5. Such 
a structure (C) is found in the solid state for Re2(C0)7(CMMe)3 
(ch. XIV).

The 1H NMR spectra for the Re2(C0)10_n(CNR)n (n » 1-4) 
complexes show a trend of the CH (x = 2,3) resonance to lower 
field with increasing > (Fig. 11.4), The trend tt lower 
field is expected (consequence of increased electron density 
on the metal b), but the remarkable feature is the linear 
shift with similar slopes for all the isonitriles studied.
This provides strong evidence for the dimer being treated ar 
a single unit and not as two poorly interacting halves.

An interesting observation in the case of Re2(C0)J0 -



(CNCHgCgH,.)^ (n = 1-3) is that the CgHg-signal, which is 
a complex multiplet for mono-and di-substitutsd derivatives, 
becomes a sharp singlet for Re2(CO)7(CNCHgCgHg)3. For the 
Re2(CO)10_n(CNCgHgMeg-a,6)n (n = 1-4) derivatives, there 
are only two CgHg-resonances when n= 4, as opposed to the 
three for n = 1,2,3.

In the case of the disubstituted derivatives, 
Re2(C0)g(CNR)2, the 1H NMR spectra are as expected for 
R = Bu\ C^gCHg, CgH^, 2,6-Me2CgHg (ie. a single resonance 
for CHy(x = 2,3), but for R = Me, the CH^-group has two 
resonances in a ca. 1:5 ratio. This phenomenon is observed 
for the CHg or CHg protons of all the related Mn2(C0)g(CNR)2 
(R = Bu^, CgHgCHg, C6H1;l, 2,6-Me2C6H3 and Me) complexes.211 
This suggests that two isomers are present in solution. For 
Mn2(C0)s(CNBut)2, these isomers have been shown to be
I.l-cis-dieq-MngiCOJgCCNBu*) (fig. 11.6(A)) and 1,2-dieq- 
Mn2(C0)g(CNBut)2 (Fig. 11.6(B)), with the latter predominating 
{see section 11.5.2). There also appear to be two isomers
in solution for the mixed isonitrile derivative, Re2(CO)g- 
(CNBut)(CNC6H3Me2-2,6).
II.4.3 Raman Spectroscopy 228

Raman studies were undertaken 2 2 6 on the Re2(CO)^g_^- 
<CNR)n (n » 1-3, R = Bu\ CgHgCHg: n = 1-4, R = 2,6-MegCgHg, 
Me) complexes. For Re2(C0)10_n(CNR)n.as the value of n 
increases, the peak frequencies in the CO-stretching region 
decrease regularly, while the peak frequencies in the M-C-0 
bending region increase. Iluwever, this usual behaviour of 
the CO-stretching and M-C-0 bending modes is not followed 
by that of the main peak at ca. 120 cm-1, assigned to the 
C-He-C bending mode. As a function of n, this peek 
frequency increases (n = 0-2), reaches a maximum at n = 2, 
then decreases ,n = 3,4; R = Bu\ CgHgCHg, 2,6.-Me2CgHg).
This effect can be explained by a decrement of the force 
constant of the Re-C bond, then by an increment of the 
force constant, due to the increasing uteric hinderance 
effect induced by multiple substitution of bulky isonitrile 
groups [e.g. "fan-shaped" angles'•'(wideness, thickness) for



TABLE 11.6: 1H NMR data of the complexes Re2(CO)10_,1(CNR)n

Bu 1 - 0.75

3 1.02,0.98*3
CgHgCHg i 6.74-6.99° 3.77

2 6.82-7.00° 3.87
3 6.95 4.05,4.00b

C6H11 1 1.26-1.05°.0.97-0.82°
2 1.26,1.09°,0.90,0.85°
3 1.40°,0.93,0.89°

2,6-Me2C6H3 1 0.69,6.63,6.58 2.00
2 6.68,6.6a.b.56 2.10
3 6.67,6.64,6.59 2.23,2.2Sb
4 6.64,6.60 2.34

Me 1 - 1.94
2 - 2.16,2.10d
3 - 2.31,2.25b

Re2(C0)8(CNBut)- 6.69,6.64,6.60° 0.86:2.14,2.10d (Bub);(CgH3-
(CNC6H3Me2-2,6) Me2-2,6)

a Recorded in CgDg, relative to TMS 

b Ratio 1:2 

° Multlplet 

d Ratio 1:5



No. of RNC groups



Figure 11.5: Newman projection of possible cis-equatorial
conformational isomers of M2(C0)7(CNR)3 (M = Re, Mn), 
as viewed down the M-M bond ( • = RNC)

CNBu* BulNC

XNBu* \ CNBu*

Figure 11.6i Isomers of Mng{C0)e(CNBut)2
(A) 1,1-cis-dieq, and (B) 1,2-dieq



Bu^NC and 2,6-Me^ .. '3 respectively: 70°, 68°; 106°, 53°] 
and the capacity of the isonitrlles to bend.

In the UV spectra816 of the Re2*C0^iO-n^GNR n̂ 
complexes, the o*o* band of the Re-Re bond undergoes a red 
shift as a function of increasing n, indicative of an 
increase in electron density on the metal atoms, a result 
of replacing CO ligands with the poorer n-acceptor RNC 
ligands.°6 However, the intensity of this band remains 
relatively constant, indicating that increasing degree of 
isonitrile substitution does not cause any significant 
deformations of the complex in solution. This has been 
supported by X-ray data (see ch.XIV).
11.4.4 Mass Spectroscopy

Mass spectrum of Re,(C0) (CNBu*)

The mass spectral data for Reg(C0)g(CNBu^| is given 
in Table 11.7. Since there are two naturally occuring 
isotopes of rhenium, 1®|Re and with natural abundances
of 37.5% and 62.5% resp -ctively, for monomeric fragments, 
two peaks occur in the mass spectrum, with the ratio ca. 
1:1.67, corresponding to the two isotopes. For dimeric 
fragments, three peaks occur, corresponding to the possible 
isotope combinations (1S5Re>2 ,(185Re187Re), (1S7Re)2, in the 
ratio ca.1:3.36 : 2.79. Where peak overlap occurs for two 
different fragments, the ideal isotope ratio will be 
disturbed.

Figs. 11.7(a) and 11.7(b) respectively show the 
dimeric (where Reg unit remains intact) and monomeric 
(Re fragment) fragmentation paths for Re2 (CCOgfCNBu*). 
Obviously cross-over from the dimeric to the monomeric paths 
is possible at any stage. The fragmentation pattern is as 
expected. (Note that the But group is lost before the CN 
fragment, which is the last to be lost. This behaviour is 
typical for the CNBu* ligand, and reflects the stability 
of the MegC* ion/1 ) No one path appears to predominate.
It is not possible to deduce from the MS data whether the 
Bu^NC substitution is axial or equatorial.



TABLK 11.7; Mass spectral data for Re2 (C0)g (CNBu )

Relative Intensitles(X) Fragment

185,187 1, 2 Re+
211,21-' <1, 1 Re(CN)+
212.214 <l,<r Re(CTfH)+
213.215 1,<1 Re(CO)+
241,243 1,<1 Re(CO)?+
268.270 1, 2 Re(CNBut)+
269.271 2, 3 Re(C0)3*
296.298 8, 13 Re(CO)(CNBu*)*
297.299 <1, 3 Re(C0)d*
324.326 61, 100 ReJCO^fCNBuV
325.327 4, 6 Re(CO)g+
352,354 2, 4 Re(C0)3(CNBut)i"
370,372,374 4, 13, 11 Re2+
380,352 11, 18 Re(C0)4{CNBuV
396.398.400 10, 29, 25 Re^CNj"1,
397.399.401 5, 16, 12 Re2(CNH)+
398.400.402 29 , 25 , 2 Re^CO)*
426,428,430 8, 20, 16 R92(C0)2+
453.455.457 18, 21, 16 R e ^ C N B u V
454.456.458 8, 23, 20 RegtCO)^
481,483,485 3, 13, 11 Re2(CO) (CNBut)1‘
4QZ,484,486 11, 29, 23 +
509.511.513 5, 16, 15 Re2(CO)2(CNBut)+
510.512.514 13, 36, 11 Re^CO)^
537.539.541 3, 15, 15 Re2(CO)3(CNBut)+
538.540.542 13, 34, 11 Re^CO)^
565.567.569 3, 13, 13 R e ^ C O ^ C N B u V
566.568.570 16, 47, 41 RSgtCO),*
593.595.597 28, 84, 70 Re2(C0)5(CNBuV
594.596.598 11, 17, 8 Re2(C0)Q+
621,623,625 3, 8, 6 Re*<CO)_(CNBut)+



TABLE 11.7: Mass spectral data for Reg(CO)g (CNBu ) (Contd)

m/a Relative iritensities(%) Fragment

622,624,626
649,651,653
677,679,681
705,707,709

Ra2(C0)g
Re2(C0)7(CNBuV
Re2(C0)a(CNBut)+ 
Re (CO) ( C N B u V

Fragments with m/% <185 are not reported.

For monomeric fragments, i®5Re, 1S7Re, and foi dimeric fragments



FIGURE 11.7(a): Dimeric fragmentation pattern for Re2(CO)g (CNi?ut?

Re.(<X))_(CNBu )•

Re (CO) (CNBu T),(C0),

Re (CO) {CNBu )

Re.(CO) (CNBu")

- Re-(CO) (CPfBu )

,(CO) .{CNBu )

Re.(CO) (CNBu ),(CO)

,(CO). Re-(CO) (CNBur)

, (CO)(CNBu )

,(CO)



FIGURE 11.7(b): Monomeric fragmentation pattern for Re2(C0)9(CN8u )

2-Rb (C0).(CNBu C>

Re(CO).(CNBu^)

■RetCOMCNBu )

Re(CO)(CNBu }

■'■.1



(b) Mass spectrum of Mn„(CO)Q fCNBu^)^

Mass spectra were recorded of (I) a polycrystalline 
sample of Mn,,(CO}p(CN0ut)2, containing both isomers, 
[Mn(CO)d(CNBut )]g and (COgMn-MnlCOglCNBu*),, (see section
li.4.2.), and of (II) sing!" crystals of one isomor,
(CO)gMn-Mn(CO )̂ (CHBu^)̂ i uued in the X-ray diffraction study 
(Ch.XIV). The mass sprctnl data for (I) and (II) are 
given in TabJp 1 .8.

The poseiblf fraymentafion paths for Mn^(C0)y(CNBut)2 
are shown in Pig. ll.fliai tdimeric fragmentation path, ie.
Mn? unit remains intact I, and Fi{v  11.8(b) (monomeric 
fragmentation path, ie. Mn fragment!, together with the 
metastable peaks. The possible crosa-overs between the 
dimeric and monomeric fragmentation paths (eg. Mn? (CNBut) 
(1931 -— — ‘ MniCNBu1') tl?til) have not been shown. In the
case of (II), the monwerie path comnencing with the half- 
dimer fragnent Mn(CnidtCNBuf) tn/i> - 359) would be expec*ed 
t" be absent.

Exar.ination <'f T:\ble 11 .M r'*vpals that the raost 
dramatic relative inf.onsi ty changes in goinfl from spectrum 
(I) So spectrum (II) occur for m/,r - {(I): 76%,cf.
(ID: 3*1 and "/^ = iOb t m :  .*%, rf. (Ill: 100%). The 
dimunition of the m/ -- [»i*ak for (II) 10 aa expected, 
indicating the absence of the Mn(ro'd t(’NBut )  ̂fragment.
This peak still occurs dun to the Mn * fragment. The
effect is loco pronounced for peaks lower down in the direct 
fragmentation path (c.R. m/„ - iy<i), beratme these fragments 
may be reached by cross-over from other monomeric and 
dimeric pnthn, and peak overlap of nuniomorie and dimeric 
fragments frequently occurs for thio system. The enhancement 
of the m/a : 305 peak for (II) is algo expected, since this 
peak represents the MnlCOL^CNBu6),, rragment, th« precursor 
in the only monomeric fragmentation route now available.

The mass spectra data further bear out the conclusion 
from the IR and NMR spectra (vide nupra), in conjunction 
with the X-ray diffraction atudy (ch. XIV) on the nature of 
the isonitrila substitution in the two isomers of

a  ... r, , M & u l
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Figure 11.8(a): Dimeric fragmentation pattern for Mn2(CO)0(CNBut)2
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Figure 11.8(b)! Monomeric fragmentation pattern for Mng(CO)g(CNBu
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Mn2 (C0)Q (CNBut )3 and suggest a method for detecting isomers 
and of assigning the substitution geometry of M2 (CO)g(CNR)2 
complexes.

(c) Hass spectrum of Re^(C O (CNC .̂HgMe^-2,6)̂

The mass spectral data for Re2 
is given in Table 11.9. The isotopes ^ K e  ana 
give rise to two peaks for monomeric fragments, and three 
peaks for dimeric fragments (see section 11.4.4(a))

A single crystal sample of [Re(CO)yCNCgHgMe-2,6)
(used in the X-ray diffraction study (ch.XIV)) was used.
Figs. 11.9(a) and (b) show the dimeric (Re,, unit remains 
intact) and monomeric (Be fragment) fragmentation paths 
respectively. Cross-over from dimeric to monomeric paths 
is of course possible.

As expected, the peaks corresponding to the monomeric 
fragments Re(CO) ( CNCgH^Meg-2,6)2 (n = 0-3) with two 
isonitriie ligands on one Re-atom, are not present in the 
spectrum. (The peak corresponding to the fragment Re(CO)g* 
(m/z : 325, 327) is likewise absent).

At low temperatures (135*0,the fragmentation pattern 
of [Re(CO)̂ (CNCgHgMe2-2,6))2 is dominated by the monomeric 
fragmentation path(s). However, as the temperature is 
Increased, (probe heated to 175*0,the intensity of the 
peaks of the monomeric precursor fragment, [Re(CO) - 
(CNC6H3Me2-2,6)]* ( % :  428, 430) and of (RetCOgtCNC^- 
Meg-2,6)("Vg: 400, 402), decrease drastically, while 
peaks corresponding to Reg-fragments previously absent 
appear, or increase in intensity if previously weakly present. 
Hence it would appear that for [Re(C0)d(CNCgH3Me2-2,6))2 
the monomeric fragmentation path predominates at low 
temperatures, and the dimeric fragmentation path (le. ligand 
loss before metal-metal bond cleavage) is favoured at elevated 
temperatures.

It is interesting to note that the peaks corresponding 
to the dirhenium carbonyl fragments, Re2(CU)e__n (n = 0-4) 
are entirely absent from the spectrum of [Re(C0)d(CNC6H3Me2- 
2,bJIg. This indicates that for this complex, dimeric

(C0)Q(C..CfiH ^ e g-2,6),



TABLE 11.9: Mass spectral data for the complex (Re(CO)^(CNCgHg-
Me2-2,6)]2

E A a Relative lntensitv(%)13 Fragment

185,187 <1 Re+
211,213 3 Re(CN)*
213,215 Re(C0)+
241,243 ,24 Re(CO)2+
269,271 Pe(C0)3+
297,299 Re(C0)4+
316,318 Re(CNC6H3Me2-2,6)+
344,346 Re(C0)(CNC6H3Me2-2,6)+
372,374 Re(CO) (CMC H Me_-2,6)+
370,372.
396,398,,400 Re2(CN)+
398,400,,402 Re2(C0)+
400,402 Re<C0)3(CNC6H3Me2-2,6)+
428,430 ,100C Re(C0)d (CNC6H3Me2-2,6)+
426,428,,430 Re2lC0)2+
454,456,,458 R.,(CO)/
482,484, IWg(CO)/
501,503.,505 Re2(CNC6H3Me2-2,6)+
510,512, Re(C0)g+
529,531,
538,540,

Re2(CC)(CNC6H3Me2-2,6r
Re2 (C0){.+
Re2(C0)2(CNC6H3Me2-2,6)+

566,568, Re2(C0!7+
585,587,.589 Re2(C0)3 (CNC6H3Me2-2,v'+
594,596, d Re2tC0)8+
613,615, 11, 33, Re2(CO)4(CMCgHgMeg-a,6)*
637,634, Re2(CNC6H3Me2-2,6)2*
641,643, <1 Re2(C0)5(CNC6H3Me2-2,6)+
660,662, 664 - Re2(C0j(CNC6H3Me2-2,6j2+
669,671, 673 Re2 (C0)6(CNC6H3Me2-2,6)+
688,690, 692 <1 Re2(C0)2(CNC6H3Me2-2,6)2 '
697,699. 701 2, 6, Re2 (C0)7(CIVC6H3Me2-2,6) +

.,A



TABLE 11.9: Mass sp' rtral data for the complex [Re.(COl^tCNCgHg-
Mea-2,6)j2 (Contd)

s A * Relative intensity^)13 Fragment

716,718,720 _ d.e Rea(C0)a{CNC6H3Me2-2,6)2+
725,727,729 _ d,e Rea{CO)(J{CNC6H3Me2-2,6) +
744,746,746 - d,e Rea(C0)(5(CNC6H3Me2-2,6)2+
772,774,776 _ d.e Rea(CO)5(CNC6H3Me2-2,6)+
800,802,804 _ d,e Re2 (CO)6(CNC6H3Me2-2,6)2+
828,830,832 _ d.e Re2 (C0)7 (CNC6H3Me2-2,6)2+
856,858,860 - 6,6 Rea (C0)8 (CNC6H3Me2-2,6)2+

Fragments of m/z <180 are not reported

At an ion chamber temperature of 135<iC i probe then heated to 
175°C (see c.e.f)

Intensity decreases as temperature is increased 

Peak absent

Peak appears as temperature is increased 

Intensity increases as temperature is increased



Figure 11.9(a): Dimeric fragmentation pattern for [Re(CO)d-
(CNC6H3Me2-2,6)]2



Figure 11.9(b); Monomeric fragmentation path for (Re(C0)4 
(CNC6H3Me2-2,6)]2



fragmentation routes involving lass of both isonitrile 
ligands before the loss of at least five carbonyls is 
strongly disfavoured.

11.5 Mechanism of the reaction of = Re,Mn) with Isonitrilea
11.5.1 Mechanism of the PdO-catalysed reaction between Re^(CO)^ 

and Bu^WC to give Re^(C0)„(CN3ut)-]'^C0 labelling study 

The reaction of Mng(CO)^ and Bu^NC (thermal, at
80eC, or in the presence of Pd/C (5% Pd) catalyst, at 25°C} 
to give the monosubetituted Mn2(CO)g (CNBut), has been 
demonstrated to proceed without Mn-Mn bond scission.821 In 
the experiment, Mng(CO)^ and iso topically labelled Mn2(13C0)lo 
(1:1 ratio) was used, and the product analysed by mass 
spectroscopy. The product consisted of Mn2(C0)g{CNBut) and 
Mfig(1^CO)g(CNBu1) (lil ratio), with less than 1% mixed- 
isotope (ie. Mn-Mn bond cleavage) product.

To investigate tile mechanism of the PdO-catalysed 
reaction between Re2(CO)10 and RNC, the PdO- catalysed 
reaction of Re2(C0)10 and Re2(23CO)1Q with Bu^NC (1:1:2 ratio) 
at 50°C was performed. The reaction to Re2(C0)g(CNBut) was 
complete in less than 1 min. This product was analysed by 
mass spectroscopy, in order to determine whether any mixing 
of the labelled carbonyls, indicative of Re-Re bond cleavage, 
had occured. The results clearly indicated that Re-Re bond 
cleavage had not occured. For instance, parent ion peaks 
(equal intensities) appeared at n/s values of 707 and 916, 
corresponding to t87fle 185Re(C0)g (C!NBut )+ and 187Rei',0Re- 
(^C0)g(CNBufcj+ respectively, but there were no peaks at 
711 or 712 for 187Re185Re(C0)5(:L3C0)4(CNBut)i" or 
*Si7ReJ'65Re(CO)i)(i3CO)j.(CNBut)+ , the expected bond-cleavage 
products. Hence the PdO- catalysed reaction of Re^CCO)^ 
with ^BuNC, like that of Mn^tCO)^, proceeds without 
metal-metal bond cleavage.
11.5.2 Kinetic studies of the reaction of M^(C0)10 (M a Mn,

Re) with
The reaction of Mn2(C0)1Q with Bu^NC has been studied 

kinstically. The PdO-catalysed reaction of Mn2(C0)1Q with 
2-equivalenta of B u ^ C  in benzene at 50*C (2 h) yields crude



Mn2{C0)g (CNBut )2. Recrystallization from hexane (-5°C) 
yielded a first crop of material which consisted only of
I.l-dleq-Mn^fCCOgiCNBu^; isomer A {Fig, 11.6). Repeated 
recrystallization (-5°C, nexane) yielded 1,2-dieq-Mn.XCOL- 
(CNBu*) , isomer B {Fig. 11.6) (fifth crop).

Kinetic studies have shown that isomer B is initially 
formed, and is converted to isomer A on heating. Kinetic 
investigation of the isomerization reaction 8*A have shown 
that at 50°C, equilibrium is established with the r^tio 
of A:B either 1:3 (benzene) or 1:1 (hexane).

However, with Re2 (C0)g(CNBu )g, only isomer B is 
formed at 25°C, and the attempted thermal interconversion of 
B*A was unsuccessful even at 125°C. For the Re2(C0)g (CNR)2 
complexes prepared (see section 11.' . since isomer A was 
only observed (in the NMR spect.-.v for Re2(CO)g(CNMe)2 
(see section 11.4.2.), the small size of the MeNC ligand 
("fan-shaped" angle1* : 62" (wideness) and 52° (thickness)) 
and its electronic similarity to C0” lb may facilitate the 
interconversion of isomer 6 to isomer A. The results 
suggest that for Re2(C0)g fCNR)2 , isomer A iu separated from 
isomer B by a high energy barrier. This is supported by 
the inability to convert, isomer A, (C0)sRe-Re(C0)3(CTiBut)2 
(prepared indirectly from the reaction of NaRe(CO)g with 
m,(CO).(CM»u*)_l"'), to isomer B, (RelCoyCNBu*1))2.121

11.6 Experimental
II.6.1 Catalyst testing

To screen potential catalysts, use was made of 
reaction (11.2 )

Re2 (C0)10 + » Re2{C0)g(CNBut ) * CO (11.2)

Re2 (C0>10 (0.20 mmol) and potential catalyst (4 mg; see 
Table 11.1) were stirred in benzene (4 m() at 55BC. Bu^NC 
(0.22 mmol) was then added to the solution, and the progress 
of the reaction wae monitored by TLC (Silica; eluent: 
hexane: benzene (20%)). Reaction times for the substitution 
reaction (11.2) corresponded to the complete conversion of 

Re2!C0)10 t0 Re2 (CO)g(CNBu\ as detected by TLC.



11.6.2 PdO- catalysed synthesis of Re-;{C0)10 (CNR)
(n = 1-3, R a Bu^t CgH^ ; n a 1-4,
R = 2,6-Me^C-H-. Me)

J?®2(CO)10 (1.0 mmol) and the catalyst, PdO (20 mg) 
were stirred in toluene (10 me). RNC (n mmol) was then 
added to the solution and the reaction was monitored by TLC 
(Silica; eluent; hexane: benzene (20% or 30%)). The 
reaction was terminated when complete conversion of 
Re2(CO)io to Re2(C0)10_ri(CNR)ri had oocured, or when no 
further reaction could be detected (by TLC). Column 
chromatography (Silica; 20cm x 1cm column; eluent: hexane: 
benzene (20%)) gave the required products in the indicated 
yields (Table 11.2). Recrystallization under nitrogen from 
solutions of dichloromethane-hexane, or benzene-hexane, gave 
the products as white or yellow crystalline solids. In the 
case of the CgH^NC derivatives (n = 1-3), yellow oils were 
obtained, which on standing solidified over a period of 
several months.
11.6.3. PdO-catalysed synthesis of Re.(CO)̂ (CNBu*)(CMCgH_Me^-2,6)

lfe2<C°)io d'O mmol) and PdO (20 ng) were stirred in 
benzene (10 m€) at 55®C. RNC (1 mmol, R = Bu^ or 2,6-N@g- 
CgHg) was then added to the solution, and the reaction 
monitored by TLC (Silica; eluent: hexane: benzene (30%)}.
After conversion of the Re^iCO}^ to Re?(C0)g (CNR) was 
judged (by TLC) to be complete, R'NC (1 mmol, R' == 2,6-Meg- 
CgHg or Bu1) vos added. The reaction was terminated once 
all the Reg(CO)g(CNR) had been converted to Reg(C'0)g(CNR)- 
(CHR'). The product, Re2(C0)Q (CNBut)(CNCgHgMe^-2,6), was 
isolated using the some procedure as that for the Re2(C0)^Q_n- 
(CNR) derivatoa Ividn supra), and recrystallized from 
dichloromethane-hexane solution to give a yellow crystalline 
solid- (70% isoJated yield),
11.6.4. PdO-catalysed reaction of R e ^ C O ) ^  and Re^t^CO)^  with 

Bu ^ C  llsltS ratio)

Re2 (C0)10 (0-015 mol) anJ Re2(13C0)lo,i’ (0.015 mmol), 
with catalyst PdO (10 mg), were stirred in benzene at 50°C.



(The reaction vessel was foil-wrapped to exclude all light). 
Bu^NC (0.031 mmol) was then added to the solution and the 
reaction monitored by TLC (Silica; eluent; hexane;benzene 
(10%)). The reaction to Re2(C0)g(CNBu1:) was complete in 
less than 1 min, and the heating was stopped after 5 min.
The product was isolated by plate thin layer chromatography 
[Silica gel TLC plate (Whatman Chemical Separation Inc.,
K6F silica gel, 20 x 20 cm, layer thickness 250p); eluent: 
hexane: benzene (10%)), extracted with dichloromethane, 
and recrystallized from dichloromethane-pentane solution, 
to give a white material, Reg(C0)g(CNBu*) (90% isolated



XII. THE MODIFICATION OF Re^fCO)^ BY LIGANDS L
12.1 Introduction

Dirhenium decacarbonyl, Re2(CO)10, together with its 
analogue, dimanganese decacarbonyl, Mn^tCO)^, is an 
example of a simple metal carbonyl dimer, with a single 
metal-metal bond, and no bridging ligands. Owing to their 
relative chemical simplicity, these complexes have been 
used as model compounds in theoretical calculations,’• 
and extensively studied by spectroscopic and diffraction 
methods.'“  115

Substituted derivatives of the type Reg(C0)^_^(L)^
(n = 1-d), have been less extensively investigated, 
possibly due to synthetic difficulties encountered in such 
carbonyl substitution reactions (ch. X). Substitution of 
one or more carbonyls for ligand(s) L -.\n result ii> 
extensive structural changes, relative to the parent 
carbonyl, RegCCO)^. In the extreme case, under suitable 
chemical conditions, the reaction between Reg(CO)^g and 
ligand L may result in the cleavage of the Re-Re bond, and 
the formation of mononuclear products of the type Re(CO)g^- 
(L) . Reaction between Reg(CO)^ and L may also yield 
dinuclear products in which the Re-Re bond has been 
cleavedt',,-t the two halves of the dimer being held 
together by bridging ligandC®) L. In oases where the Re-Re 
bond remains intact (or acquires some multiple bond 
character) in the R C g t C O ^ g ^ d ^  dimer, the structural 
changes in the product uan be rationalized in terms of the 
steric and electronic properties of the ligand L. An 
understanding of the structural features of Re^iCO)^ is 
fundamental to an analysis of the structural modifications 
of the molecule by ligands L,

12.2 The Structure of Re^(CO),_

The (partial) X-ray crystal structures of the isomorphous 
Re2(CO)10 and Mn2(CO)10 were first determined by Dahl, 
Ishiehi and Rundle in 1957,11,a and a refined structure 
of Mn2(CO)10 was published by Dahl and Rundle in 1963.1,?b



Both structures were redetermined by Churchill, Amoh and 
Wasserman in 1991,1,6 the main changes being in the M-M 
bond length distances. An X-ray crystal structure study at 
74K of Mn_(CO)^Q has also been published by Martin, Rees and 
Mitschler in 1982.189 Prior to the full X-ray crystal 
structure of Re2 (C0)10 by Churchill et al in 1981, the orrly 
full structural determination of this molecule was an 
electron diffraction study in the gas phase by Gapotchenko 
et al in 1972.'* * Similar studies have been reported for 
Mn2(CO)10, by Gapotchenko et al (1968) i$b and Almenningen 
et al (1969).“ Ia

neg(CO)^Q crystallizes in the monoclinic space group, 
ra/a, with 4 molecules in the unit cell, the two halves of 
the dimer being related by a crystllographic 2-fold axis.
The molecular symmetry is D4d, each Re-atom being octa- 
hedrally coordinated to 5 CO groups and the other Re atom, 
with the equatorial carbonyls on the two halves of the 
dimer in a staggered configuration. The main structural 
features of the molecule are discussed below, in terms of 
the underlying electronic and/or steric factors determining 
the observed geometry.
12.2-1 The Re-Re bond length

The R@g(CO)^Q molecule is diamagnetic, and obeys 
the 28-Electron Rule.1,6 The rhenium atoms are connected 
by a single bond, the Re-Re bond length11‘ in the crystal 
being 3.0413(ll)A . In Mn^CO)^, the An-Mn bond length'1* 
is 2.9038(6)% .

Bond length is generally taken as a reflection of 
bond strength. Measurements of bond strengths (where 
reported) are often subject to largo experimental uncertain­
ties. The earliest thorroochemical measurement of the 
Mn-Mn bond enthalpy for Mng(CO)^ gave n AH value of 142kJ 
mol \  * * * Subsequent calorimetric measurements163 £or M n ^ C Q ) ^  
R8g(C0)^Q have given values for D(Mn-Mn) and D(Re-Re) of 
67 and 128 kJ mol""* respectively.

Estimates of metal-metal bond energies of MgfCO)^
(M = Re, Mn), have been made using indirect methods.



Several groups have carried out mass spectral studies15" 
of Mn2(CO)10 arid Prom appearance and ionization
potentials, the average metal-metal bond dissociation 
energy may be calculated for the process
M2(CO)10 ----' 2 ’M(C0)g (M = Mn, Re). A range of D(M-M)
values have been reported. (D(Mn-Mn): 79.0, ^  87.9, ^
92.5, "'c 104.1* * kJ mol-1; D(Re-Re): 213.9,"^ 186.9""^ 
kJ mol-1).

A correlation between metal-metal stretching force 
constants and metal-metal dissociation energies (derived 
from electron impact measurements), has been found for 

M2^°^10 ^  = Mn' Re^' ^ F‘p®m Raman spectra, metal-
metal bond stretching force constants have been calculated 
using the method of normal co-ordinate analysis. 1"1 
(#(Mn-Mn)i 0.59 mdyn/%,' f(Re-Re)r 0.82 mdyn/X; a ^ 
another study' ’c gave values of 1.4 and 1.6 mdyn/A 
respectively).

From kinetic studies of the decomposition of MgtCO)^ 
(M a Mn, Re), the energy of activation AH for M-M bond 
homolysis has been calculated. (For MgfCO)^,* " 6‘a 
AH* = 151 kJ mol"1, and for Re2 [C0)10,’’1 AH^ = 162 kJ mol"1). 
However, the estimates of the Mn-Mn bond strength have 
subsequently been felt*1" to be too low, in the light of the 
recent result*”  that the thermal reaction between MngfCO)^ 
and PR3 to give Mn2(C0)g(PR3i proceeds without Kn~Mn bond 
scission (see Section ISO.

Metal-metal bond energies have b'»en calculated from 
bond length (d) - Enthalpy (E) relattioi.ship of the form 
E = Ad- "'* (A a constant),‘ Using bond lengths of 3.04% 
and 2.92A for Re-Re and Mn-Mn respectively, E(M-M) was 
calculated as 80 and 35 kJ mol-1 respectively for f(e2(C0)1Q 
and Mn2(CO)l0. However, it should be noted that the M-M 
bond lengths uaed are those from the electron diffraction 
gas phase study of Re2(C0)^, and from the early X-ray
crystal study of Mn2(C0)^. These values, especially
for Mn2(C0)^Q, differ significantly from the refined values 
of the redetermined structures, * and, as acknowledged by



the authors, the use of incorrect bond length data could 
affect the accuracy of the results. Using AH (disrupt) 
values of 2029 and 1068 kJ mol ^ for R e ^ C O ) ^  and 
Mn2(C0)10 respectively, where AH (disrupt) represents the
enthalpy change for the process M2(C0)^0 --- - 2M + 10 CO,
the average enthalpy contribution assignable to the bonding 
of each carbonyl ligand to the metal (D(M-CO))was calculated 
from the relationship

AH(disrupt)= E(M-M) + 10 D(M-CO), and found to be 195 
and 103 kJ mol"**’ for R e ^ C O } ^  and Mn2 (C0)10 respectively.
Hence the percentage AH (disrupt) due to M-M bonding 
(ie. 100 (E(M-M))/AH (disrupt)) was calculated 4% and 
3% respectively for Re2(CO)10 and Mng(CO)^, ie. less than 
5% of the total disruption enthalpy is due to metal-metal 
bond cleavage.

As is apparent from the foregoing analysis, controversy 
surrounds the exact values of D(Re-Re) and D(Mn-Mn) in 
Re2 (C0)10 and Mn^OO)^. However, there is no doubt as to 
the relative order of the M-M bond strengths, vis, D(Re-Re)> 
D(Mn-Mn).

On the basis of their MO calculations, Brown et_al,3S 
have suggested that the term "unsupported" metal-metal bond 
applied to dirhenium decacarbonyl and dimanganes deca- 
carbonyl requires modification, since an important 
contribution to the metal-metal bond energy in these dimer? 
arises by interaction of metal orbitals with ligand 
orbitals on the opposite metal. However, this conclusion 
has been questioned185 as other theoreticians11'1 find no 
evidence of this cross-interaction from the results of 
their MO calculations. This effect is nevertheless 
evoked by some authors m  explaining certain structural 
effects (vide infra).
12.2.2 The Re-CO bond lengths

From the X-ray crystal structure of tie2(C0)10,186 
the Re-COax bond length is 1.929(7)A, compared to an average 
value for Re-CQeq of 1.987(15)A. The shorter M-COax than 
M-COeq bond length, also observed in the X-ray crystal



structure of Mn2(CO)1Q, is ascribed to competition for
dn -electron density between mutually trans pairs of 
equatorial CO ligands. Low temperature electron density 
studies of MngCCO)^'59 have shown a greater electron 
deficiency in the axial than the equatorial carbonyls, again 
indicative of a stronger bonding to the metal of the axial 
than the <quatorial carbonyl ligands.

As a result of the above electronic effect, CO has a 
larger trans influence that M { C O )g.Consequently, in 
reactions of Mg(CO)^ with ligand L, equatorial substitution 
is expected, unless steric factor? dominate with bulky 
ligands, eg. phosphines, to give products of the type
ax-M2(COigL eg. ax-Mn2(CO)g<PMe2Ph).12“
12.2.3 Molecular Conformation

In the crystal, the R&g(CO)^g molecule adopts a 
staggered configuration, of molecular symmetry D4d, with 
OC-Re-Re-CO torsional angles close to the ideal 45°.1s* 
Repulsive interactions between equatorial CO groups might be 
expected to be less in the staggered than in the eclipsed 
conformation.111

The results of an electron diffraction study of Re^- 
(CO)^q in the gas phase116 were interpreted in terms of an 
eclipsed configuration, of molecular symmetry D4h. However, 
the validity of this anomalous result has been questioned,' 
and force field calculations have shown that the difference 
in vuluee of the eq-eq1 interaction constants influenced by 
the change in molccular geometry from the staggered D4d, to 
the eclipsed D4h conformation, is small.1“613 Further, 
electron diffraction studies of Mn2 (CO)10 in the gas phase151 
have Indicated a staggered conformation, of molecular 
symmetry D4d, with the barrier to internal rotation estimated 
at ca. 8.4 KJ mol or more.'1su The agreement between 
experimental and theoretical curves for Mn2(C0)10 does not 
differ substantially for models with D4h and D4d symmetry, 
suggestive of an error of interpretation in the case of the 
Re2{C0)10 study.11,66
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In high pressure solid state Ka.nan spectroscopic 
studies, '“a at ca. 8 Kbar for Re^CO)^, and ca. 5 Kbar 
for Mng(CO)^Q, changes were observed in the spectra 
indicative of a phase change and a repacking of the molecules, 
consistent with a transition from the staggered D4d 
conformation to the eclipsed D4h form. For RegfCO)^, 
observation of spectral shifts at the phase transition 
provides evidence that in becoming eclipsed, the back- 
bonding from Re to axial-CO is sharply increased.
12,2.4 QC-Be-CO bond angles

A feature of the structure of Re2 (CO)10 (and Mn2 (C0)10) 
is the obtuse axOC-M-COeq, and the acute eqOC-M-COeq bond 
angles. This is also reflected In M-M-COeq angles of less 
than 90°, and is apparent in both the gas phase (Mn^tCO)^) issa 
and the crystalline state.1*' ~ ’

This bending in of the M-COeq bonds towards the M-M 
bond has been variously ascribed to electronic and/or steric 
factors
(a) Steric

(i) C..iC repulsions between equatorial carbonyls of the
two halves of the dimer. ‘1 

(il) Repulsive interactions between axial and equatorial 
carbonyls in one half of the molecule. 1 *71:1,1 s*
(In terms of non-bonding interactions, C...C repulsions
of type (li) are stronger than those of type (i).}1,Tb

(iii) Influence of neighbouring molecules which increases
0...0 distances. ’5 (ie,, crystal pc ing effects). 
However, this could not account for the gas phase 
observations (for Mn?(CO)10).1 *Sa

(b ) Electronic
(i) Bonding interactions between a metal atom and the 

equatorial carbonyls on the opposite metal atom, ie., a 
back-bonding interaction of the type M (filled d
orbitaU --- - C OW* orbital), where M, CO are not
bonri&d directly. 3S’13’

(ii) Rehybridization which decreases repulsions between the 
non-bonding d-electrons on the two metals, by mixing of 
p-charaCiar into the hon-bonding orbitals dxs and dyz11e-

h



(ill) An increase in the angle between the multiple-bonded 
M-v'O bonds and a decrease in the angle between the 
single M-M bond and the equatorial bonds would 
di. ese repulsions between the bonding electrons.129

(iv) Molecular orbital energy level diagrams (Elian and 
Hoffmann, 1975’6 ) have shown that for 6-co-ordinate 
metal carbonyl fragments, the energetically most 
favo: ' geometry corresponds to an eqC-M-Cax
angle oi slightly greater than 90°, at which point 
w-interaction is maximized and anti-bonding 
interaction minimized,
This latter explanation r ceives further experimental 

support from the X-ray crystal structure of HMn(CO) ,!'3 
which also showed a bending of the equatorial carbonyls 
towards the axial H-atom. Here the acute axO'' -Mn-COeq 
angles cannot be ascribed to metal-carbonyl cross interaction 
(i). Further, it has been ihown by a combination of ^ C O  
enrichment and IR spectroscopy,119 that axOC-Mn-COeq bond 
angle in-MnCCO),. (molecular sy:i„.ietry Cdvi is 96(3)°. 
Explanations such as (i), (11) would also not be applicable 
here. Clearly, if effect were (partly) steric in 
origin, repulsive interactions of the type (i) would also be 
eliminated.
12.2.5 Re-C-0 bond angles

In Re2{C0)10, (and MngtCO)^) the carbonyl ligands are 
close to linear, with M-C-Q bond angles in the rang? 176 - 
180°. 118

Non-linearity of M-C-0 fragments in M(C0) (n = 2-4) 
groups has been examined, 18 and is a consequence of bonding 
and not solely a rceu)t of crystal pocking forces. The 
M-C-0 fragments are bent (co. bB deviation from linearity) 
due to different occupation of the two antibonding n* 
orbitals on a carbonyl ligand. (Hence linearity is expected 
for M(cn) only).

The reason for the different M-C-0 angles within one 
M(CO)n group (often equal within experimental error) must 
lie in crystal packing forces19 (eg. for Re2(CO)10, 
repulsive non-bonded 0.,,0 interactions between neighbouring



molecules which increases 0...0 distances 151 '3), or in the 
influence of other groups within the molecule wh: ch may lower 
the symmetry of the ML^ group. ’9
12.2.6 Packing

Re2(C0)10 crystallizes in the monoclinic space group 
I2/a, Ti.e Re-Fie distances in the dimeric molecules are 
required by crystallographic symmetry to be parallel to one 
another.'s ̂  Hence repul'-lve non-bonding interactions 
between 0-atcms of carbonyls on neighbouring moJeculea could 
be in part responsible for small deviations observed from the 
molecular D-'d symmetry. 1,1

Jon:ison "° has proposed a model for the rationalization 
of the structures of simple binary carbonyls by considering 
t^j Mn unit as surrounded by a close-packed array of CO 
groups, with the M-atoms occupying the interstices. Thus 
anomalous bond lengths and distortions could be due to 
packing forces.
Ringing thg changes: the effect of ligand sjbstitution on
molecular geometry

In derivatives of the type ne2iCO)10__n (L}n (n « 1-10), where 
a metal-meta* bond is retained in the dimer, the substitution 
of carbonyl group(s) for 1igand(s ) I may nevertheless 
drastically affect the structure of the molecule relative to 
the parent carbonyl, Re2(C0)1Q. Such changes can be 
rationalized in terms of the steric and electronic properties 
of the ligand L relative to CO.
12.3.1 The Re-Re bond length

The Re-Re bond length is sensitive to changes in the 
metal co-ordination sphere. Howwer, sue') variations should 
oe interpreted with caution, as the metal-metal bond length 
is governed by an often complex set of factors, which may 
give rise to opposing trends.
/actors affecting the Re-Fe bond length
(a) Bond Order

Problems arise as it is by no mpans always apparent 
whether a metal-metal bond exists, or what the bond order



is. In general, the possibility of a mesal-metal bond is 
considered when the metal-metal distance is of the same 
order as in the bulk metal,3"1 but variability of metal- 
metal distances due to other factors (vide infra) precludes 
a conclusion based solely on bond length. The metal-metal 
bond defines a relatively flat energy minimum as a function 
of int itomie distance.Experimental 'lata, such as 
Fftal-metal distances and magnetic properties, provide 
information, but not an unequivocal delineation.

Spiro*"' has proposed that quantitative Raman 
intensity data for metal-metal stretching modes be used to 
establish a scale of metal-metal force constants, reflecting 
relative metal-metal bond strengths, with the view to the 
eventual establishment of a quantitative scale of metal- 
metal bond orders. The relation between force constants 
and bond strengths is a general, though not necessary 
o n e . F o r  Mg(CO)^g (M = Re, Mn), a correlation between 
M-M str-tching force constants derived from Raman spectra, 
and metal-metal dissociation energies obtained from mass- 
spectral studies, is found1*’ (see section 12.2 .1).

Recently Boeyens has proposed a general 
relationship between bonds that differ in order only. This 
method assumes that bond order derives essentially from 
changes in the repulsive part of covalent interactions, 
specifically from a modification of the internuclear 
repulsion due to electronic screening. Since the electron 
density in the region between atomic cores is sensitive to 
the nature of the Uganda attached to the bonded atoms, in 
a series of compounds, metal-metal bond orders are expected 
over the whole range irom 1 to <1, including non-integral 
bond orders, which in practice are often obtained.

In Organometal’ic chemistry, the metsl-metal bond 
on dvr nas been bas W  largely on Tolman'n "18-Electron" or 
"Effective Atomic Number" (PaN) Rule.11 In metal complexes, 
there is a t»ndyncy to achieve an '18-electron configuration, 
often by metal-metal bonding. Metal-metal bonding may be 
a compromise in the absence of other bonding partners.



However, this is not always unambiguous, as the 
number of electrons donated by a ligand can vary according 
to the mode of bonding of the ligand. Ambiguity arises as 
to the presence of a metal-metal bond where the compound can 
be formulated on electronic structure according to the 16- 
electron rule without a metal-metal bond, especially where 
the metal-metal distance is shorter than that in related 
compounds containing a metal-metal bond. However, structural 
constraints such as crystal lattice effects or bridging 
ligands, may force the metal atoms closer together. Often 
in the literature a shorter than "normal" Re-Re single bond 
is taken as indicative of some degree of multiple bonding.111 *1^‘ 

Although it is true in general that when two atoms 
are directly bonded to each other, the shorter the inter- 
nuclear distance, the stronger the bord and the lower the 
bond order,1,1 metal-metal bond distances do not provide 
reliable estimates of the metal-metal bond order, especially 
when bridging ligands are present, * as metal-metal bond 
order is dependent on other geometric, stcric and'or 
electronic factors (vide infra). Cotton1" has pointed out 
that with multiple metal-metal bonds, bond length is no 
indi ition of bond order, especially in the cases of triple 
and quadruple bonds.

At best, in ,i series of closely related complexes, a 
higher metal-metal bond order, or a stronger metal-metal 
bond, might be reflected in a shorter metal-metal bond 
length, where other structural d.fferences are not significant. 
Hence X-ray analysis data alone cannot provide unequivocal 
information on the nature of the metal-metal bond, but 
electron density studies Could prove useful in this regard.
(b) Electronic nature of ligands

The o- or %- donor/acceptor properties of the ligand 
L in Re2(CO)1Q_r|£,n, relative to CO, affect the bonding of the 
ligand I to the Re-atoms, and hence the Re-Re bend length.
With ligands such as isonibrilea, phosphines, hydrides, 
which are weaker n-acceptors than CO, ' 1 an increase In
the Re-Re b, ,d lengtn can be ex p e c t e d , Zb’16 * since more



However, this is not always unambiguous, as the 
number of electrons donated by a ligand can vary according 
to the mode of bonding of the ligand. Ambiguity arises as 
to the presence of a metal-metal bond where the compound can 
be formulated on electronic structure according to the 18- 
electron rule without a metal-metal bond, esp daily where 
the metal-metal di ance is shorter than that in related 
compounds contain!, a metal-metal bond. However, structural 
constraints such as crystal lattice effects or bridging 
ligands, may force the metal atoms oloser together. Often 
in the literature a shorter than "normal" Re-Re single bond 
is taken as indicative of some degree of multiple bonding' 

Although it is true in general that when two atoms 
are directly bonded to each other, the shorter the inter- 
nuclear disiance, the stronger the bond and the lower the 
bond order, metal-metal bond distances do not provide 
reliable estimates of the metal-metal bond order, especially 
when bridging ligands are present,,I|S as metal-metal bond 
order is dependent on other geometric, steric and/or 
electronic factors (vide infra). Cotton has pointed out 
that with multiple metai-mstal bonds, bond length is no 
indication of bond order, especially in the cases of triple 
and quadruple bonds.

At best, in a series of closely related complexes, a 
higher metal-metal bond order, or a stronger notal-metal 
bond, might be reflected in a shorter metal-metal bond 
length, where other structural differences are not significant. 
Hence X-ray analysis data alone cannot provide unequivocal 
information on the nature of the metal-metal bond, but 
electron density studios could prove useful in this regard.
(b ) Electronic nature of ligands

The o- or n- donor/acceptor properties of the ligand 

L in Re2^C0Jio-ni'nl reJa<:1Ve to CO, affect the bonding of the 
ligand L to the Re-atoms, and hence the Re-Re bond length.
With ligands such as iaonitriles, phosphines, hydrides, 
which are weaker n-acceptors than CO, 1 an increase in 
the Re-Re bond length can be e x p e c t e d , g i n o e  more



negative ir-clectron charge becomes localized on the metal, 
increasing the ir-electron repulsions which weaken the metal- 
metal bond.
(c) Sterlc factors

Steric strain with bulky ligands may result in a 
lengthening of the Re-Re bond, to relieve interatomic non­
bonded repulsions.

Where the molecule is forced into an eclipsed 
conformation by bridging ligands, repulsive interactions 
between eclipsed equatorial carbonyls might give rise to a 
longer Re-Re bond length.
(d) Bridging Uganda

In ligand-bridrsd Reg(CO)^Q_^(L)^ complexes, the 
metal-metal bond length is dependent on the particular 
ligand-bridged geometry, via. the metal-to-bridging atom 
distance, and the M-B-M angle size"'' (B = bridging 
ligand). In general, in bridged dimeric systems, the M-B-M 
angle is sharply acute (ca. 70-75°) where a M-M bond exists, 
and obtuse (ca. 90-100°) where :to direct M-M bond exists.
An acute M-B-M angle with no metal-metal bond, however, 
could be due to repulsions between large bridging atoms, 
eg. halogens. Stability of an MgBg bridged system is 
governed not only by the minimization of all non-bonded 
repulsions between atoms, but also by Interorbital electron- 
pe.ir interactions, which for a more electronegative bridging 
atom Favours a wider bridging angle.

With bridging ligands, two opposing factors may operate 
in determining the Re-Re bond length observed, viz. the "bite" 
of the bridging ligand, a ligand with a small bite size 
forcing the metal atoms closer together, and 0...0 
repulsions between eclipsed carbonyl groups, which favour 
a longer Re-Re bond distance. ' The number of bridging
ligands also plays a role in determining the Re-Re bond 
length. In similar complexes, the one with more bridging 
groups usually has a shorter metal-metal bond. However, 
this could in part be due to the reduced number of eclipsed 
CO groups in the more highly bridged species."'



12,3.2 The fle-CO bond lengths

The stronger bonding of Re-COax than Re-COeq 
observed in Re2(CO)10 (section 12.2.2), might be expected 
also in Re2(CO)10_n(L)n derivatives. However, in 
substituted derivatives, bonding effects due to the 
electronic nature of the ligand L must also be considered, 
and these may alter or obscure the above effect.

Since n-acopetor ligands must compete for the two 
metal ch orbitals,1’1 the n-bonding between the metal atom 
and a CO trans to a ligand L, which is a weaker ir-acceptor 
than CO, is .greater than that to a CO cis to L.161 Hence a 
shortening of the Re-CO (trans to L) relative co the 0 
(cis to L) bond length is expected with peer n-accepto. 
ligands L.111 z This is also the origin of the cis-labili- 
zation effects observed with poor n-acceptors L, resulting 
in initial cis-eq substitution for Re2(C0)g(L)2 complexes.10 2 
Final substitution geometry is thus expected to cls-dieq- 
Reg(C0)g(L)2 , unless steric factors predominate, as in the 
ease of bulky phosphine ligands, to give diax-Re2(C0)g(L)2 
complexes (vide infra).

Isonitrile (RfiC) ligands are better o-donors, but 
weaker n-accoptors than CO,1,1 but stronger ir-acceptors than 
phosphines (PRg). a With isonitrile ligands, one would 
expect to observe the above effects. Phosphines however, 
have a larger cone angle than isonitrilea, and steric 
effects may dominate. In the reaction of Mn2(C0)10 with 
PR,, to give dlax-Mrig(CO)g(PRg )g , the cis-labillzation 
effect accounts for the observation that th rate constant 
for the second subBtib'tion is larger than that for the 
first. According to the proposed mechanism, the firrt 
step is mono-substitution to give ax-Mng(C0)gL (steric 
factors governing axial substitution), then loss of a CIO 
cis to the PRg group on the same Mn-atom, follows by 
exchange of CO via a bridging mechanism, and PRg substitution 
on the other Mn-atom, steric consideration necessitating 
diaxial substitution.



12.3.3 Molecular Conformation

On stieric ground, staggered molecular conformation 
is favoured, as this minimizes repulsive interactions.11' 
However, bridging ligands necessitate an eclipsed 
configuration, where 0...0 revulsions between eclipsed 
equatorial carbonyls may result in distortions from the 
ideal molecular geometry, 1'
12.3-4 OC-Re-CO bond angles

As discussed above (section 12.2.4.} the bending in 
towards the Re-Re bond of the equatorial carbonyls in 
Rf- rould be due to steric and/or electronic factors.

teric in origin (cue to attempts to minimize 
re, interactions), a more pronounced effect might be
expected with bulky ligands more sterically demanding than 
relatively small CO ligand (Tolman cone angle estimated at 
ca. 956).*$a If the origin of this effect is predominately 
electronic ir nature, however, for ligands electronically 
similar to CO, eg. the isoelectronic RNC, similar trends 
might be expected to be oboe ved as with RegtCOjg, 
especially if the ligand itself, although bulkier than CO, 
is not very sterically demanding, a situation which might 
impose severe steric constraints on the structure of the 
Re2(CO)i0_n(L)n derivative.
12.3.5 FIe-C-0 bond angles

The analysis of non-linearity of M-C-0 fragments in 
M(CO)n In = 2-4) groups”  app'.i-'S to other MRfi groups also, 
eg. R t CN, NO. Hence near-linear co-ordination of those 
ligands (M-C-N ca. 175°) is predicted.
12.3.Q Packing

The packing of the molecules in the crystal is 
determined by the molecular geometry, crystnllogrephic 
symmetry demands, and the p>inciplo of dense packing.32 The 
molecules pack in such a way as to make the most efficient 
use of space ie. maximum closeness, without causing 
repulsive intermolecular interactions. Hence structural 
changes in the molecule may result in differences in



crystallographic space group and packing order. Further, 
Interactions between groups on neighbouring molecules may 
cause anomalous structural features. Deviations from ideal 
geometry could reflect packing requirements in the crystal 
lattice.2,8



XIII X-RAY CRYSTALLOQRAPHIC STUDIES OF DIRHENIUM CARBONYL 
DERIVATIVES - A SURVEY OF THE LITERATURE

13.1 Introduction

As discussed in the previous chapter, the basic structure of 
the dirhenium decacarbonyl dimer may be changed (to a 
lesser or greater extent) by the substitution of one or more 
carbonyl groups for ligand(s) L. These structural effects 
can be rationalized In terms of the steric and/or electronic 
properties of ligand L relative to CO.

Despite the tremendous growth in recent years of the 
use of single crystal X-ray diffraction methods in product 
characterization, relatively few X-ray structures have been 
reported of dirhenium decacarbonyl derivatives. This could 
be due in part to synthetic difficulties often encountered 
in the preparation of such substituted derivatives of

Rei>(COl10 (ch' *)'
This review briefly describes the derivatives of 

dirhenium decacarbonyl for which an X-ray crystal and 
molecular structure has been reported in the Literature.
Only those complexes with a direct Re-Re bond will be 
considered. The majority of these complexes were synthesized 
from the direct reaction of Re^CO).^ with ligand J« (ch. X), 
but some were prepared from the reaction of higher rheni • 
clusters, eg. [Re3 (H)9(C0)i;l].1‘8 The nurpose of this 
review is to assess the effect of ligand substitution on 
molecular conformation and bond parameters, for a wide 
variety of ligands L.

Dirhenium carbonyl complexes which contain bridging 
bidentate ligands and/or bridging halogen atoms, but no 
direct Re-Re bond, will not be included In this review.
For example, dirhotiium complexes of the type 
(H-X)2Re2(C0)g(L)2 (eg. X = Br, L = w " " * ;  X = Be,
(L)g = u-SgPhg, I'"lb y-S2Me2 , 2MC u-SegPhg, ^ 2 ^ 4 '
X = CSt (1). = y-Ph-ABCH^AsPh*$ °b), prepared indirectly

2 v 9h i 3 Oafrom monomeric rhenium halocarbonj1 compounds. '
(Re...Re distances range from 3.81 to 3.97A).
Further, dirhenium complexes formed from reactions of



Re2 (C0)10 (or derival.ves thereof) with ligand L, but which 
lack a direct Re-Re bond, will also not be included in this 
"nview (eg. (CO)^Re-n-l r?: r;-CgHg)-Re(CO)g,'' ̂ formed from 
the photolysis of Re2(COy1Q with cyclooctatetraene; (u-Br)- 
Re2 (CO)g(yi-CPb], 261 formed from the reaction of Re2 (C0)g- 
[C(0Me)Ph] with Ai^Brg). The so-called "metal-ring" compounds, 
eg. [Re2(CO)B (Sn(I)Re(CO)4{PPh3 ))]J‘J (formed from reaction 
of Re2(C0)y(PPh3 )2 with Snl2), with a non-bonded Re-Re 
distance of 3.176(1JA across the metal ring, are likewise 
excluded.

Those derivatives of RegCCC)^, in which the direct Re-Re 
bond has been retained, for which X-ray crystal and molecular 
structures have been reported in the Literature, are listed 
in Table 13.1. In all the rhcnium-rhenium bonded structures 
listed in Table 13.1, the basic dimeric unit has been 
retained, although a change in the metal-metai bond order 
may have resulted. The Re-Re bond length distances f r 
each structure are a.i.so given in Table 13.1. A brief 
description of the salient features of these complexes, in 
terms of the electronic and steric effects of the ligand(s)
L, will be given.

13.2 Literature Structures

13.2.1 Structures without bridging ligands

!a) Mono-substitution: eq-Re^ (C0)g(L), (L = CH(QMe);
C(OR)(SiPhj), R a Me, Et

To date, the only mono-substituted derivatives 
of Re2(CO)in reported are eg-Re^COlgtCHlOMe)] *" 
(i).a3-RB2<C.»}0tC(OM8)(8iPh3 )] «*> (ii) and ea-Re^CO/g- 
[Re2(C0),j[[Hut."tj(SiPhg)j ’ (iii). All three molecules 
are equatorially substituted, as expected, ’ and 
adopt a staggered conformation, like the parent carbonyl, 
Re;,(CO)iu, to minimize repulsive interactions between 
equatorial 00 groupu.

The Re-Re bond lengths for compounds (i), (ii) and 
(iii), (see Tahle 13.1) are the same within error limits 
(ca. 3.05A) and slightly longer (ca. 0.009A) than that for 

Re2 (C0)10 (3,0413(11)8). Although significance cannot be
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crystal structures of dirhenium carbonyl derivatives. wtih a direct Re-



attached to such a small difference, the alight increase 
could reflect the weaker n-acceptor ability of the carbene 
ligands relative to CO.*1 *

Of note are the acute Re-Re-CO angles, and the obtuse 
Re-Re-C (carbene) angles observed for all three complexes 
(see Table 13.2). The bending in of the carbonyl ligands, 
reflected by the acute Re-Re-CO angles, is in accord with 
electronic predictions’* (see section 12.2.4). The reversal 
of this trend for the carbene ligands could be due to steric 
interaction between the phenyl rings and eq-carbonyls for 
(i) and (ii), or, since steric crowding would not be expected 
to be severe with the [C(0Me)H] ligand in (i), a result of 
the electronic nature of the carbene ligand and its bonding 
to the Re-centre.

(b) 01-substltution: l.g-ax.eq-Re^COMCCOEt)(SiPh^ k  

The only di-substituted derivative of RSgfCO)^ 
without a br^dgj.ng ligand reported to date is l,2-ax,eq- 
Reg(CO)g[C(OEt)(Sii’hg)Ig.’’3 This complex, like that of the 
eg-Reg(CO)g (carbene) complexes (i), (ii) and (ill) (vide 
supra) is staggered. One [C(OEt)(SiPhg)) ligand occupies an 
equatorial position of Re(l), while the second carbene 
occupies the axial site on Re(2). The overall electronic 
stabilization of the complex governs this 1,2-ax,eq-substitution 
geometry.1 *5 In an axial position, the carbene ligand is a 
stronger n-donor than in an equatorial position. The resultant 
increased electron density on the Re-atom is reflected in 
the lengthening of the Re-Re bond length in.l,2-ax,eq-Re^(C0)^[C(0Et)- 
(SiPhg)J2 (3.091(2)A) relative to that in eg-Se2 (CO)g (carbene)
(see Table 13.1), eg. av. 3.051(3)A for eg-Reg(C0)g[C(0Et)- 
(SiPh3 )].

The effect of acute Re-Re-CO and obtuse Re-Re-CO- 
(carbene) angles observed for eg-Reg(C0)g (carbene) complexes 
(i)-(ii), (Table Id.2), is also found for 1,5-ax,eq-Re^tCO)^- 
(CfOEtKSiPhg)Jg,3s> viz. av. Re(I)-Re(2)-C0; 83"; av, Re(2)- 
Re(l)-CO: 86° and Re(2)-Re(l)-C(eq carbene)i96.9(8)° (Re(l)- 
Re(2)-C(ax carbene): 178.7(9)°).



rerage values of the Re-Re-C bond anglesC) for the eq-Re2(C0)9(carhene) structures (i)-(iii)



13.2.2 Structures with bridging ligands

(a) A bridging olefin - Re^(CQ)c [u-i n2 , n^C^ )  3

In Re2i'CO)8rtJ-(r)2, r&4H6 )],l,s the Re2(C0)8 fragment, 
jn which the carbonyl groups are eclipsed (as necessitated 
by the bridging olefin), is co-ordinated to the bridging 1,3- 
butadicne ligand in the trans-configuration. With the alkyl 
ligand acting as a 2-electron donor to each Re-atom, the 
compound obeys the 18-Electron Rule,8,6 tha Re-Re single bond 
being 3.114(1)A.191 Re-COax and Re-CO(trans to alkyl ligand) 
bond lengths are approximately the same, and ca. o.lA shorter 
than the Re-CO(trans to CO) bonds, in accordance with 
electronic expectations.15 e~'1'10 2 further, Re-Re-COeq bond 
angles are less than or equal to 90°, ie. the carbonyl ligands 
bend in towards the Re-Re bond, as noted for Reg(C0)^g. ’
As expected,15 the carbonyl ligands are slightly bent, with 
Re-C-0 bond angles in the range 173 - 179®, averaging 177®.

(b) A bridging carbene - Re^CCO^fu-n^. n^CH-CH-CMe^J

In Re2(CD)8 [p-n1,irCH-CH-CMe2I,'”  the two Re(C0)4
fragments, which are eclipsed with respect to each other, are 
bridged by s y-allylldine ligand formed by ring opening of 
the cyclopropane. The u-iCH-CH-CMe^ moiety is n-bonded to 
Re(l) and unbonded to Re(2), resulting in the carbene ligand 
bridging the dirhenium unit in a highly asymmetric fashion.
In accordance with the Ig-Electron Rule,116 a formal Re-Re 
single bond is required by the total of 34 valence electrons 
around the dirhenium unit. The Re-Re bond length of 3.0S8(1)A 
is comparable to that of other Re-Re single bonded complexes 
(Table 13.1).

(c) Re2(CO)g(|i-NC^H4 )(u-H) end R e J C O J O m e J -

(si-mjiJSn-H)

The complex Re2(CO)g((i-NC5H4)(jj-H), and its derivative, 
Re2 (C0)7 (0NMe3)(m-NC5H4)(y-H), are closely related structurally. 
In the case of Re^COlgtp-NC^) (p-H),16 6 the two 
crystallographically independent molecules (PI, 2 = 4 )  are 
structurally very similar, with small differences attributable 
to crystal packing forces. An eclipsed conformation is



necessitated by the bridging pyridyl ligand, which is opposite 
to a symmetrical hydride bridge. (Re-H-Re bond angles of 
120(6) and 116(5)°). Each Re-atom has a distorted octahedral 
co-ordination geometry, with C-Re-Re-C torsion angles of less 
than 6°. The Re-Re-COeq bond angles are less tnan or equal 
to 90", ie. the carbonyls bend in towards the Re-Re bond.
The av. Re-CO (trans to CO) (1/>9(1) and 2.00(2)A) are 
greater than the av. Re-CO (not trans to CO) (1.94(3) and
1.95(2)A) bond lengths, as predicted on electronic grounds.
Of the latter Re-CO bonds, the longest is that trans to 
C(pyridyl). Re-C-0 bond angles are in the 175 - 179° range.

Closely related to the structure of Reg(CO)g- 
(n-NC5H4 )(ji-H), is that of the Re2(C0)7(0NMe3){|i-NC5H4 )(n-H) 
molecule,161 in which one of the equatorial carbonyl ligands 
trans to another CO-group, has been substituted with the 
-ONMe^ group. The eclipsed structure is maintained, but 
there are larger distortions from octahedral symmetry, with 
C-Re-Re-C torsion angles of ca. 10°, due to the bulkier 
(relative to CO) Me^NO-group. The Re-H-Re angle is ightly 
larger at 131(17)°. Re-Re-C angles range from 83-110 . It 
is noteworthy that the Re-Re-0 bond angle is acute (83.7(2)®). 
The remaining pair of trans carbonyls have the longest 
Re-CO bonds, with the shorter Re-CO bond being than trans 
to the 0NMe3 ligai.i. Again the Re-C-0 bond angles range 
from 175 - 179°.

The Re-Re bond length of 3.2324{S)a in Re2(C0)7~
(ONMeg)(p-NCgH^)(u-H) is longer than that for Reg(C0)g- 
(p-NC5H4 )(n-H) (3.2088(4) and 3.195d(5)A). This is ascribed 
to the larger steric requirements of the Me^NO ligand. 161 
Both the Re-Re bonds are single (in accordance with the 
18-Electron Rule).

(d) Re„(CO)D(u-SiPh^I^, a e ^ C O y H Q o - S i P h J,
Re=(C0)_(H} Cli-Slgta) and R e ^ C O ^ M ^ -S lE t-J .

The above four complexes form a series of chemically 
and structurally related compounds. In all four molecules, 
an eclipsed conformation is necessitated by the bridging 
silane ligand(s), although molecular symmetry differs 
(Re2(co!s[|l-slPh2 ]2 ,'--'D2h l Re2(COIg(H)2[»-sipha]„ = *.



Re2 (CO)7(H)2 U-SiEt2 ]2,2ei Ca; Re2(C0)6(H)d [|:-SUt2 ]2,111 
Cgh (molecule possesses crystallographic I  symmetry)). The 
non-bridging hydrogen atoms were not located directly, their 
positions being inferred from vacancies ir, the (distorted) 
octahedral metal co-ordination sphere; spectroscopic 
evidence indicated that the hydride lioands are terminally 
bonded to the rhenium atom.': with no attractive interactions 
with the silicon atoms.

In all four structures, the Re-Si bond length
is approximately constant, with acute Re-Si-Re bond angles 
in the range 74 - 76s. There are, however, significant 
variations in the Re-Re single bond length, which has values 
of 3.001(1), 3.052(1), 3.084(1) and 3.121(2)4 for the 
complexes Re2 (CO)g[ti-SiPhg]g, R e ^ C O ^ H j g U - S i E t ^ ' ? 
Rci2 (C0)|.{H)4[|i-SlEt2]2‘"  and Re2 (C0)8(H>a[|i-SiPh.,], ■'> 
respectively. Considering the first three cases, this 
increase in Re-Re bond length is due to the progressive 
replacement of a carbonyl by hydride ligands, which are 
weaker n-acceptors than CO.211 This electronic effect is 
strong enough to counteract any possible Re-Re bond 
shortening due to reduced non-bonded repulsions with fewer 
eclipsed carbonyl groups (the above four complexes have 4, 2,
3 and 4 eclipsed CO pairs respectively). In the case of 
Re2(C0)g(Hl2£ti-SiPh2], with only one silane bridge, the 
longer bond is ascribed to 0...0 repulsions between the 
two extra pairs of eclipsed carbonyls,282 compared to 
Re2(CO)7 (H)2(|J-SiEt2)2, which also has twr hydride ligands.

Full details of the structure of Re^fCOgtu-SiPh^g28 2""1 
have not been reported. For the other three structures, the 
av. Re-Re-CO bond angle is ca. 90° (fte2(C0)a (H)2 [ji-SiPh2 ), 
89.6(9)"; Re2 (CO)7(K)2[n-SiEt2]2, 90.Z(6)g, and Reg(C0)g(H)^- 
[n-SlEt2)2, 90.2(3)°). In the cose of Re2(CO)8 (H)2tn-SiPh2],^ 1 
the Re-COax bond lengths are shorter than the Re-COeq bond 
lengths. This is also true for Re2(C0)g(H)^n-SiEtgjg,"' 
but the differences are too slight to be significant. Further, 
for Re2 (C0)g(H)2[[i-SiPh2], the bond Re-CO (trans to H) is 
longer than that trans to another CO. There are no significant



differences between the Re-CO bond lengths in Reg(CO)^(H)g- 
[ii-SiEt2]2 .,6Z In all these three structures, the Re-C-0 
bond angles are in the range 170 - 179*, as expected.39

(e) Re;{CO)0 [ti-C(QWe)(CcHJHe-p)];:,
The structure of Re2(CO)fi[ii-C(OMe)(C6HdMe-p))2 

resembles of Re^(vO)g[^-SlPhg]g (vide supra)■ The 
Re2 (CO)g[|i-C{OMe)(C(.H4He-p)]2 l,’b molecule adopts an eclipsed 
structure, necessitated by the bridging ligar-iis, and has 
crystallographic Cg symmetry. The Re-C-Re bridging angle 
is an acute 77(1)*, and the Re-Re bond short at 2.A3;3)8,
The shortness of the Re-Re bond (Table 13.1) would seem to 
indicate some degree of multiple bonding, but more than a 
single Re-Re bond is not required by the 18-Electron Rule.

(f) (CO)JRe[u-C(SiPh:j)CO(CEt]lRe(CO).jtC(OBt)(SiPhj) I- 
a carbonyl-liaand bonded derivative of l,2-ax,eq- 
Re^(CO)g(C(OEtXSiPh^ ) L

The molecule (CO)^(Re[w-C(SiPh^)CO(OEt)R&(CO)g(C(OEt)- 
(SiPhg)]‘’60 can be viewed as a derivative of 1,2-ax.eq-Re^- 
(CO)g(C(OEt)(SiPhg)]g (see section 13.2.1(b), in which the 
equatorially co-ordinated [C(0Bt)SiPh3 ] J igand on Re(2) has 
become bridging, and a CO-group has formally inserted into 
the C-OEt bond, with the oxygen of the CO being bonded to 
Red) (Re(l)-O: 2.217(13)A), Re(l) bearing the second axially 
eubstitutsd [C{OEt)(SiPhg)] ligand. (See Fig. 13.1).

The Re-Re bond is short at 2.937(1)A . In terms of 
the 18-Electron Rule, a non-integral Re-Re bond order of 1% 
is found. The bridging Re-C-Re angle is an acute 81.7(6)°.
The C-C-(0Et)-0 is essentially planar. The geometry of this 
complex is determined by the unusual double-bridging ligand.

(g) Re^(C0);j[ti-(CiSiPh^) (CO)) ] (m~H) > and Re^CCCpQ- 
(li-(CPh)Hu-Br)

The geometry of the Hog(CO)gIn-(C(SiPh3)(CO))](n~H)'” c 
molecule resembles that of Reg(CO)s Cti-(CPh)](u-Br) .8’‘ For 
both molecules, the four carbonyls of the Re.g(C0)g-unit are 
eclipsed, as necessitated by the bridging carbene ligand, 
which is opposite to a bridging hydride (located indirectly) 
or bromide atom respectively. However, in the case of
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Figure 13.1; Schematic representation of the structure of

Re2 (C0)8tp-(CPh)](u-Br), the 18-Electron count can be 
satWied without a rhenium-rhenium bond. (The rhenium- 
rhenium distance is not quoted for this complex811). For 
the related fte2 (CO)g[p-(C(SiPh3)(CO)](u-H), application of 
the 18-Electron Rule gives a non-integral Re-Re bond order of 
1%. Some degree of multiple bonding is supported by the 
relatively short Re-Re bond length of 3.036(2)A. (Table 13.1). 
A Re-Re bond order of 1% is also found for the ..ri.'sx 
(C0)4Retv-C(SiPhg)c5(0it)lR1e(C0)3[C(0Et)(SiPh3 )) i-th a 
Re-Re bond length of 2.937(1)A (vide supra).

(h) Re^(C0)^(u-H)^ - an Re-Re double bond?

The Re2(CO)a(p-H)2 molecule,1 *1 with two hydride 
bridges (not located directly), adopts an eclipsed 
configuration, of molecular symmetry D2h, and no significant 
differences from idealized octahedral metal cu-ordination 
georetry.

The Re-Re bond length is short at 2.90A. In accordance 
with the formal application of the 18-Gleotron Rule,1"  each

(CO)dRe(p-C(SiPh3)c6(OBt)}Re[C(OEt)(SiPh3)]



hydrogen donates half an electron to each Re-atom, 
requiring a double Re-Re bond. However, it has been 
suggested that the bonding In this complex can be described 
in alternate manners in terms of which a double Re-Re bond 
is not needed to balance the electron-counting,101’

In such cas<rs, molecular orbital calculations may be 
needed to evaluate the possible bonding modes, and electn,n 
density studies might provide useful information. However, 
owing to the relatively short Re-Re bond length, some 
degree of multiple bonding is usually ascribed to Re2<CO)g- 
(H-H)g. This is probably backed up by the formal application 
of the 18-Electron Rule, giving an Re-Re bond order of 2.

(i) An Re^ (CO)g(u-H)m derivative - Re^(CQ)(.(u-H)^-

IESjESjEEM
Reg(CO)g(n-H)g[PhgPCHgPPhg) a,b can be regarded as 

a derivative of RegtCOigtii-Hjg, with two of the CO ligands 
trans to CO replaced by the bis-phosphine ligand. The two 
hydrides (located indirectly from the distribution of 
carbonyls) bridge the Re-Re bond, and lie on either side of 
the Re^Pg-plane.

For the 18-Electron Rule to hold, a double Re-Re 
bond is required. This supports the formal application of 
the 18-Electron Rule to Reg(CO)g(^-H)g, to give a double 
le-Re bond also. The bond length, for Reg(CO)g(n-H)g- 
[PhgPCHgPPhg] and Re-(C0)g(ii-H)^ are similar, and relatively 
short (2.893(2) a ' and 2.90% ' respectively.)

The structure of Reg(CO)g(n-HJ g(PhgPCHgPPhgJ is 
eclipsed. Four of the carbonyls bend away from the Re-Re 
bond, with the av. Re-Re-CO angle of 134.6(10)°, cf ca. 90° 
for octahedral co-ordination of Re without bridging hydrides; 
this observed configuration has b' "Irmed by potential
energy calculations. The dev octahedral co­
ordination are probably due to strictions imposed
by the bulky bis-phosphine ligand . .,n@n cone angle a for
half PhgPCHgPPhg chelate: 121°).

The two phosphine atoms exhibit distorted tetra­
hedral co-ordination geometry. The two phenyl rings are



approximately parallel, with interplanar distances of 3.4A, 
indicative of graphite packing. Hence packing forces 
could be responsible for distortions from idealized 
geometry. The carbonyl ligands are near-linear, with 
Re-C-0 angles ranging from 175 - 180".

(j) R e ^ CO^a-HXw-NCHMeXPhmPCH^PPW ~ derivative 
of Be„ (CO) ̂ (» -H) ̂. (PH^PCH„PPh„) 

Re2(C0)6{p-H)(p-NCHMe)(Ph2PCH2PPh2 ) is derived from 
Reg(CO)(p-H)g (PhgPCHgPPhg) by insertion of MeCN into an 
Re-H bond.3'' a,c The NCHMe ligand symmetrically bridges 
the metal-metal bond, as does the hydride (from analysts of 
the carbonyl distribution) with the carbonyl groups eclipsed, 
as in Re2{C0)6 (ii-H)(Ph2PCH2PPh2).

The complex Re2(CO)g(U-H)(u-NCHMe)(PhgPCHgPPhg) is 
electron precise, and in accordance with the 18-Electron 
Rule, the Re-Re bond is single. This is reflected in the 
Re-Re bond length of 3.035{3)A, compared to that of 2.893(2)A 
for Re2 (C0)g(n-H)(PhgPCHgPPhg), for which a double Re-Re 
bond is required in terms of the 18-Electron Rule.

(k) He2(CO)c(»-HHu-OH?f«-Ph2PCH2PPb.J - a formal 
derivative of ReJCO^u-HMu-Ph^.PCH^.PPh.J 

Re2{C0)6 (p-H){p-0Hjiu-Ph2PCH2PPh2 ]',S may be 
regarded as a formal deriv of Re^(CO)g(ti-Hu-Ph^PCH^ 
PPhg],3 1,3,15 with one bridging hydride replaced by a 
bridging hydroxide ligand. tY-- both complexes, an Re-Re 
double bond is required in ter- . of the 18-Electron Rule.
In the case of Re2 (C0)6(p-H)2 [n-Pli .PO-^PPh^, the Re-Re 
bond is short at 2.893{2)A, but for U«;.,(C0)6(ii-H)(^-0H)- 
[W-PhgPCHgPPhg], the Re-Re bond is surprisingly long at 
3.030(1)A (of. Re-Rs single bond value of 3.035(3)A for the 
related fie2{CO)6 (k-H)(u-NCHMe)[PhgPCHgPP^] (vide supra)), 

Like Re2 (CO)0(ii-H)2[|i-Ph2PCH2PPh2 ), Re2(C0)g(n-H)- 
(p-OH)[p-PhgPCHgPPhg]199 has a distorted octahedral 
co-ordination geometry about each rhenium atom. The hydride 
and hydroxo bridges are ,>oth slightly asymmetric, and lie 
opposite each other on either side of the RegPg-plane.



The He-O-Re angle ia 88.6(2)°. The structure is eclipsed.
The Re-Re-P and Re-Re-CO(trane to P) angles are ca. 90°, but 
the remaining four carbonyls bend away from the Re-Re bond, 
with the av. Re-Re-CO angle of 135.3(2)°. Similar deviations 
are observed for the related RSg(CO)g(»i-H)g[n-PhgPCHgPPhg] 
{section 13.2.2(1)), and probably reflect steric repulsions 
between the carbonyls and the bulky (jhosphine ligand (Tolman 
cone angle’la for half of PAgPCHgPPhg: 121"). The phenyl 
rings are approximately parallel, as for 
fy-PhgPCHgPPhg].

In Re2(CO)6(^-H)(fi-OH)[n-Ph2PCH,,PPh2],l,S the av.
Re-CO bond length (1.921A) is significantly shorter than in 
Reg{CO)10 (1.975A)?e This may reflect stronger Re-CO bonding 
due to increased electron d'' on the metal atoms, since
phosphine is a poor v-a' <an CO.,Ja Further, the
Re-CO(trans to P) bond lengths are longer than those trans 
to H or OH ligands, which do not have ^-acceptor character118 
(av. 1.950A and 1.907A respectively). This difference is 
due to competition for e-electron density111 between the 
carbonyl and trans-phosphine ligand. The carbonyl ligands 
are near- jar, with Re-C-0 angles ranging from 175 - 180*.

(. (Re^(C0)4(PhCCPh)3!CNCH^SO^ H / e - p W .  and
[He.(CO)4 (PhCCPh)j 3

The mixed acetylene-isonitrlj" derivative, 
tRe(C0)4(PhCCPh)3fCNCH2SO2C6H<.M<’-p)i. ,M! has an interesting 
structure. The three acetylene mclf’ '■•s are linked in a 
chain, with the end carbon atoms of . j*' chain each o- 
bonded to one rhenium atom, and,wit" -,e two neighbouring 
carbon atoms, forming an rnallyl 1, . to th« other 
rhenium atom. The two iaonitrile :; IMS are tsrminally 
bonded to one Re-atom only, occupy .iltions cis uO each 
other. The RNC ligands are slight,- ' -it with av. C-N-C 
angle of 167.6(7)°, a C-N-R angle ,;t-ta<er than 170® being 
considered linear for terminal RNC ligands.* Slight 
deviations frc.ii linearity could be due to steric crowding.
Both the isonitrile and carbonyl ligands co-ordinate in a 
near-linear fashion, with av. values of 174.6(7) and 176.5(9)" 
for Re-C-N and Re-C-0 angles respectively.



Although the Re-Re bond length of 2.766(lM is 
relatively short, the Re-Re bond is only t single bond if 
the 18-Electron Rule is applied, with (PhCCPh)^ acting as 
an 8-electron donor. The relatively short Re-Re bond 
length could be largely due to the steric restrictions 
imposed by the 6-atom carbon chain linked to the two metal 
atoms.

A partial crystal structure of the related complex, 
[Reg(CO)^(PhCCPh)j],*'* has been determined, but disorder 
problems prevented refinement. The chain of three 
acetylene molecules is bonded as in [Reg (CO)4(PhCCPb)g- 
(CNCHgSOgCgH^Me-pJg), with the fourth acetylene molecule 
separately bonded to one Re-atom only, taking the place of 
the two RNC ligands.

The Re-Re bond length is ca. 2.78A, once again 
relatively short, but similar to the above single Re-Re bond 
length of a.786(l)A. However, in the case of [RSg(C0)4- 
(PhCCPh)^), the Re-Re bond is probably a double bond, since 
with the fourth PhCCPh ligand (replacing the two RNC ligands) 
co-ordinated to only one Rc-atom acting as a 2-electron 
donor, the 18-Electron Rule requires a double Re-Re bond, 
and it is difficult to envisage how the lone PhCCPh ligand 
can act as more than a two-electron donor when co-ordinated 
to only one metal atom. This example demonstrates that 
metal-metal bond length is not a reliable indication of 
metal-metal bond order, especially where geometric constraints 
may be important.
Assessment

From the foregoing structural study of dirhenium decacarbonyl 
derivatives, it is possible to draw some general conclusions 
regarding the modification of Re2 (C0)10 by ligands L. These 
are outlined below.
13.3.1 The Re-Re bond length

The Re-Re bond length alone provides little informa­
tion on the nature of the metal-metal bonding. All factors 
must be considered.



(a) Bona Order: Bond order is us ially assigned on the
basis of the lf.-Electron Rule. Where ambiguities 
arise, the answer is uncertain. A more reliable 
method is needed for such cases.

(b) Electronic nature of ligands: In a closely related
series, a ligand L which is a weaker n-acceptor than 
CO, may significantly increase the Re-Re bond length.

(c) Sterln factor': Repuljive inte 'actions between 
eclipsed carbonyl groups may increase thi Re-Re bond 
length.

(d) Bridging ligands: A bridging ligand with a small bite
may result in a seemingly anomalous short Re-Re bond 
length.

13.3.2 The Re-CO bond lengths

The Re-COax bonds are shorter than Re-COeq bonds; 
etj-JtegfCOjgl substitution results, unless steric factors 
dominate. The Re-CO bond trans to L, a poorer v-acceptor 
than CO, is shorter than that trans to another CO; cls- 
die^-Re^RXPgCD^ substitution results, in the absence of 
sturic constraints.
13.3.3 Molecular conformation

Molecules without bridging Uganda adopt a staggered 
conformation. Bridging ligands necessitate an eclipsed 
conformation.
13.3.4 OC-Re-CO bond angles

Generally, Re-Re-00 bond angles are less than or 
equal to 90® ie. the carbonyls bend in towards the Re-Ro 
bond. Where this is not the case, severe steric restraints 
are imposed on the structure by bulky ligands, resulting in 
pronounced distortions from the ideal geometry.
13.3.5 Re-C-0 bond angles

The Ro-C-0 bond angles are always in the range 
170 - 179®. The same is true for Re-C-N bond angles of 
isonitrile ligands,
13.3.R Packing

Small deviations in structure (from ideal geometry) 
pr'obably stem from interaction with neighbouring molecules 
ie. crystal packing.



XIV. X-RAY CRYST.'.-LOGRAPHIC STUDIES OF ISONITRILE DERIVATSS OF 

(M = Re' ^ J-
14.1 Introduction

Although the structures of the parent carbonyls, Re2(CO)10 
and Mng(C0)1Q,have been determined,11‘ and studies made 
of the bonding in these complexes,1,9 no X-ray crystal 
structures have been reported of isonitrile substituted 
derivatives, Mn2 (C0)10_r){CNR})i (M = Re.Mnj. As part of a 
systematic study of the structural and chemical properties 
of isonitrile derivatives of dirhenium carbonyl, Re2(CO)10_n- 
(CNR)n (n = 1-4), an X-ray crystallographic study of a 
series of representative complexes was undertaken.

Specifically, .his X-ray Crystallographic study was 
undertaken with the aim, firstly, of establishing the 
stereochemistry of the mono-to tetra-isonitrtie-substituted 
dirhenium carbonyl derivatives, and secondly, of obtaining 
bond length and bond angle data relating to the structural 
effect (if any) of increasing degree of isonitrile 
substitution. In particular, any weakening of the metal- 
metal bond would be expected to be reflected in an increase 
in the M-M bond length. Since isonitriles are weaker 11- 
acceptors than carbonyls,^1 substitution of isonitriles for 
carbonyls in M^tCO)^ would result in increased localization 
of 1-electron charge on the metal, increasing ir-eleutron 
repulsions and thereby weakening the M-M bond.’92b

Obviously, the structure of the parent carbonyl, Re2(C0)lo, 
is of interest in the context of this study, and this 
structure has been reported in the literature, together 
with the structure of the isomorphous Mng(CO)^. (Monoclinic 
space group I2/a, 2 = 4 ) .  The molecules adopt a staggered 
conformation, with point group symmetry D4d. A feature of 
both structures is the shorter M-COax bond length, compared 
to the M-COeq bond lengths. This is ascribed to the 
competition for dir -electrons between pairs of mutually trans 
CO ligendP.,S5

Consequently, on electronic grounds, substitution would 
be predicted to be equatorial rather than axial. However,
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with bulky ligands such as phosphines, steric factors may
dominate, resulting in axial substitution, as has been
shown by the X-ray crystal structure of ax-[Mn^(CO)^{PMe,,Ph)3 18 “
(Toltnan cone angle for PMegPh: 122®{,$ 141.7° *“•). Hence,
for monosubstituted derivatives of M0(CO)^q (M = Re, Mn),
there are two possibilities (Fig. 14.1), viz. (IA)
equatorial, or (IB) axial substitution.

With disubstituted complexes, there are more possibilities. 
With bulky phosphine ligands, dlaxlal substitution may be 
found, as has been shown by X-ray crystal structures of 
diax-lMngCCGJgfPMePhgJg] 11 (Telman cone angle for PMePhg:
136° eiJ, diax-(Mn^(CO)g(PEt^)^J {Tolmn cone angle for PKt^: 
132°"; 166.4®"") and diax-fae^CO^fPMe^PhJJ (see ch IPS) 
(Tolman cone angle for PMe^Ph: 122°65; 141.7®15"). Howeve,, 
for di~isonitrile derivatives, diaxial substitution is not 
expected, because for this geometry of point group D4d, only 

two v(CO) bands are predicted in the IP spectrum (as is 
indeed observed for the above biphosphine derivatives, see 
ch XV), but the IR spectra of the di-isonitrile derivatives 
are much more complex (see ch XI). Axial-equatorial 
substitution is also a possibility, and has been observed 
for some Re2 (CO)g(Pfl3 )2 complexes (see ch XV), but is 
considered unlikely for the smaller"" isonitrile ligands, in 
view of the electronic factors favouring equatorial 
substitution (vide supra). Further, trans-pubstltution is 
electronically disfavoured.161 Even considering only cis- 
diequatorial substitution, there are still two possibilities 
(Fig 14.2), viz. (Ila) with the two RNC ligands on the same 
metal atom, or on different metal atoms (conformers (lib) 
and (lie)).

Several structures are also possible for the trisubsti­
tuted cose, considering only cis-equatorial substitution 
(vide supra). (Fig. 14.3, Illa-c). Considering the case 
of tetrasubstitution, there are again several cis-equatorially 
substituted possibilities, assuming two RNC ligands on 
each metal atom (Fig 14.4, IVa-c). Although repulsive 
interactions between r 'torial CO groups are expected to 
be less in the staggert-u than eclipsed conformation, 136



here the eclipsed conformation (IVc) is considered as 
well, since from steric considerations of the RNC ligands, 
this might be expected to be the most favourable structure.

The crystal and molecular structures were determined 
of the complexes R e ^ C O ^ C N B u 11) (I ), Reg(C0)g(CNCgHgMeg-2,6)g 
[II), Re2(C0)7(CNHe)3 (ni) and R e ^CO) CNCgHgMeg-2, 6 ) IV).
The X-ray structure of the di-isonitrile dimanganese 
carbonyl derivative, Mn2(C0jg(CNBut )2<V), was also 
determined, in order to establish whether certain differences 
observed in the IR and NMR spectra of Reg(CO)g(CNR)g 
and of Mng(CO)g(CNR)g complexes (see sections 11.4.1 and
11.4.2) could be correlated with structural differences on 
the molecular level. The structure of Mng(C0)g(CNCgHgMeg-Z,6)^ 
(VI) was also investigated bv X-ray Crystallography, with 
the aims of obtaining bond parameter data for a tetra- 
isonitrile dimanganese derivative, and establishing whether 
differences observed in the IR and H NMR spectra of 
Re2(C0)6(CNC6H3Me2-2,6)4 and Mn^COJgKCNCgHgMe^a.e^ (see 
sections 11.4.1 and 11.4.2) could have a structural basis.

.2 X-ray Crystallographic Studies
Id.2.1 Structure of Re^(CO)^(CNBu^)(I)

The molecular structure of Reg(CO)g(CNBu^) and the 
numbering system used in the crystal structure determination 
is shown in Fig. 14.5. Bond lengths and bond angles are given 
in Tables 14.1 and 14,2 respectively. The compound 
crystallizes in the orthorhombic space group Pbca, with Z = 8.
A view of the unit cell, looking down the b-axis is shown in 
Fig. 14.6.

Substitution was found to be equatorial (Fig. 14.1(IaJj, 
as predicted (vide supra). This equatorial substitution of 
CO by CNBu1 is in keeping with previous arguments on the 
final position cf the incoming liRand in an octahedral 
environment.10 2

The two halves of the molecule are staggered with 
respect to each other, aa in the parent carbonyl, Reg(CO)^.' 
This staggered geometry presumably arises from steric 
considerations (ie. reduced interaction of equatorial CO



Figure 14.1; The two possible structures of Reg(CO)g(CNR):
(la) equatorial substitution, (lb) axial substitution

Ha JJb lie

Figure 14.2: Newman projections of possible structures of
*i2(CO)B (CNX)z (M = Re. Mn), as viewed down the 
M-M axis (• a RNC)
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lllc

Figure 14.3; Ntiwan projections of possible conformations of 
^eg(CO)7(CNR)3, as viewed down the Re-Re axis 
{ # = RNCJ

&  a
IVa JVc

Figure 14.4; Newman projections of possible conformations of 
MgtCOij. (CNR)^ (M = Re,Mn), as viewed down the 
M-M axis { 6 = RNC)



groups on the two Re atoms),1”  and has been observed in 
all previously reported structures of Reg(CO)^Q_^(L)^
(n = 1,2) derivatives not containing bridging ligands (see 
ch. XIII

The axial Re-CO bond distance (av. 1.902(19)A) is 
shorter than the average equatorial Re-CO bond distance 
(av. 1.963(20)%), excluding Re-ti(l) in which the CO group 
is trans to the ButNC group (1.916(18)A). This effect of a 
shorter Re-C-Onx bond length relative to the Re-COeq bond 
length has been observed in the structure of Re2(CO)10,1 ”  
and is ascribed to competition for dr-electron density 
between mutally trans pairs of equatorial carbonyls. The 
shorter Re-C(l) bond length (cf. av. Re-COeq) could also 
reflect the greater n-acceptor ability of the CO group 
relative to the Bu^NC group.111
14.2.2. Structure of R e ^ C O y C N C ^ Me^ . e M l I )

The compound (II) was found to crystallize in the 
centrosymmetrie triclinic space group PI, with Z = 2. The 
molecular structure of Reg(C0)̂ (CNCgH^Meg-2,6)_ and the 
numbering systm used in the crystal structure determination 
is shown in Fig. 14.7. Bond lengths and bond angles are 
given in Tables 14.3 and 14.4 respectively.

Viewed down the Re-Re bond, the conformation is 
staggered, as expected.1,8 In the crystal, the molecule 
adopts conformation (IIb)(Fig. 14.2), with the two isonitrile 
ligands on different Re-atoms, This conformation might be 
expected to be sterically most favourable, since the bulky 
2,0-Me2CgHgNC ligands ("fan-shaped" angles” : 106° (wideness) 
and 53° (thickness)) are as far away from each other as 
possible, but in the crystal the conformation adopted is 
probably also determined by crystal packing considerations 
(vide infra).

The phenyl rings are essentially planar. The mean 
planes of the CS-rings are 73.1° to each other. This is 
probably determined mainly by crystal packing forces. As 
can be seen from the packing diagram (Fig. 14.8), viewed 
down the b-axis, the molecules pack in rows, with the



Figure 14 Jji ORTEP'* view of the Reg(CO)g(CNBut:) moleculed), 
showing the numbering ayetem used



Figure 14.6; ORTGP15 view of the unit cell of Rea(CO)g (CNSut)(I), 
looking down the b-axis



TABLE 14.1: Bond i-ngths (A) for Re2(CO)9(CNBut)(I)

Re(l)-Re<2) 3.048(1)
Re(l)-C(l) 1.916(18) C(l)-0(1) 1.149(18)
Re(l)-C(2) 1.916(18) C(2)-0(2) 1.142(17)
Re(l)-C(3] 2.089(20) C(3>-0(3) 1.077(18)
Re{l)-G(4) 1.974(21) C(4)-0(4) 1.144(19)
Re(l)-C(10) 2.06M15) C(10)-N 1.130(15)
Re(2)-C(5) 1.9'.j(20) C(S}-0(5J 1.139(20)
Re(2)-C(6) 1.999122) C(6)-0(6) 1.151(20)
Re(2)~C(7) 1.887(21) C(7)-0(7) 1.15PU0>
Re(2)-C{8) 1.928(18) C(8)-0(8) 1.169(16)
Re(2)-C(9) 1.965(20) C(9:-L"3) 1.133(18)
N~C(11) 1.481(20) C(11)-CU2) 1.503(39)
C U D - C U d ) 1.667(48) C(ll)-C(13) 1.486(33)



TABLE 14.2: Bond angles (e) for Re2(C0)9(GNBut)(I)

V ' " J
C(10)-N-C(13.) 175.7(18)
Re(l)-G(lj-0{1) 176.1(15) ne(2)-C(5)-0(5) 176.5(18)
Re(l)-C{2)-0(2) 175.8(15) Re(2)-C(6)-0(6) 174.6(18)
Re(l)-C(3)-0(3) 175.3(15) Ra(2)-C(7)-0(7) 178.2(18)
Re(l)-C(4)-0(4) 177.1(16) Re(2)-C(8)-0(8) 175.8(16)
Re(l)-C(10)-N 175.5(13) Re(2)-C(9)-0(9) 175.7(17) , . '
C(l)-Re(l)-Re(2l 87.4(5) C(5)-Re(2)-Re(l) 88.2(5)
C(l)-Re(l)-C(2) 93.1(7) C(5)-Re(2)-C(6) 87.8(8)
C(l)-Re(l)-C(3) 90.1(7) C(5)-Re(2)-C(7) 93.2(8)
C(l)-Re(l)-C(4) 39.7(7) C(5)-Re(2)-C(8) 172.6(7)
C(l)-Re(l>-C(10) 174.9(6) C(5)-Re(2)-C(9) 92.8(8)
G(2)-Re(l)-Ret2) 177.4(5) C(6)-Re(2)-Re(l) 88.8(6)
C(2)-Re(l)-C{3) 93.5(7) C(6)-Re(2)-C(7) 94.4(8)
C(2)-Re(l)-C(4) 91.3(7) C(6)-Re(2)-C(8) 93.1(8)
C(2)-Re(l)-C{10) 92.1(6) C(6)-Re(2)-C(9) 172,2(8)
C(3)-P.e{l)-Ro(,?} 89.0(5) C(7)-Re(2)-Re(l) 176.5(6)
C(3)-Re(l)-C(4> 175.2(7) C (7)-Re(2)-C(8) 94.1(8) [. "

G(3)-Re(l)-C(10) 89.7(6) C(7)-Re(2)-C(9) 93.4(8)
C{4)-Re(l)-Re{2) 86.2(5) C(8)-Re(2)-Re(l) 84.4(5)
C(4)-Re(l)-C(10) 90.1(7) C(8)-Rs(2)-C(9) 85.4(7)

1 p . C{10)-Re(l)-Re(2) 87.5(4) C(9)-Re(2)-Re(l) 83.4(5)
N-C(ll)-C(12) 111.2(22) C(12)-Ctll)-G(13) 126.6(26)

f' N-C(ll)-C(13) 110.1(19) C(12)-C(11)-C(14) 96.1(23) I

'' •*.
N-C(ll)-C(14) 104.9(21) C(13)-C(11)-C(14) 104.6(23) ! "" 

1

r-N > . .

i



orientation of the rings alternating along a row, and with 
the rings lining up ii a coplanar manner (less than 2° 
deviation) with those of the row above.
14,2.3. Structure of Mnj C O ^ C N B u * ) ^ (V)

The molecular structure of Mn^lCOglCNBu*'^ and 
the numbering system used in the crystal structure 
determination is shown in Fig. 14.S. Bond lengths and bond 
angles ere given in Tables 14.5 and 14.6 respectively. The 
compound crystallizes in the monoclinic space group P2^/n, 
with 2 = 4 .  Fig. 14.10 shows the unit cell, viewed down the

In contrast to Reg{CO)̂ (CNCgHgMeg-2,6)g (vide supra), 
the conformation of the Mn2(C0)g(CNBut )2 molecule is (Ha) 
(Fig. 14.2), with both isonitrile ligands in ciB-eouatorlal 
positions on the same Mn-atom. Electronically, this might 
be expected to be the most favourable geometry, since the 
isonitrile ligand is a stronger o-donor, but weaker ir- 
acceptor than carbonyl,‘1 resulting in a cis-labilization 
effect10 z (but see section 14.4).

From iH NMR data (section 11.4.2.), in the case of 
the di-isonitrile derivatives of dimanganese carbonyl, two 
isomers, (Ila) and (lib) (or (lie)) (Fig. 14.2) appear to 
exist in solution, the isomer (Ila) (which is the minor 
component-ratio of (IIa):(IIb) is 1;5) having been 
preferentially crystallized out of solution (pentane, -5°C) 
in the case of Mn2 (C0)Q(CNbut)2 . However, with the di- 
isonitrile derivatives of dirhenium carbonyl, (with the 
exception of MeNC) the NMR spectra give no evidence of 
another isomer in addition to (lib). The formation of 
isomers for Mn2(C0)g (CN8ut)2 will bo further discussed in 
section 14.4,
14.2.4 Structure of Re.(C0)_ (CNMe)^ (III)

Complex (III) crystallizes in the monoolinio space 
group P2^/n, with 2 = 4 .  Unfortunately the structure 
displayed disorder (vide infra). Fig. 14.11 shows the 
molecular structure, and the numbering system used in the 
crystal structure analysis. Bond lengths and bond angles
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Figure ORTEP'1 view of the Reg(C0)^(CNCgHgM@g-2,G^ molecule
(II), shewing the numbering system used.





TABLE 14.3: Bond lengths (A) for Re2(CO)g(CNCgHgMeg-a,6)2(II)

Re(l)-Re(2)
Re(l)-CO(l)
P9(l)-C0(2)
Re(l)-C0(3)
ReU)-C0(4)
Re(2)-C0(5)
Re(2)-CO(6)
R$(2)-G0(7)

Re(2)-C0(8)
Red)-CN(l)
Re(2)-W(2)
N(l)-C(l)
C(l)-C(2)
C(2)-C{3)
C(3)-C(d)
C(4)-C{5)
C(5)-C(6)
C(6)-C(l)
C(2)-C(7)
C{6)-C(8)

3.047(0)
1.982(6)
1.916(6)
1.976(6)
1.980(7)
1.951(6)
1.995(7)
1.969(6)

2.041(6)
2.059(6)
1.444(7)

1.465(9)
1.418(9)

1.441(B)
1.417(8)
1.526(8)
1.495(9)

C0(l)-0(1) 
C0(2)-0(2) 
C0(3)-0(3) 
C0(4)-0(4) 
C0(5)-0(5) 
C0(6)-0(6) 
C0(7)-0(7) 
C0(8)-0(8) 
CN(1)-N(1) 
CN(2)-N(2) 
N(2)-C(9) 
C(9)-C(10) 
C(10)-C(12) 
C{ll)-C(12) 
C(12)~C(13) 
C(13)-C(14) 
C(14)-C(9) 
0(10)-0(16) 
C{14)-C(15)

1.131(6)
1.151(6)
1.138(6)
1.125(7)
1.141(6)
1.117(6)
1.126(6)
1.143(6)
1.157(6)
1.138(6)
1.413(7)
1.407(7)
1.427(8)
1.340(9)
1.403(8)
1.467(8)
1.406(7)
1.487(9)
1.533(8)



TABLE 14.4: Bond angles( = ) for fie2 (CO>8(CNC6H3Me2-2,6)2(II)

' & •
Re(l)-C0(l)-0(1) 177.8(6) Re(2)-C0(5)-0(5) 178.8(5)

i

’ -*y Re(l)-C0(2)-0(2) 175.7(5) Re(2)-C0(5)-0(6) 177.6(5) , . - s
Re(l!-C0(3)-Q(3) 177.8(5) Re(2)-C0(7)-0(7 > 179.8(2) ... :""
ReU)-C0(4)-0(4) 177.8(5) Re(2)-C0{8)-0(8) 178.2(5) ■ /•>
Re(l}-CN(1}-Nfl) 178.0(5) Re(2)-CN(2)-N!2J 176.8(5) 1 : o

CN(1>-N(1)-C(D 175,9(5) CN(2)-N(2)-C(9) 156.1(5) '
•n ; CO{l)-Re(l)-Re(2) 88.0(2) C0(5)-Re(2)-Re(l) 86.4(1)

CO(1)-Re(1)-CO(2) 94.0(2) CO(5)-Re(2)-CO(6) 172.0(2)
...

CO(l)-Re(l)-CO(3) 171.1(2) C0(5)-Re(2)-C0(7) 91.3(2)
CO(l)-Re{l)-CO(d) 91.0(2) C0(5)-Re(2)-C0(8) 92.3(2)
CO(l)-Re(l)-CN(l) 88.1(2) CO{5)-Re(2)-ON(2) 91.0(2)

r . v CO(2)-Re(l)-Re(2) 178.0(2) C0(6)-Re(2)-Re(l) 85.7(1)
C0(2)-Re(l)-C0(3) 94.2(2) C0(6)-Re(2)-C0(7) 89.4(2)
C0(2)-Re(l)-C0(4) 94.4(2) C0!6)-Re(2)-C0(8) 95.6(2)
C0{2)-Re(l)-CNll) 93.8(2) C0(6)-Re(2 i-CN(2) 88.0(2)
CO(3)-Re(l)-Rel5> 83.8(1) C0(7)-Re(2)-Re(l) 87.9(1)
C0(3)-Re(l)-C0(d) 91.8(2) C0{7)-Re(2)-C0(8) 94.0(2)
C0(3)-Re(l)-CN(1) 87.9(2) C0(7)-Re(2)-CN(2) 176.7(2)
C0{d)-Re(l)-Re(2) 85.3(2) C0(8)-Re(2)-Re(l) 177.8(2)
C0(4)-Re{l)-CN{1) 171.8(2) C0(8)-Re(l)-CN(2) 88.3(2)
CN(1)-Re(l)-Re(2} 86.5(1) CH(2)-Re(2)-Re(l) 89.9(1)
C(6)-C(l)-C(2) 125.7(6) C(ld)-C(9)-C(10) 124.9(6)
C(l}-C(2)-C(3) 117.1(6) C!9)-C(lUj-C(ll) 115.3(6) I*

i  '> ^ " C(2)-C(3)-C(4) 115.5(7) C(10)-C(ll)-C(12) 121.7(6) 1
C(3)-C(4)-C(5,' 126.7(8) C(ll)-C(12)-C(13) 124.4(7)
C(4)-C(5)-C(6) 119.3(7) C(12)-C(13)-C(14) 116.5(6)
C(5)-C(63-C(l) 115.6(6) CU3)-C(ld)-C(9) 117.1(8) | "
N{1)-C{1)-C(2) 115.7(5) N(2)-C(9)-C(30) 117.3(5)
N(l)-C(l)-C(6) 118.6(5) N(2)-C(9)-C(14) 117.8(5) !
Cil)-Cf2)-C(7) 124.5(6) C(9)-C(10)-C(16) 122.2(6) r  ■■}
C(3)-C(2)-C(7) 118.4(6) C(11)-C(10)-C(16) 122-5(6) i ,
C(1)-C(6)-C(S) 119.5(6) C(9)-C(14)-C(15) 121.7(5) :
C(5)-C(6)-C(8) 124.8(6) C(13)-C(14)-C(15) 121.2(5)







TABLE 14.G: Bond lengths (%) for Mn2(C0)8(CNBut)2^

Mn(l)-Mn(2)
Mn(l)-C(l)
Mn(l)-C(2)
Mn(l)-C(3)
Mn(l)-C(4)
Mn(l)-C(5)
Mn(2)-C(6)
Mn(2)-C{7)
Mn(2)-C(8)
Mn(2)-Ci9)
Mn(2)-C(10)
N(l)-C(ll)
C(ll)-C{12)
C(ll)-C(13)
C(11)-C(14]
C(12)-H(12A)
C{12)-H(12B)

C(12)-H(12C)
G(13j-H(13A)
C(13)-H(13B)
C(13)-H(13C)
C(14)-H{14A)
C(14)-H(14B)
C(14)-H(14C)

2.924(1)
1.947(4)
1.941(4)
1.779(5)
1.833(5)
1.814(4)
1.837(5)
1.788(6)
1.837(5)
1.845(5)
1.843(5)
1.448(6)
1.529(10)
1.529(11)
1.534(10)
0.90(10)
1.02(6)
0.98(9)
0.84(7)
1.13(10)
1.04(8)

0.96(6)

CCD-NU)
C(2)-N(2)
C(3)-0(3)
C(4)-0(4)
C(5)-0(5)
C(6)-0(6)
C(7)-0(7)
C(8)-0(8)
C(9)-0(9)
C(10)-C(10)
N(2)-C(15)
C(15)-Cd6)
C(15)-C(17)
Cd5)-C(18)
Cd6)-H!16A)
Cd6)-H(16B)

Cd6)-H(16C)
Cd7)-H(17A)
C(17)-H(17B)
Cd7)-H(17C)
Cd8)-H(18A)
Cd8)-H(18B)
Cd8)~Hd8C)

1.150(5)
1.158(5)
1.149(6)
1.143(6)
1.152(6)
1.140(6)
1.144(7)
1.150(7)
1.132(6)
1.138(6)
1.464(6)
1.547(11)
1.479(11)
1.513(10)
1.22(14)
1.17(9)

0.75(3)
0.97(7)
0.85(7)

1.03(8) 
0.91(8) "  
1.01(8)



TABLE 14.61 Bond angles M  for m y c O ^ C N B u ^ f V )

177,7(4) Mn(2)-C(6)-0(6) 177.6(4)
Mn(2)-C(2)-N{2) 177.5(4) Mn(2)-C(7)-0(7) 178.6(5)
Mn(l)-C(3)-0(3) 177.6(4) Mn(2)-C(8)-0(8) 178.9(5)
Mn(l)-G(4)-0(4) 178.0(4) Mn(2)-C(9)-0(9) 176.9(4)
Mn(l)-C(5)-0(5) 177.6(4) Mn(2)-C(10)-(10) 178.1(4)
C(l)-N(l)-C(n) 178.1(4) C(2)-N(2)-C(15) 175.3(4)
C(12)-C(U)-C(13) 112.2(6) CU6)-C(15)-C(17) 112.9(7)
C(12)-C(ll)-C(14) 111.5(6) C(26)-C(15)-C(18) 110.0(6)
C(13)-C(Z1>-C(14) 110.3(6) C(17)-C\15)-C(18) 114.6(7)
C(12)-C(ll)-N(l) 107.6(4) C(16)-C(15)-N(2) 104.7(5)
C ( 1 3 ) - C ( ' 107.7(5) C(17)-C(15)-N(2) 106.7(5)
C{14)-C(ll)-N(l) 107.4(5) C(18)-C(15)-N(2) 107.2(4)
C(l)-Mn(l)-Mn(2) 90.7(1) C(6)-Mn(2)-Mn(l) 84.0(2)
C(l)-Mn(l)-C(2) 86.1(2) C(6)-Hn(2)-C(7) 95.6(2)
C(l)-Mn(l)-C(3) 93.0(2) C(6)-Mn(2)-C(8) 90.3(3)
C(lJ-Mn(l)-C(d) 81.0(2) C(6)-Mn(2)-C(9) 89.0(2)
Cm-Mn(l)-C(5> 175.3(2) C(6)-Mn(2)-C(10) 168.8(2)
C{2)-Mn(l)-Mn(2) 89.2(1) C(7)-Mn(2)-Mn(l) 177.1(2)
C(2)-Mn(l)-C(3) 93.3(2) C(7)-Mn(2)-C(B) 98.1(2)
C(2)-Mn(l)-C(4) 174.1(2) C(7)-Mn(2)-C(9) 94.9(2)
G(2)-Mn(l)-C(5) 91.4(2) G(7,-Mn(2)-C(10) 95.6(2)
C(3)-Mn{l)-Mn(2) 175.6(2) C(8i-Mn(2)-Mn(l) 84.3(2)
C(3)-Mn{l)-C(4) 91.9(2) C(8)-Mn(2)-C(9) 167.0(2)
C(3)-Mn(ij-C(5) 91.0(2) C(8)-Mn(2)-C(10) 88.4(2)
C(4)-Mn(l)-Mn{2) 85.7(1) C(9,-Mn(2)-Mn(l) 82,2(1)
C(4)-Mn{l)-C(5) 91.1(2) C(9)-Mn(2)-C(10) 89.8(2)
C(5)-Mn(l)-Mn(2) 85.4(1) C(10)-Mn(2)-Mn(l) 84.8(1)
H(12A)-C(12)-H(120) 103(7} H (16A)-C(16)-H(16B) 163(8)
H(12A)-C(12)-H(12G} 133(8) H(16A)-G(16)-H(16CJ 83(8)
H(12B)-C(12)~H(12CJ 110(6) H(16B)-C(16)-H(16C) 93(7)
H(13A)-C(13}~H(13B) 146(7) H(17A)-C(17)-H(17B
H(13A)-C(13)~H(13C> 206(6) H(17A)-C(17)-H(17C) 123(6)
H(23B)-C(13)-H(13CJ 100(7) H(17B)~C(17)-H(17C) 111(6)
H(14A)-C(l4)~H(14B) 110(6) H(18A}-C(18)-H(18B) 104(7)
H(14A)-C(14)-H(14C) 115(6) H(18A)-G(18)-H(18G) 109(6)



TABLE 14.6; Bond angles (°) for Mn2(CO;g(CNBut)2(V) (Contd)

H(148)-C(14/-H(14C) 116(5) H (18B)-C(18)-H(18C) 134(7)
H(22A)-C(12)-C(H) 101(6} H(16A)-C(16)-C(15) 98(7)
H(12B)-G(12)-C(11) 105(3) H(16B)-C(16)-C(15) 99(5)
H(12C)-C(12)-C(11) 102(5) H(16C)-C(16)-C(15) 105(5)
H(13A}-C(13)-C(11) 105(5) H(17A)-C(17)-C(15) 100(4)
H(138)-C(13)-C(U) 9r(5) H(17B)-C{17)-C(15) 113(4)
H(13C)-C(13)-C(11) 99(4) H(17C)-C(17)-C(15) 112(5)
H(14A)-C(14J-C(11) 112(5) HU8A)-CU8)-C(15) 108(4)
H(148)-C(14)-C(ll) 95(4) H(18B)-C(18)-C(15) 91(5)
H(14C)-Cll4j..C(ll) 107(4) H(18C)-C(18)-C(15) 109(5)



are given in Tables 14.7 and 14.8 respectively. The unit 
cell, viewed down the b-axis, is shown in Pig. 14.12.

The complex Re2(CO)7(CNMe)3 might be expected on 
steric grounds to adopt conformation (Ilia) (Fig. 14.3), 
but the structure found in the crystal is (IIIo) (Fig. 14.3). 
Again the structure is staggered, with two methj isonitrile 
ligands occupying cie-equatorial positions on Re(2), but » 
tnethird MeNC ligand on Re(l) is disordered with respect 
to the carbonyl trano to it, with 50% occupancy of both 
sites, which are equivalent with respect to the two isonitrile 
ligands on Re{2) (Fig. 14.3 ((c) (i) and (ii)). Disorder of 
this type has been observed previously with MeNC ligands, b 
and is thought to be due to the relatively small size of the 
MeNC ligand ("fan-shaped" angle1"' for MeNC: 52° (wideness) 
and 52® (thickness ), of. cone-angle8sa for CO ca 95®, an 
estimate which may be too laz’ge), and its electronic 
similarity to C O . T h e  distance C(llA)...C(llB) between 
the methyl atom C(11A) and the methyl atom C(12B) of a 
neighbouring molecule (translated by (0 0 1)) is within 
bonding distance (1.57(4)A). However, the atoms C(llA) and 
C(11B) consitute the disordered methyl isonitrile group, 
with site occupancy factors of 0.5.
14.2.5 Structure of Re^fCO^ (CNC^Me^-R.G^dv)

Compound (IV) crystallizes in the orthorhombic space 
group Pccn with Z = 4, an asymmetric unit being an Re(CQ)3- 
(CNC6H3Me2-2,6 )2-fragment, the two halves of the molecule 
being related by a crystallographic 2-fold axis, generating the 
equivalent position (x-l,y-l, z). The molecular structure and 
the numbering system used in the crystal structure analysis, is 
shown in Fig, 14.13. Bond lengths and bond angles are given in 
Tables 14,9 and 14.10 respectively.

From steric considerations of the RON ligand, the 
Re2(CO)3(CNCgHgMe2~2,5)^ molecule might have been expected 
to adopt the eclipsed conformation (IVc) (Fig. 14.4). Of 
the possible staggered conformations, (IVa) and (iVb)
(Fig. 14.4), (IVb) would bo less favourable on steric 
grounds. The molecular geometry found in the crystal ia 
that of (IVa), with cis-equatorial substitution of a pair
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B’lgu.-e 14,11; ORTEP*' view of the Re2(C0)7(CNMe)3 molecule (III), 
showing the numbering system used. (Site occupancy 
factor (s.o.f.) of 0.5 for N(l), N(d), and C(11A), 
C(11B))
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Figure 14.12: ORTEP1*® view of the unit cell of Re?(C0)7(CNMe)3(III),
looking down the b-axis



TABU. I d .7; Bond lengths (A) for' Re2(C0)7(CNMej3 (iu)

Re(l)-Re(2) 3.049(1)
ReU)-C(l) 1.908(16) C(l)-0(1) 1.160(17)
ReU)-C{2) 1.916(16) C(2)-0(2) 1.174(17)
Re(l)-C(3) 1.937(18) C (3)-0(3) 1.126(19)
Re(2)-G(5) 1.870(16) C(5)-0(5) 1.155(17)
Re (2) -C (6} 1.921(16) C(6)-0(6) 1.175(17)
Re(2)-C(7) 1.336(17) C(7)-0(7) 1.139(18)
Re(a)-C(9) 2.044(13) C(9)-N(2) 1.140(15)
Re{2)-C(10) 2.095(15) C(10)-N(3) 1.137(16)
Re(l)-C(6) 2.121(17) C(8)-N(l) 1.066(19)
Re(l)-C(4) 2.127(17) CM)-N(4) 1.045(19)
N(1)-C(21A> 1.420(30) N(2)-C{12) 1.455(20)
N(4)-C(11B) 1.414(29) N(3)-0(13) 1.431(20)



K r TABLE 14.8: Bond angles (") for

242 - 

Re2(C0)7(CNMe)3(riD

Re(l)-C(l)-0(1) 175.d(15) Re(2)-C(5)-0(5) 172.0(16)
Re(l)-C(2)-0(2) 179.4(13} Re(2)-C(6)-0(6) 178.1(14)
Refl>-C{:3)-0(3) 179.7(10) ,e(2)-C(7)-0(7) 178.0(15)
R6(l)-C(4)-N{4) 173.0(16) ,e(2)-Cf9)-N(2) 176.7(12)
Re(l)-C(8)-N(l) 175.1(15) Re(2)-C(10)-N(3l 179.0(14}
C(4}-N(4j-C(11B) 172.2(22) C(9)-N(2)-C(12) 175.9(15)
C(S)-N(1)-C(11A) 170.4(22) C(10)-N(3)-C(13) 1.7.1(14}

3 -
C(l)-Re(l)-Re(3) 179.2(5) C(5)-Re(2)-Re(l) 178.4(5)
C(l)-Re(l)-C(2j 96.2(6) C(5)-Re(2)-C(6) 93.6(7}
C(l)-Re(l)-C(3) 96.5(6) C(5)-Re(2)-G(7) 96.3(7)
C(l)-Re(l)-C{4) 93.9(6) C(5)-Re(2)-C(9) 92.8(6)
C(l)-Re(l)-C(8> 94.2(6} C(5)-Re(2)-C(10) 92.2(6)
C(2)-Re(l)-Re{2) 83.7(d) C(6)-Re(2)-Re(l) 86.4(4}

■ C(2)-Re(l)-C(3) 167.2(6) C(6)-Re(2)-C(7) 69.8U  )
C(«.,-Re(l)-C(d> 89.6(6) C(6)-Re(2)-C(9) 173.4(5)
C(2)-Re{l>-C(8) 88.2(6) C(6)-Re(2)-C(10) 91.2(6)
C(3)-Re(l)-Re(2) 83.6(4) C(7)-Re(2)-Re(l) 85.3(4)
C(3)-Re{l)-C(4) 90.5(7) C(7)-Re(2)-C(9) 91.2(6)
C(3)-Re(lj-C(8> 89.9(7) C{7)-Re{2)-C{10) 171.4(6)
C(4)-ReU)-fieU) 85.2(d) C(9)-Re(2)-Re(l) 87.2(3)
C(d}.. Rc(l)-C(8i 171.7(6) G(9)-Re(2)-C(10) 86.7(5)
C(8)-Re(l)-Re(2) 86.6(4) C(10)-Se(2)-Re(l) 86.3(4)

. n



of isonitrile ligands on each Re-atom.
The relative arrangements of the xylyl (xylyl = 2,6- 

MegCgHg) Isonitriln ligands, adopted (vide supra), as well 
as the relative orientation of the xylyl rings, probably 
reflects both ateric requirements and crystal packing 
forces. The C6 rings are essentially planar. The xylyl 
rings are all close to being coplanar, the angles between 
the mean planes through rings A and B (A1 and B 1), A and B ‘ 
(A1 and 8), A and A', and B and B 1 being 6.6, 5.7, 4.8, and 
2.4° respectively. Fig. 14,14 shows the packing of the 
molecules in the unit cell, viewed down the b-axis. The 
xylyl rings of one molecu'.e fit neatly into the gaps 
between the xylyl rings of adjacent molecules.
14.2.6 Structure of Mr .̂(CO)̂ (C N C ^ Me^-S. G) ̂ (VI)

The complex Mn^(CO)g(CNCgH^Meg-S,6)^(VI) is iso- 
morphous with the rhenium analogue, Re2(C0)6(CNC6H3Me2-2,6)4 
(IV) (Space group Pccn, Z = 4), which is not surprising in 
view Of the similarity of tho two complexes.

The molecular structure and the numbering system 
used in the crystal structure analysis is shown in 
Fig. 14.15. Bond lengths and bond angles are given in 
Tabiea 14,11 and 14.12 respectively.

Fig. 14.16 shows the packing of the molecules in the 
unit cell, viewed down the b-axis. The xylyl rings are 
are close to being coplanar, with angles between the mean 
planes through rings A and B (A1 and B’), A and B ’ (A1 and S), 
A and A1, and B and B 1, of 7.9, 7.4, 3.0 and 2.6° 
respectively. Slight structural differences between (VI) 
and (IV) are due to the shorter Mn-Mn and Mn-C bond 
distances relative to the Re-Re and Re-0 bond lengths.

Since the structure of (VI) is the same as that of 
(IV) in the crystal, this cannot provide an explanation of 
the spectral (IR, NMR) differences between the two 
compounds in solution.

..3 Structural Trends

One of the main aims in undertaking the crystal structure 
determinations was to obtain bond parameter data and to
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Figure 14.13: ORTEF"' view of the Ke2<CO>6(CNC6H3Ne2-2,6)d molecule

(ZV), showing the numbering system used (Re related 
to Re1 by a 2-Cold axis, generating the equivalent 
position (x-i, y-4, z) , and similarly for the other 
atoms).
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TABLE 14.9: Bond lengths (A) for Reg(CO)g(CNCgH^M@g-2,6)^(IV)
Re(x,y,z)-Re(%-x,/^-y, z)t 3.031(2)
Re-C(l) 1.968(20)
Re-C(2) 1.980(20)
Re-C(3) 1.924(21)
Re-C(4) 2.031(22)
Re-C(5) 2.027(18)
N(l)-C{6) 1.407(24)
C(6)-C(7) 1.391(26)
C(7}-C(8) 1.448(32)
C(8)-G(9) 1.413(35)
C(9)-C(10) 1.396(31)
C{10)-C(ll) 1.428(32)
C(ll)-C{6) 1,381(27)
C(7)-C(12) 1.524(33)
C(U)-C(13) 1.545(28)

C(l)-0(1) 1.038(21)
C(2)-0(2) 1.093(21)
C(3)-0(3) 1.174(23)
C(4)-N(l) 1.171(25)
C(5)-N(2) 1.161(22)
N(2)-C(14) 1.413(22)
C(14)-C(15) 1.438(29)
C(15)-C(16) 1.472(30)
C(16)-C(17) 1.395(34)
C(17)-C(ie) 1.263(37)
C(18)-C(19) 1.1472(35)
C£l9)-C(14) 1.396(19)
C(15)-C(20) 1.573(32)
G(19)-C(21) 1.485(34)



X ' ;

TABLE 14.10: Bond angles (°) for Re2 (C0)6{GNC6H3Me2--2,6)4(IV)

Re-C(l)-0(1) 172.8(19) C(l)-Re-C(2) 92.5(7)
Re-C(2)-0(2) 174.0(19) C(l)-Re-C(3) 95.5(8)
Re-C(3)-0(3) 175.7(20) C(l)-Re-C(4) 93.8(8)
RS-G(4)-N(1) 178.1(18) C(l)-Re-C(5) 92.6(7)
Re-C(5)-N(2) 174.2(18) C(2)-Rs-C(3) 90.2(8)
C{d)-N(l)-G{6) 177.0(20) C(2)-Re-C(4) 89.3(8)
C(5)-N(2)-G(14) 176.6(22) C(3)-Re-C(5) 67.2(8)
C(2)-Re-Re'a 86.6(8) C(4)-Re-C(5) 92.6(7)
C(3)-Re-Re'a 83.5(8) C(2)-Re-C(5) 174.5(7)
C(4)-Re-Re'a 87.3(8) C(3)-Re-C(4) 170.7(8)
C(5)-Re-Re'a 88.4(8) C(l)-Re-Re'a 178.5(8)
C(Z1)-C(6)-C(7) 124.8(18) C(19)-C(14)-C(15) 126.3(19)
C(6)-C(7)-C(8) 115.1(20) C(14)-C(15)-C(16) 114.6(19)
C(7)-C(8)-C(9) 120.7(23) C(15)-C(16)-C(17) 116.3(23)
C(8)-C(9)-C(20) 121.6(25) C(16)-C(l7)-C(18) 127.6(26)
C(9)-C(10)-C(n) 117.6(23) C(17)-C(18)-C(19) 121.5(27)
C{10)-C(ll)-C(6) 119.9(18) C(18)-C(l9)-C(14) 113.4(21)
C(l2)-C(7j~C(6) 120.9(20) C(20)-C(15)-C(14) 124.4(19)
C(12)-C(7)-C(8) 123.9(20) C(20)-0(15)-0(16) 120.8(20)
C(13)-C(11)-C{6) 120.6(19) C(21)-C(19)-C(14) 121.8(21)
C(13)-C(ll]-C(10) 119.5(19) C(21)-C(19)-C(18) 124.5(23)
N(l)-C(6)-C(7) 117.7(18) N(2)-C(14)-C(1S) 118.5(19)
N(l)-C(6)-C(ll) 117.5(17) N(2)-C(14)-C(19) 115.1(19)

Ro' is related to Re by a 2-fold axis, generating the equivalent 
position (i-x, i-y, 2).

(" ’ .

A —
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Figure 14.15; ORTEP** view of the Mn2<C0)g(CNG6>l3Me2-2,8)4
molecule (VI), showing the numbering system used 
(Mn1 related to Mn by a 2-£old axis genetacing the 
equivalent position (x-1, y-j, z), and similarly for 
other atoms),
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TABLE 14.11: Bond lenaths (?) for Mn2(C0)6(CNC6H3Me2-2,6)4(VI)

Mn(x,y,2 >-Mn(%-x
Mn-C(l)

%-y, Z) : 
1.80(2)

2.946(6)
C(l)-CiU) 1.15(2)

'Mn—C{2) 1.72(2) C(2)-0(2) 1.20(2)
Mn-C(3) 1.81(2) C(3)-0(3) 1.16(2) •
Mn-C(4) 1.90(2) C(4)-N(l) 1.15(2)
Mn-C(5) 1.90(2) C(5)-N(2) 1.17(2)
N(l)-C(6) 1.42(2) N(2)-C(14) 1.41(2)
C(6)-C(7) 1.35(2) C(14)-C(15) 1.41(2)
C(7)-C(8) 1.43(3) C(15)-C(16) 1.40(3)
C(8)-C{9) 1.38(3) C(16)-C(3.7) 1.40(3)
C(9)-C{10) 1.37(3) C(17)-C(18) 1.38(3)
C(10)-C{H) 1.43(3) C(18)-C(19) 1.44(2)
C(ll)-C(6) 1.39(3) C(19)-C(14) 1.42(2)

' $
C(7)-C(12) 1.54(3) C(15)-C(21) 1.48(3)
C(ll)-C(13) 1.53(3) C(iq)-C(20) 1.51(3)



TABLE 14.12: Bond angles (°) for Mn^(CO)6(CNCgHgMeg-a,6)4 (VI)

Mn-C(l)-0{1) 177(2) C(l)-Mn-C(2) 92.4(10)
Mn-C(2)-0(2J 179(2) O(l)-Mn-CO) 91.2(8)
Mn-G(3)-0(3) 173(2) G(l)-Mn-C(5) 88.6(8)
Mn-C(4)-N(l) 175(2) C(2)-Mn-C(3) 92.7(8)
Mn-C(5)-N(2) 17’’(2) C(2)-Mn-C(4) 92.5(9)
C{4)-N(l)-C(6) 172(2) C(2)-Mn-C(5) 96.0(8)
G(5)-N(2)-C(14) 179(2) C(3)-Mn-C(4) 88.3(8)
C(l)-Mn-Mn'a 85(1) G(4)-Mn-C(5) 91.2(7)
C(3)-Mn-Mn>a 81(1) C(l)-Mn-C(4) 175.1(9)
C(4}-Hn-Hn'a 90(1) C(3)-Mn-C(5) 171.4(8)
C(5)-Mn-Mn'a 00(1) C(2)-Mn-Mn'a 173(1)
C(ll)-C(6)-C{7) 123(2) C(19)-C(14)-C(15) 125(2)
C(6)-C(7)-Ci8) 118(2) G(14)-C(1S)-G(16) 115(2)
C(7)-C(8)-C(9) 119(2) C(15)-C(16)-C(17) 122(2)
C(8)-C(9)-C(10) 123(2) C(16)-C(17)-C(18) 123(2)
C(9)-C(10)-C(llj 118(2) C(17)-C(18)-C(19) 118(2)
C(10)-C(U)-C(ti) 119(2) C(10)-C(19)-C(l4) 118(2)
C(12)-C(7)-C(G) 121(2) C(21)-C(15)-C(14) 121(2)
C(12)-C(7)-C(8) 121(2) G(21)-C(15)-C(16) 124(2)
C(13)-C(ll)-C(6) 122(2) C(20)-C(19)-C(14) 122(2)
C (13)-C(11)-C(10) 119(2) C(20)-C(l9)-C(18) 120(2)
N(l)-C(6)-C(7) 119(2) N(2)-C(14)-C(15) 120(2)
N(l)-C(6)-C(ll) 118(2) N(2)-0(14)-C(19) 116(2)

a Mn' is related to Mn by a 2-fold axis, generating the equivalent 
position (|-x. 1-y, z).



see If any trends could be observed, relating to the 
structuiel effect (if any) of increasing isonitrile 
substitution.
14.3.1 The M-M bond length

Specifically, the effect of increasing isonitrile 
substitution on the metal-metal bond was of interest.
Since isonitriles are weaker e-acceptors than carbonyls,"1 
increasing isonitrile substitution would be expected to 
result in a weakening and hence a lengthening of the 
metal-metal bond.‘*,b As can be seen from the Re-Re bond 
length data given for a series of Reg(CO)^Q_^(CNR)^ (n = 0-4) 
complexes (Table 14.13a), there is a slight lengthening o;' 
the Re-Re bond with increasing n, but this only becomes 
significant at the n = 4 level, This effect is more 
apparent for the Mng(CO)^g_^(CNR)^ (n = 0,2,4) series 
(Table 14.13b), possibly due to the weaker Mn-Mn bond 
relative to the Re-Re bond (see section 12.2.1), or to 
steric effects (greater steric crowding with Mn). The 
inference is that the isonitrile ligands are not having as 
great an effect (in the ground state) of weakening the 
metal-metal bond as might have been anticipated. Htb

A lengthening of the metal-metal bond on increasing 
isonitrile substitution could also be expected on purely 
steric grounds in order to reduce repulsions between bulky 
isonitrile groups. For instance, as no significant bond 
lengthening is observed for the series R e ^ C O ) , n(CNR)n 
(n » 0-3), and the Re-Re-Ceq angles are acute i e. no 
bending out of CNR (or CO) ligands (see section 14,3.4), 
there seems to be little steric effect observed, except 
possibly for Reg(C0)g(CNCgH^Meg-2,6)^ ("fan-shaped'1 angle"' 
for CNC6KgMe^-2,6! 106° (wideness) and 53° (thickness)), 
where a lengthening of the Re-Re bond is observed.
14.3.2 The M-CO bond lengths

Studies of Mg(C0)^Q (M = Re,Mn) have shown that 
the ffl-COax bonds are shorter than the M-COecj bonds (see 
Table 14.14), implying stronger bending of axial carbonyls. 
However, when considering the aubatituted isonitrile



TABLE 14.13: Metal-metal bond length data for the complexes
M2(C0)lo_n (CNR)n (M = Re.MnJ n = 0-4)

U> M2lCO)1o„nM _ n - O'
Complex

Re2{CO)10
Re2(CO)g(CNBu^)

Be2 tC 0 )g (CNC6H3Me2- 2 ,6 ) 2

UeJCOlJcme}-

He9(C0)R(CNC6H3Me2-2,6)d

fn r. 0,2,4)(6) KycWio-mlaL
Complex

^ 2!CO)10

an..{C0)g{CNBut)2

Mn2(C0)6(CNC6il3Me2-2,6)

Re-Re Bond length(A) 

3.041(1)® 

3.046(1) 

3.047(1) 

3.049(1) 

3.081(2)

Mn-Mn b- id length(A) 

2.904(1)® 

2.924(1) 

2.946(6)

Ref. 158



derivatives, the possible effect of the isonitrile ligand 
on the trans carbonyl could also be important.13 z Since 
the isonitrile ligand is a poorer n-acceptor than carbonyl,^3 
it would be expected that the M-CO bond trans to an RNC 
ligand would be shorter than that trans to another CO.168

Although this effect is indeed observed for 
RCgCCOgCGNBu6), with Re-C(l) trans to CNBu* (1.916(18)A) 
significantly shorter than the av. value of the other 
Fe-COeq bonds (av. 1.983(20)8), this trend doea not continue 
for the ROg(C0)^g_^(CNR)^ (n = 2-d) derivatives (see Table 

14..14(a)). However, for the Re2(co)io-n(CNR)n (n = 1-3) 
complexes, the av. 8e-C0ax bond is significantly shorter 
than the av. Re-COeq (trans to CO or Gfl) bonds, es expected 
(vide supra). However, for Se2(CO)^(CNCgH^'e^-2,6)^, the 
Re-COax bord (1.968(20M) is longer than the av. Re-COeq 
(all trans to CM) bonds (av. 1.952(20)8), indicative of 
a strong trans effect of the isonitrile ligands.113 The 
Re-CN bond lengths are relatively constant for the series 
Re3 (CQ)io_n(CNK)n (n = 1-4) (see Table 14.14(a)).

For the Mn2(C0)10_n (CNR)n (n = 2,4) complexes, 
the Hn-COax bond lengths are significantly shorter than 
the Mn-COeq (trans to CO or CN) bonds (Table 14.14(b)).
This effect is more pronounced than In the parent Mn..(CQ)1C|!5 
In the case of Mn^COglCNBu6)^ the Mr:-CO (trans to CN) 
bonds (av. 1.814(5)A) are shorter than the Mn-CO (trans 
to CO) bonds (av. 1.841(5)%), as expected (vide supra).
14.3.3 Molecular conformation

In all the structures discussed (I-Vt), the 
molecule adopts a staggered conformation, like the parent 
carbonyls, MgfCO)^ (K = Re, Mn),’le with C-M-M-C 
torsional angles close to the ideal 45°. (Torsional 
angles of structures (Z)-(VI) are listed in Appendix 0).
A staggered conformation is expected to minimize 
repulsions between equatorial ligands.111

The axC-M-M-Cax fragement is essentie y 
linear, as evidenced by M-M-COax bon'? atigles of ca. 177°



TABLE 14.Id: Average M-C bond length data for the complexes
MyCCOj.- (CNR) <M = Re,Mn; n = 0-4)

(=) SSaiC0i1(
Complex

(CNR), (n =

Re-C bond longth(rt)

ge-COax Re-COeq Re-CN

trans to CO trane toCN

R.^{CO)g(CNBut) 

Re2(C0)g(CNC6H3Me2-2,6)2 

Re2 (CO)7{CNMe)3b

Re2(C0)6 (CWC6H3Me2-2,6)4 1,968

(b) M n - K O L .  .(CNR)., (n = 0,2,4)

1.929(7) 1.987(6)

1.902(19) 1.983(20)

1.924(6) 1.976(6)

1.889(16) 1.927(16)

1.916(18) 2.068(15)

1.975(7) 2.050(6)

1.929(17 ) 2.070(1.«)

2.124(17)° 

1.952(20) 2.029(20)

av. Mn-C bond xength(^)

M«g(C0)^

Mn2(C0)8(CNBut)2

Mn2(CO)5(CNC6H3Me2-2,6)4

Mn-COax Mn-COoq Mn-CN

trans to CO trans to CN 

1.811(3) 1.856(2)

1.784(5) 1.841(5) 1.814(5) 1.944(4)

1.72(2) - 1.81(2) 1.90(2]

k Disordered strvoturu 

c av. for disordered MeNC ligand



14.3.4 C-M-C and M-M-Ceq bond angles

In structures (I)-(VI), all the C-M-C angles are 
close to 90®, but significantly, the axC-M-Ceq angles are all 
greater than 90°, while the eqC-M-Ceq angles are ca. 90°.
(See Table 14.16). This is true whether the equatorial 
ligand is a carbonyl or isonitrile ligand. Hence the ligands 
are all bending slightly inwards towards the M-M bond. This 
is also reflected in the acute M-M-Ceq angles (ca. 86°)
(see Table 14.15). Simi'ar trends were observed for

VC°)io (H = Re.Mn).'""'
This is thought to be a genuine electronic effect, 

and has been rationalized by Elian and Hoffmann on the 
basis of MO Theory. From a consideration of energy level 
diagrams, theoretical predictions indicate that the 
energetically most favourable geom"Ty corresponds to an 
eqC-M-Cax angle of slightly greater than 90°, at which 
point Ti-interaction is maximized, and anM-bonding interaction 
minimized.

The consistency of the axC-M-Ceq (93-'""'°), eqC-M- iq 
(ca. 906) and M~M-Ceq (85-88°) bond angles for the series 

M2 (C0 )10-n*CNR>n (M = Re' n = 0-4: M = Mn, n = 0,2,4) (see 
T ibles 14.15-16), indicate that this effect is genuine.
Also sa TJificant is the observation that the M-M-CN angles 
are less than 90° ;"or these structures (Table 14.15). Since 
isonitriles such as CNCfiH3Me2-2.6 ("fan-shaped" angles*"
106° (wideness) and b3° (thickness)) have greater steric 
bulk than CO (cone angle ca, O '1;833 this estimate, however, 
seems too large) this wnuld indicate that any steric 
factors are less important than electronic factors in 
determining the direction of the bending of the equatorial 
ligands. Again no structural effect of increasing isonitrile 
substitution ii apparent.
14.3.5 M-C-0, M-C-N and C-N-C bond angles

In all the structures (I-VI), both the carbonyl 
and the isonitrile ligands co-ordinate in an essentially 
linear fashion, with M-C-0 and M-C-N bond angles all in the 
range 170 179“ (see Table 14.17). Near-linearity of



TABLE 1.4.3,5: Average M-M-C bond angle data (°) fur the complexes

M2̂ CO)10 n(CNR)n (!a) M = Re' n = °-4 i (b> M = Mn,
n = 0,2,4)

Complex M-M-COax M-H-COeq M-M-CN

(a)
Rea(C0 )iOfl 176.3(2) 86.4(2) -

Re2{C0)g(CNBut ) 177.0(6) 86.8(5) 87.5(4)

Re2(C0)8(CNC6H3Me2-2,6)2 177.9(2) 86.2(1) 88.2(1)

Re2(GO)7(CNMe)3b 178.8(5) 84.8(4) 86.3(4)

Re2fCO)6(CNC6H3Me2-2,6)4 278.5(8) 85.1(8) 87.9(8)

(b)

Nn2(C0 )i0a 177.03(9) 86.38(7) -

Mn2(C0)8(CNBut )2 176.4(2) 84.5(1) 90.0(1)

Mn2(CO)6(CNC6H3Me2-2,6)4 173(1} 83(1) 90(1)

a Ref. 158

^ Disordered structure



TABLE Id.16: Average cis C-H-C bond angle data (6) for the complexes

M2(C0 )10-n(CNR)n <(a) M = Re> n =■ °-di M = Kn , 
n = 0,2,4)

Complex axCQ-M-COeq axCO-M-CN eqCO-W-COeq eqCO-M-CN CN-M-CN

(a)
Re2(C0)10a 93.7(3) - 89.8(2)

Re2(CO)g(CNBu^) 93.3(8) 92.1(6) 89.8(8)

Re2(00)8 (CNC6-
H3Me3-2,6)2 94.1(2) 91.1(2)

Re2 (C0 )7(CNMe)3b 95.7(7) 93.3(6)

Re2 (C0)6 (CNC6-
H3Me2-2,6)4 94.0(8) PS.8(8)

89.8(6)

89.9(7)

88.8(2)
90.1(6) 86.7(5)

88.3(8) 92.6(7}

(b)

Mn2(C0)lo® 93.65(11) 

Mn2(C0)g(CNBu*)2 94.5(2) 93.2(2)

Mn-(CO)-(CNCfi-
H„Me.-2,6). 92.6(9) 94.3(9)

89.79(10)

89.7(2) 91.2(2) 86.1(2)

88.5(8) 91.2(7}

a Ref. 158

b Disordered structure



M-C-R bonds for M(CR)n (R = 0 ,N, n>l) groups has been 
predicted on electronic grounds, 39

The observation that deviations from linearity are 
not greater for the M-C-N bonds than for the M-C-0 bonds 
(see Table 14.17), nor indeed do more highly substituted 
complexes show any greater distortions, is indicative of 
the apparent lack of any noticeable effect of the steric 
bulk'" of the isonitrile ligands on the molecular geometry.

Further, the isonitrile ligands themselves show only 
small deviations from linearity, the C-N-C angles being 
generally in the range 170-180° (see Table 14.17). This 
slight deviation from linearity is normal for termi 
isonitrile ligands (isonitriles with C-N-C angles >. 
are considered to be essentially linear ,b). Individual 
isontrile ligands which show slight deviations from 
linearity (eg. (II): CN(2)-N(2)-C(9): 166.1(5)°; (III): 
C(8 )-N!')-C(llA): 170.4(22)-’) probably reflect the influence 
of crystal packing forces. A greater bending of the 
isonitrile ligands in the more highly substituted complexes 
is not observed.
14.3.6 Packing

The role of crystal packing forces in determining 
structure should not be neglected. In the case of 
R@2(^0)g(CNCgHgMeg-2,6)^(1!) (see section 14.2.2) and 
Rc2 (C0 )6(CNC6H3Me2-2,6)i,(IV) (see section 14.2.5) (and the 
Inomorphous Kn^(CO)g(CNCgHgMeg-2 ,6 )̂ (VI), section 14.2.6), 
the conformation adopted in the crystal, as well as the 
relative orientation of the xylyl rings, j= probably 
determined largely by the influence of pacamg forces.
(See packing diagram of (II), (IV) and (VI), Figs. lu.B, 
14.14 and 14.16 respectively.) For the tri-substituted 
Re^tCOJytCNMeJg, the conformation adopted in the crystal, 
(Illc) (Fig. 14.3)^is probably favoured over the other 
possible conformations (Ilia) and (Illb) (Fig. 14.3) due to 
packing considerations. In solution all isomers probably 
co-exist.

Packing forces could also be responsible for small



TABLE 14.17 Average bond data (6) for the M-C-O, M-C-N and C-N-C
bond angles of the complexes M2 Ĉ0 ^lQ-n^CNR^n M a 

Re, n = 0-4; (b) M = Mn, n = 0,2,4)

M-C-Oax M-C-Qeq M-C-N
(a) „
Re>1(CO)10 177.5(7) 178.0(5)

Re2(CO)g(CNBut l 177.0(17) 175.9(17) 175.5(13)

Re2 (C0)8(GNCeH3Me2-2,6)2 177.0(5) 178.3(5) 177.4(5)

R«2 (C0)7(CNMe)3b 173.7(16) 178.8(13) 177.9(13)

174.1(14)C

R6g(‘' 172.8(19, 174.3(20) 176.3(16)

(b)
Mn2 (C0)i0a 179.21(27) 177.89(23) -

Mn2(C0)8(CNBut)2 176.1(5) 177.9(4) 177.6(4)

Mn-(CO) (CNC H.Me -2,6) 179(2) 175(2) 176(2)

3 Ref. 158

^ Disordered structure 

c av. for disordered MeNC ligand

C^hC

175.7(18)

171.0(5)

176.5(15)

171.3(22)°

176.8(21)

176.7(4)

176(2)



deviations in geometry, For example, non-bonded 0...0 
interactions could result in M-C-0 bonds deviating from 
linearity by 5-10". Hence deviations from ideal geometry 
might occur in order to achieve close-packing.

14.4 Relating structure to chemical reactivity

Investigations of the reaction (14.1) of Re2(C0)10 with 
RNC to give products Rc ^CO) C N R ( n  = 1-4) (see ch. XI).

Rea(C0)l0 * nSMC Re2(C0)lv_n(CNR)n * nCO (14.1) 

showed that
(ii reaction proceeds more slowly as n increases, and
(ii) direct substitution with n>4 could not be achieved 
(except perhaps for R = 2,6-MegCgH^).
This can be explained in terms of
(i) increasing electron density on the metal atom, and
(ii) a fifth RNC ligand would have to occupy an electronically 
less favourable equatorial trans to RNC, 101 or axial159

^ C O  labelling studies havg shown that for the thermal 
<80°, 4h) and Pd/C (10%) catalysed (25*0, 10 min) reaction
(14.2), ana the PdO-catalysed (55eC, 5 min) reaction
(14.3) (see oh. XI),

M n ^ C O ) ^  + V iNC ----- Mna(C0)Q(CNBut) ♦ CO (14.2)

Re2(C0 )i0 «- tBuNC -  Rea(CO)g(CNBu^) + CO (14.3)

no metal-metal bond cleavage occurs. However total 
scrambling was observed for the Mna(CO)1g__n(CNBut)n (n = 2,3)
products also formed in the thermal reaction (14.2). 9"
Hence an alternate mechanism for the synthesis of the higher 
derivatives,M2(C0 )10_n(CNR)n (n>l),involving metal-metal 
bond cleavage cannot bo ruled out on the basis of available

An interesting result is that of the different substitu­
tion geometries observed for the M2(CO)Q(CNR)2 structures, 
viz. l,2-cis-dieq-Re2(CG 8 (CNCgH3Me2-2,e,2 and 1,1-cis-dieq- 
Mn2(C0)g(CNBut:)2 . This latter isomer might be expected to 
be the electronically favoured product in a direct 
substitution reaction not involving metal-metal bond 
cleavage, in accordance with the so-calleo cis-lablllzation



effect.161 However, kinetic studies125 on the PdO-catalySed 
reaction (14,4) at 26°C in benzene,

Mn2(C0)lc| + aUi^NC ---► Mn2(C0)8(CN8ut)2 * 2C0 (14.4)

have shown the 1,2-isomer (laomer(B), Fig. 11.5) is formed 
first. The 1,2-isomer (B) can be isomerized to the 1,1- 
iaomer (A) (Fig. 11.5) on heating. (Ratio of B:A, 3:1 
(benzene); 1:1 (hexane)). These results show that cis- 
labilization is not necessarily implicated in the reaction 
of Mn2<C0)10 with RNC ligands. Further, isomer (A) reacts 
faster than isomer (8) with RNC to give 1,1-cis-dieq, 2-eq- 
Mn2(CO)?(CNSut:)3, which is the opposite to the expected 
result in terms of the cis-labilization effect. The reaction 
of both the isomers (A) and (B) to give the tri-substituted 
product is faster than the isomerization of (B) to (A).

In the case of the analogous reaction (14.5) with Re2-

<CO)l0 ,»*

Re2(CC)10 * SBu^NC ----   Re2(C0)8(CNBut)2 + 2C0 (14.5)

only isomer (B) is formed, and isomerization to isomer (A) 
cannot be achieved even on extended heating at 125»C.
Hence there would appear to be a substantial barrier to 
the isomerization reaction (B) to (A) for Re2(C0)g(CNBut)2 . 
This is supported by the inability to convert isomer (A) to 
(B),1 s1 isomer (A), (CO)̂ Re-Re(CO)g(CNBu^)2, being prep., 
indirectly from the reaction of NaRe(C0)5 with Re(CO)g-

From the above kinetic results it is apparent that the 
differences in the Ma(CO)Q(CNR)2 (M •- Re, Mn) structures 
determined reflect the kinetics of the reaction of 
M2(C0)iQ with RNC ligands.

14.5 Experimental

14.5.1 Data collection

The synthesis of the complexes Re2(C0)g(CNBut)(I), 
Re2(C0)6 fCNC6H3Me2-2,6)2(II), Re2fOO>7(CNMe)3(III> and 
Re2(ro)6(CNC6HgMe2-2,6)4 (IV) is described in ch. XI, and of 
Mn2(CO)Q(CNBut)2(V) and Mn2(C0 )6 (CNCQK3Me2-2 ,6 )4(VI) in 
Ref. 220. Crystals of the complexes were grown under



nitrogen at 20°C fr in solutions of dichloromethane-hexane 
(I,II,IV) or benzene-hexane (III), or from deoxygenated 
pentane solutions at -5°C (V,VI).

In each case, preliminary investigation was done 
using standard Weissenbere and precession photography.
Refined cell constants were obtained during data collection 
on a Philips PW1100 four-circle diffractometer at 20°C1 
using either MoK0 (I,II,III,V and VI) or CuKa (IV) graphite- 
monochromated radiation (see Appendix 8(d) for details).
Lorentz and polarization corrections were applied in all 
cases. For the rhenium structures (I-IV), the data was 
corrected for absorption using the computer program DIFA8S, 
an empirical method for correcting diffractometer data for 
absorption effects, written by N. Walker and D. Stuart,2,73 
and adapted by G. Kruger.21^

Crystal data and details of the data collections and 
structural analyses are summarized in Tables 14.18 (T-IV) 
and Id.19 (V and V7'. Definitions of the crystallographie 
R-indices used are given in Appendix B(f).
14.5.2 Structure solution and refinement

The structurtrs were solved and refined using the 
program SHELX82. 6a The metal etom(s) were placed by a 
Patterson synthesis, and the positions of the other non­
hydrogen atoms, and hydrogen atoms, if located (V only), were 
found by difference Fourier syntheses. Refinement of 
positional parameters of all atoms, and anisotropic temperature 
factors For the non-carbon (II~IV,VI) or non-hydrogen (V) 
atoms, was done by full-matrix least-aquaree methods, end was 
conQidereti complete when all parameter shifts were les khan 
0.5a. Scattering factors for Re(0) and Mn(0) were taken 
from "International Tables for X-ray Crystallography", 13 
and anomalous dispersion corrections 0 were made for the 
rhenium un;l manganese atoms. Final fractional atomic 
co-ordinates, together with isotropic temperature factors for 
the carbon (I-IV,VI) or hydrogen (V) atoms for structures 
(I)-(VI) are given in Tables 14.20 to 14.25 respectively, and 
anisotropic temperature factors for the non-carbon (I-IV,VI) 
or non-hydrogen (V) atoms in Tables 14.26 to 14.31







TABLE 14.19: Crystal data and details of structure analyses for 
the Mn (C0}.n (CNR) (n = 2,4) complexes (V,VI)

Complex
Formula

Mn,_(CO)g(CNGu )g 
Mn_C.0K.oN„0q

M''2 (CO)6 (CNC6H3«e2- 2 , 6 ) 4 

MnyC<1oH „ N >l0R "

Colour, shape

Crystal dimensions (mm) 
Space Croup
m(X)
b(A)
c(A)
a(°)
g(°)
T(')
U ( & )

yellow, rect­
angular 

0.17x0.16x0.13 
P21/n (No. U b) 
20.535(8) 
12.291(5) 
9.289(4)

90.38(3)

orange, rectangular

0.16x0.16x0.14 
Peon (No. 56) 
13.895(6)
11.131(4)
26.125(10)

F(000)
Dc(gcm 3) 
ytcrn-1)
1(A)
Scan mode 
Range (*)
Scan width (°)
Scan speed (“sec”1)
Range of h,k,6 
Measured intensities 
Unique reflections 
Internal consietency R-index 
Omitted reflections 
Cut-off criterion

0.7107(MoKa)
ieV2e
3-8-26
0.60

+h,+k,+«

0.0000

1555,97
1.32

0.7107(MoKo)
01/28
3Se-26

+h,+k,+<

Unit weights used

Cell choice 2 ("International Tablna for Crystallography Vol. 
Space Group Symmetry", T. Hahn (Ed.), D. Reidel Publishing Co., 
Dordrecht, Holland (1983), p 177).



respectively. Appendix D contains a listing of the 
Structure Factors.
14.5.3 Refinement problems with Mn̂ .(CO)^(CNC^.H^Me^-2,6 ) VI) 

Problem was experienced with the refinement of (VI). 
Initially a data set was collected under CuKo radiation 
(X = 1.5418A). The structure was solved using this data 
set ( 283.’ unique reflections), but refinement of the 
structure below an R-valuw of 0.19 could not be achieved. 
Data was re-collected, .'uin; ‘-|c,: •. radiation (>. = 0.7107A). 
With this new data set ( 2690 unique reflections), 
refinement of the structure could proceed. •. *»- 
refinement below an R-value of ca. 0.17 could only be 
achieved after omitting all reflections (1111) with F<2oF. 
The final R-value of the refined structure was 0.1320. At 
this stage, all parameter shifts were less than O.So, and 
there was no residual electron density. Inability to refine 
the structure further could be due to (1) a too small 
an effective data set (1579 unique reflections), (ii) a 
poor data set due to inferior quality crystals, or
(iii) compound deterioration before data collection 
(crystal decomposition during data collection was not, 
however, observed).



TABLE 14.20: Final atomic co-ordinates, and isotropic temperature
factors of the C-atoms, for Re2(C0)g(CNBut)(I)

Atom S/S l/o 5/0

Re{l) 0.3693(0) -0.1472(0) -0.2293U)
Red) 0.223"10) -0.0962(0) -0.1769(1)
0(1) 0.2949(8) -0.2931(7) -0.3315(11)
0 (2) 0.5176(7) -0.2018(7) -0.4099(10)
0(3) 0.2896(8) -0.091187) -0.5146 dO)
0(4) 0.4277(9) -0.1994(9) -0.0735(12)
0(5) 0.2237(8) -0.2496(8) -0.0697(11)
0(6 ) 0.1240(7) -0.1643(6) -0.3690(11)
0(7) 0.0842(8) -0.0405(8) -0.0524(11)
0(8) 0.2476(6) 0.0439(7) -0.3101(11)
0(9) 0.3443(7) -0.0385(7) -0.0154(9)

0.4350(7) 0.0136(7) -0.2579(11)
0(1) 0.3191(9) -0.2397(10) -0.3195(14) 0.053(5)
0(2) 0.4633(10) -0.1787(9) -0.3690(15) 0.052(5)
0(3) 0.3197(10) -0.1090(10) -0.4428(17) 0.057(5)
0(4) 0.4082(10) -0.1306(10) -0.1575(17) 0.060(5)
0(5) 0.2223(11) -0.1928(11) -0.1073(16) 0.067(5)
0(5) 0.1539(12) -0.1428(11) -0.2962(17) 0.079(6)
0(7) 0.1368(11) -0.0636(11) -0.1000(16) 0.071(6)
0(3) 0.2375(10) -0.0081(10) -0.2573(15) 0.051(5)
0(9) 0.2992(11) -0.0576(10) -0.0760(16) 0.065(6)
0(10) 0.4146(8) -0.0443(8) -0.2706(12) 0.036(4)
0(11) 0.4627(11) 0.0886(10) -0,2327(16) 0.068(5)
0(12) 0.5457(24) 0.0877(23) -0.1941(31) 0.250(20)
0(13) 0.4272(21) 0.1419(18) -0.3087(26) 0.194(14)
0(14) 0.4231(27) 0.1084(26) .0.3132(39) 0.276(23)



TABLE 14.21: Final atomic co-ordinates, and Isotropic temperature
factors of the C-atomt, for Re2(C0 )8 '(CNC6H3Me2-2 ,

Atom 2/2 m u

Re(l) 0.3591(0) -0.2532(0) -0.0150(0)
Ret2) 0.1661(0) -0.1993(0) -0.0172(0)
Nil) 0.3659(5) -0.4271(9) -0.2913(8)
N(2) 0.0923(5) -0.2582(9) 0.2985(8)
0(1) 0.4388(5) 0.0250(9) -0.1890(9)
0(2 ) 0.5479(4) -0.3179(9) 0.0029(8)

0(3) 0.2543(5) -0.5381(8) 0.1347(7)
0(4) 0.3248(5) -0.0727(9) 0.2497(8)
0(5) 0.1273(5) -0.5267(8) -0.0846(9)
0(6) 0.2334(5) 0.1202(8 ) 0.0551(8)
0(7) 0.2449(5) -0.1250(8/ -.0.3191(7)
0(8) -0.0316(4) -0.1566(8) -0.0144(8)
CN(1) 0.3619(6) -0.3657(10) -0.1902(10) 0.048(2)
CN(2) 0 .1201(6) -0.2407(10) 0.1858(10) 0.051(2)
COll) 0.4097(7) -0,0743(12) -0.1234(10) 0.060(3)
C0(2) 0.478517' -0.2925(11) -0.0091(10) 0.060(3)
COO) 0.29171a) -0.4323(12) 0.0820(10) 0.054(3)
C0(4) 0.3391(7) -0.1372(12) 0.1534(11) 0.064(3)
C0(5) 0.1420(6) -V.4063(12) -0.0586(10) 0.054(3)
C0(6) 0.2076(6) 0.0065(12) 0.02"R(10) 0.056(3)
00(7) 0.2163(6) -0.1522(11) -0 .2W 2(ll) 0.057(3)
C0 (8) 0.0418(7) -0.1711(11) -0.0135(10) 0.059(3)
C(l) 0.3652(6) -0.5109(11) -0.4124(10) 0.051(2)
C(2) 0.3346(7) -0.6574(12) -0.3946(11) 0.0690)
CO) 0.3335(8) -0.7459(14) -0.5155(13) 0.092(4)
C(4) 0.3663(9) -0.6696(15) -0.6388(13) 0.097(4)
C(5) 0.3979(7) -0.5295(13) -0.6546(11) 0.075(3)
C{8) 0.3984(7) -0.4386(12) -0.5377(11) 0.072(3)
C(7) 0.3029(7) -0.7330(13) -0.2585(11) 0.076(3)
0(6) 0.4292(8) -0.2778(14) -0.5409(12) 0.088(4)
C(9) 0,0401(6) -0.2632(11) 0.4344(10) 0.060(3)



TABLE 14.51: Final atomic co-ordinates, and isotropic temperature
factors of the C-etoms, for Be2(CO)g(GNCgH3Me2-2 ,6)2(II) 
(Contd)

Atom x/5 %/k 7/C U(A' )

C(10) -0.0419(7) -0.2003(u2) 0.<" 367(11) 0.075(3)
C(ll) -0.0917(8) -0.2064(14) 0.6053(12) 0.086(4)
C(12J -0.0636(8) -0.2734(14) 0.6959(12) 0.088(4)
0(13) 0.0169(8) -0.3395(14) 0.6665(12) 0.086(4)
0(14) 0.0737(7) -0.3304(12) 0.5266(11) 0.067(3)
0(15) 0.1629(7) -0.3993(13) 0.4828(11) 0.079(3)
0(16) -0-0732(8) -0.1300(14) 0.3639(13) 0.093(4)



TABLE 14.22: Final atomic co-ordinates, and isotropic temperature
factors of the C-atoms, for fiegfCCO^CNMe^dll)

x/a y/b z/c U(?j
Re(l) 0,3462(0) 0.3410(0) 0.2501(0]

0.1060(0) 0.4333(0) 0.2499(1)
0 (1, 0.5907(10) 0.2467(10) 0.2489(13)
0 (2 ) 0.1745(11) 0.1889(7) 0.2470(13)
0(3) 0.4633(10) 0.5131(9) 0.2486(16)
0(5) -0,1363(10) 0.5293(9) 0.2472(15)
0 (6 ) 0.0208(13) 0.3164(9) 0.0446(12)
0(7) 0.0213(12) 0.3175(9) 0.4541(13)
N(2) 0.2315(10) 0.5527(8) 0.4556(11)
N(3j 0,2327(10) 0.5564(9) 0.0433(11)
N(l)a 0.3377(12) 0.3453(10) -0.0470(13) 0.014(2)
N(4)a 0,3337(12) 0.3432(10) 0.5454(13) 0.014(2)
C(l) 0.495J(13> 0.2799(10) 0.2527(14) 0.063(4)
C(2) 0.2392(12) 0.2469(10) 0.2478(14) 0.056(4)
C(3) 0.4206(13) 0.4498(11) 0.2488(15) 0.061(4)
C(4) 0.3314(14) 0.3455(11) 0.4479(16) 0.073(5)
0(5) -0.0395(14) 0.4999(11) 0.2464(15) 0.066(4)
C(6 ) 0.0511(13) 0.3627(10) 0.1234(14) 0.059(4)
C{ 7) 0.0541(13) 0.3612(11) 0.3776(15) 0.063(4)
C(8 ) 0.3349(14) 0.3437(11) 0.0524(16) 0.076(5)
C(9) 0.1844(10) 0.5138(8) 0,3808(11) 0.039(3)
CflO) 0.1886(11) 0.5142(10) 0.1155(13) 0.051(4)
C(llA)a 0,3489(23) 0.3337(19) -0.1779(25) 0.052(5)
C(llB)a 0.3455(23) 0.3299(19) 0.6754(25) 0.052(5)
0 (12) 0.2914(15) 0.6073(12) 0.5448(16) 0.078(5)
C(13) 0.2931(15) 0.6101(12) -0,0432(16) 0.079(5)

Disordered isonitrile: Atoms N(l), N{4), C(11A) and C(11B) have
a.o.f. of 0.5; Atoms N(l) and N(4), and C(HA) and C(1ZS), 
assigned common isotropic temperature factors.



TABLE 14.23: Final atomic c 
factors of th<

ates, and isotropic temperature
IS, for R=2(CO)6 (CNC6H3Me2-2,6)„(IV)

*/* */b a/e m i

0.1394(1) 0.2342(1) 0.6076(0)
N(l) 0.1248(11) 0.4887(16) 0.6599(6)
Ni.2) 0.1333(11) 0.3320(20) 0,4946(5)
0(1) -0.0774(11) 0.1845(17) 0.6081(5)
0(2) 0.1684(12) 0.1326(19) 0.7143(5)
0(3) 0.1819(13) •0,0077(14) 0.5577(5)
0(1) -0.0015(14) 0.2098(15) 0.6082(6) 0.049(4)
0(2) 0.1549(13) 0.1637(17) 0.«) ’58(7) 0.059(5)
0(3) 0.1697(15) 0.0845(19) 0.51 "0(8) 0.064(5)
0(4) 0.1309(15) 0.3905(19) 0.6401.7) 0,063(5)
0(5) 0.1371(13) 0.3024(16) 0.5366(71 0.052(4)
0(6 ) 0.1228(13) 0.6002(17) 0.6835(7) 0.056(5)
0(7) 0.1173(15) 0.6030(20) 0.7361(3) 0.067(6)
0 (8 ) 0.1178(18) 0.7201(23) 0,7582(10) 0.089(8)
0(9) 0.1164(18) 0.8218(24) 0.7272(10) 0.089(7)
0 (10) 0.1227(16) 0.8138(23) 0.6745(9) 0.080(6)
0(11) 0.1246(14) 0.6984(19) 0.6526(7) 0.058(5)
0(12) 0.1171(18) 0.4894(26) 0.7670(10) 0.099(8)
0(13) 0.1226(16) 0.6851(23) 0.5944(9) 0.077(6)
0(14) 0.1327(14) 0.3623(18) 0.4427(7) 0.060(5)
0(15) 0.1449(15) 0.4847(20) 0.4290(8) 0.070(6)
0(16) 0.1406(17) 0.5085(23) 0.3743(10) 0.086(7)
0(17) 0.1342(17) 0.4100(24) 0.3427(10) 0.086(7)
0(18) 0.1265(20) 0.3030(30) 0.3556(10) 0.099(8)
0(19) 0.1260(15) 0.2674(19) 0.4092(9) 0.066(6)
0 (20) 0.1540(18) 0.5888(23) 0.4682(10) 0.092(8)
0 (21) 0.1082(20) 0.1451(26) 0.4273(10) 0.102(9)

,K



TABLE 14.24(a): F.lnsl atomic co-ordinates of the r
Mng(CO)fl(CNBut) (V)

;-H atoms for

Atom %/a y/b

Mn(l) 0.1180(0) 0.3937(0) 0.4005(1)
Mn(2) 0.1375(0) 0.2059(1) 0.2125(1)
N(l) 0.0292(2) 0.2591(3) 0.6014(4)
N(2> 0.2298(2) 0.3125(3) 0.5985(4)
0(3) 0.0998(2) 0.5944(3) 0.5652(4)
0(4) 0.0071(2) 0.4510(3) 0.2073(4)
0(5) 0.2092(2) 0.5108(3) 0.2090(4)
0(6) -0.0061(2) 0.1786(3) 0.2330(5)
0(7) 0.1559(2) 0.0095(3) 0.0333(5)
0(8) 0.1203(2) 0.3645(3) -0.0285(4)
0(9) 0.1521(2) 0.0868(3) 0.4897(4)
0(10) 0.2780(2) 0.2666(3) 0.2221(5)
0(1) 0.0615(2) 0.3083(3) 0.5244(5)
0(2) 0.1890(2) 0,3428(3) 0.5219(5)
0(3) 0.1067(2) 0,5144(4) 0.5032(5)
0(4) 0.0493(2) 0.4272(4) 0.2816(5)
0(5) 0.1743(2) 0,4632(3) 0.2822(5)
0(6) 0.0488(2) 0.1911(4) 0.2266(5)
0(7) 0.1494(3) 0.0867(4) 0.1055(5)
0(8) 0.1270(2) 0.3042(4) 0.0652(6)
0(9) 0.1464(2) 0.1374(4) 0.3863(5)
0(10) 0.2245(2) 0.2444(4) 0,2208(5)
0(11) -0.0095(2) 0.1954(4) 0.7001(5)
0(12) 0.0363(4) 0.1165(8) 0.7777(11)
0(13) -0.0424(5) 0,2743(8) 0.8040(11)
0(14) -0.0610(4) 0.1347(8) 0.6106(10)
0(15) 0.2788(2) 0,2655(4) 0^6953(5)
0(16) 0.3024(6) 0,3614(8) ' 7380(11)
0(17) 0.3305(5) 0.2138(1?' >31(10)
0(18) 0.2444(3) 0.1827(fa, 884(9)



TABLE 14.34(b); Final atomic co-ordinates and isotropic temperature
factors of the Hydrogen atoms, for Mng(CO)g(CMBu^)g(V)

Atom x/a y/b z/c Uifo

H (i2a ; 0.060(5) 0.163(8) 0.331(10) 0.21(5)
HU2B) 0.008(3) 0.079(5) 0.852(6) 0.97(2)
H(12C) 0.047(4) 0.066(7) 0.701(10) 0.20(4)
H(i3A) -0.012(3) 0.305(6) 0.849(7) 0.11(3)
H(13B) -0.086(5) 0.286(8) 0.729(11) 0.24(5)
H(13C) -0.062(4) 0.219(6) 0.875(8) 0.17(3)
H(14A) -0.083(4) 0.101(6) 0.530(8) 0.15(4)
H(14B) -0.027(3) 0.088(5) 0.552(7) 0.13(3)
H(UC) -0.088(3) 0.095(5) 0.677(6) 0.11(2)
H(2SA> 0.275(7) 0.338(11) 0.899(14) 0.34(7)
H(16B) 0.334(4) 0.406(7) 0.702(10) 0.2C(4)
H(16G) 0.332(3) 0.340(5) 0.828(7) 0.10(2)
H(17A) 0.311(3) 0.151(5) 0.577(8) 0.13(3)
H(173) 0.362(3) 0.193(6) 0.651(7) 0.12(2)
H(17C) 0.346(4) 0.272(7) 0.532(6) 0.16(3)
H(1BA) 0.278(4) 0.151(6) 0.861(8) 0.14(4)
H(1BB) 0.244(4) 0.134(6) 0.715(9) 0.16(4)
H(18C) 0.209(4) 0.221(5) 0.843(8) 0.16(3)



TABLE 14.25: Final atomic co-ordinatea, and isotropic temperature
factors of the non-C atoms, for (CO)g(CNCgH^Meg-Z,6)^(VI)

x/a v/b z/c U(AZ)

0.1443(2) 0.2607(2) 0.6082(1)
Nil) 0.135(1) 0.163(1) 0.499(1)
N(2> 0.128(1) 0.012(1) 0 658(1)
0(1) 0.165(1) 0.362(1) 0.712(1)
0(2) -0.062(1) 0.315(1) 0.608(1)
0(3) 0.183(1) 0.499(1) 0.562(1)
0(1) 0.159(1) 0.321(2) 0.672(1; 0.062(5)
0(2) 0.021,1) 0.291(1) 0.608(1) 0.061(5)
0(3) 0.174(1) 0.404(1) 0.580(1) 0.052(5)
C( . ) 0.140(1) 0.195(1) " 541(1) 0.059(5)
0(5) 0.134(1) 0.105(1) 538(1) 0.053(4)
0(6) 0.132(1) 0.14K- 0.446(1) 0.063(5)
0(7) 0.120(1) 0.234(2) 0.413(D 0.072(6)
0(8) 0.121(1) 0.210(2) 0.360(1) 0.087(7)
0(9) 0.131(2) 0.093(2) 0.343(1) 0.101(8)
0(10) 0.143(2) -0.002(2) 0.376(1) 0.096(7)
0(11) 0.142(2) 0.023(2) 0.430(1) 0.081(6)
0(12) 0.109(2 0.383(2) 0.434(1) 0.087(7)
0(13) 0.155(2) -0.082(2) 0.467(1) 0.095(8)
0(14) 0.122(1) -0.100(2) 0.683(1) 0.056(5)
0(15) 0.119(1) -0,103(2) 0.737(1) 0.068(6)
0(16) 0.118(2) -r.218(2) 0.758'' ' 0.08-(7)
0(17) 0.119(2) -0.322(2) 0.728 0.097(8)
0(18) 0.121(2) -0.319(2) 0,67r' > 0.079(6)
0(19) 0.122(1) -0.203(1) 0.65 ,■ 0.056(5)
0(20) 0.124(1) -0.193(2) 0.5=' .;' 0.070(6)
0(21) 0.119(2) 0.010(2) 0.7; '•! ' 0.095(7)



»' ) for the t
atoms of Re2(C0)g(CNBu^U)

Atom U22 m U23 m

Re(l) 0.0434(4) 0,0352(3) 0.0425(6) -0.0001(4) -0,0050(4) 0.0002(3)
Re(2) 0.,429(4) 0.0499(4) 0.0461(6) 0.0024(4) -0.0002(4) -0.0021(4)
0(1) 0.103(11) 0.063(9) 0.11.7(12) 0.010(9) -0.007(10) -0.019(8)
0(2) 0.062(8) 0,074(9) 0.086(10) -0.021(8) 0.016(8) 0.003(7)
0(3) 0.110(11) 0.084(10) 0.065(11) 0.018(8) -0.033(9) -0.019(9)
0(4) 0.127(13) 0.130(13) 0.075(12) 0.026(10) -0.037(10) 0.043(11)
0(5) 0.132(12) 0,075(9) 0.094(11) 0.034(9) -0.023(10) -0.009(10)
0(6) 0.086(10) 0,143(15) 0.082(11) -0.023(10) -0.020(9) -0.022(10)
0(7) 0.082(3) 0.112(12} 0.102(12) -0.013(10) 0.040(10) 0.001(9)
0(8) 0.062(8) 0,06919) 0.107(11) 0.015(9) -0.019(8) 0.002(6)
0(9) 0.084(10) 0.124(12) 0.044(9) -0.022(8) 0.000(8) -0.014(8)
N 0.049(8) 0.041(8/ 0.057(10) -0.013(7) -0.003(8' 0.002(7)

14.37: Anisotropic temperature factors (A8 ) for the non-C
atoms of Re2 (C0)g (CNC6H3Me2-2,6)2(n)

Atom m m . U13 U12

Re(l) 0.0419(2) 0.0475(3) 0,0433(3) 0.0020(2) -0.0106(2) 0.0054(2)
Re(2) 0.0444(2) 0,0441(3) 0.0471(3) -0.0008(2) -0.0117(2) 0.0092(2)
N(1) 0.046(4) 0.061(6) 0.055(5) 0,011(5) -0.004(4) 0.010(4)
N(2) 0.055(5) 0.072(6) 0.045(5) -0,000(5) -0.006'4) 0.005(4)
0(1) 0.094(6) 0,074(6) 0.123(7) 0.041(6) -0.022(5) -0,012(5)
0(2) 0.060(4) 0.101(7) 0.104(6) -0,004(5) -0.027(4) 0.027(4)
0(3) 0.083(5) 0.067(5) 0.082(8) 0.023(5) -0.007M) 0.005(4;
0(4) 0.100(6) 0.113(7) 0.077(6) -0.041(5) -0.032(5) 0.036(5)
0(5) 0.099(6j 0.057(5) 0.131(8) -0.013(5) -0.043(5) 0.008(4)
0(6) 0.085(5) 0.054(5) 0.099(6) -0.011(5) -0,013(4) 0,003(4)
0(7) 0.104(6) 0.091(6) 0.050(3) 0,010(4) -0.012(4) 0.017(5)
0(8) 0.049(4) 0,083(6) 0.143(7) -0.007(5) -0.044(4) 0,021(4)



TABLE 14.28: A M  sotropic temperature faotsrs (A*) for the non-C 
atoms of Re„{CO)-(CNMe)-(III >

Atom B! m U33 m B2 m

Ke(l) 0.0418(3) 0.0408(4) 0.0341(3) -0.0001(3) 0.0001(2) 0.0053'2) / T
Re(2) 0.0374(3) 0.0392(3) D.0461(3) 0.0003(3) -0.0001(2) 0.0007(2)
0(1) 0 .0 M (6 ) 0.148(15) 0.143(11) 0.011(11) 0.006(a) 0.069(9) I
0(2) 0.093(8) 0.049(9) 0.149(12) 0.000(8' -0.019(8) -0.004(7)
0 (a ) 0.071(8) 0.071(10) 0.2 2(15) 0.009(11) -0.008(9) -0.014(7)
0(5) 0.0-70(7) 0.093(11) 0.0203(15) 0.001(12) -0.000(9) 0.023(8)
0(6) O.ldt? 12} 0.101(12) 0.087(9) -0.022(8) -0.038(8) -0.021(9)
0(7) 0.117(10) 0.096(12) 0.114(10) 0.037(9) 0.046(8) -0.009(8)
N(2) 0.058(7) 0.005(10) 0.052(7) 0.006(7) 0.010(5) -0.008(6)
N(3) 0.071(8) 0.075(11) 0.052(7) 0.022(7) -0.009(6) -0.019(7)

Q

TABLE 14.29; Anisotropic temperature factors (A ) for the non-C 
atoms of Re2 (C0)6(CNC6H3Me2-2,6)fl(lV)

m 1)22 U33 U23

0.0560(6) 0.0587(6) 0.0289(5) 0.0034(3) 0.0020(3) 0.0054(4)
M(l} 0.045(101 0.075(22) 0.067(10) -0.010(8) 0.009(8) 0.006(8) # |
N(2) 0.061(11) 0.161(18) 0.025(7) 0.032(9) -0.007(7) 0.012(11)
0(1} 0.043**0) 0.131(14) 0.095(12) 0.014(9) 0.003(8) -0.004(9)
0(2) 0.207/14) 0.197(19) 0.034(7) 0.044(9) 0.001(8) -0.018(13)
0(3) 0.125(15) 0.074(10) 0.076(10) 0.008(8) 0.012(9) 0.017(10)

r .  .. a



TABLE 14.30: Anisotropic temperature factors (A2 ) for the non-H
atoms of Mrig(CO

MnCU 0.0412(3) 0.0444(3) 0.0624(4) 0.0003(3) -0.0047(3) -0.0014(2)
Mn{2) 0.0530(3) 0.0529(4) 0.0584(4) -0.0039(3) -0.0000(3) -0.0001(3)
N{1) 0.048(2) 0.063(2) 0.067(2) 0.003(2) 0.004(2) -0.004(2)
N(2) 0.046(2) 0.067(2) 0.063(2) 0.008(2) -0.009(2) -0.001(2)
0(3) 0.094(3) 0.072(2) -0.043(2) -0.013(2) 0.011(2)
0(4) 0.074(2) 0.100(3) 0.010(2) -0.040(2) 0.017(2)
0(5) 0.093(3) 0.084(3) 0.109(3) 0.020(2) 0.013(2) -0.035(2)
0(6) 0.054(2) 0.104(3) 0.143(4) -0.006(3) -0.009(2) -0.015(2)
0(7) 0.162(4) 0.082(3) 0.099(3) -0.041(3) 0.002(3) 0.018(3)
0(8) 0.111(3) 0.100(3) 0.082(3) 0.025(2) -0.012(2) 0.003(2)
0(9) 0.092(2) 0.069(2) 0.076(2) 0.011(2) -0.008(2) -0.006(2)
0(10) 0.053(2) 0.112(3) 0.135(4) 0.015(3) 0.012(2) -0.002(2)
C(U) 0.043(2) 0.054(2) 0,005(3) -0.007(2) -0,009(2) 0.004(2)
C(2) 0.048(2) 0.048(2) 0.062(3) -0.005(2) 0.006(2) -0.009(2)
CO) 0.053(2) 0.063(3) 0.076(3) -0.007(3) -0.010(2) 0.001(2)
C(4) 0.059(3) 0.056(3) 0.086(3) -0.001(2) -0.002(2) -0.000(2)
0(5) 0.058(2) 0.047(2) 0.075(3) 0.004(2) -0.011(2) -0.005(2)
C(6) 0.068(3) 0.061(3} 0.077(3) -0.006(2) -0.011(2) -0.007(2)
C(7) 0.087(3) 0.075(3) 0.065(3) -0.002(3) -0.001(3) 0.005(3)
C(8) 0.062(3) 0.082(3) 0.073(3) -0.002(3) -0.005(2) -0.002(3)
C(S) 0.054(2) 0.059(3) 0.065(3) -0.007(2) -0.002(2) -0.008(2)
C(10) 0.063(3) 0.066(3) 0.063(3) 0.000(2) 0.006(2) 0.007(2)
0(11) 0.054(2) 0.064(3) 0.067(3: 0.001(2) 0.009(2) -0.010(2)
caz} 0.107(5) 0.097(5) 0.110(6) 0.032(5) 0.002(5) -0.001(4)
C(13) 0.111(6) 0.117(6) 0.114(6) -0.023(5) 0.045(6) -0.012(5)
0(14) 0.091(5) 0.124(7) 0.116(6) -0.003(3) -0.003(5) -0.052(5)
C(15) 0.050(2) 0.083(3) 0.059(3) 0.012(2) 0.007(2) -0.004(2)
CU6) 0.152(8) 0.131(7) 0.115(7) 0.015(5) -0.084(7) -0.033(6)
C(17) 0.088(5) 0.201(12) 0,109(6) 0.045(8) 0.012(5) 0.065(7)
C{18) 0.081(4) 0.120(6) 0.092(5) 0.045(5) -0.003(4) 0.006(4)



TABLE Id.31: Anisotropic temperature factors {t* )for the r
atoms of Mn_(CO), |CNC.H,Me„-2,6).(VI)

M(l)
N(2)
0(1)
0(2)
0(3)

0.081(2)
0.096(13)
0.105(13)
0.142(16)
0.074(10)
0.132(12)

0.033(1)
0.051(9)
0.040(7)
0 .110(11)
0.080(9)
0.034(6)

0.049(1)
0.050(10)
0.074(12)
0.050(9)
0.103(11)
0.087(1x5

-0.001(1) 
0.001(8) 
0.007(8) 

-0.028(9) 
-0.013 (10) 
0.012(7)

-0.001(2) -0.008(1) 
-0.005(11) -0.025(9) 
0.012(11) -0.023(8) 
-0.008(10) -0.013(11) 
0.004(10) 0.011(7)
0.001(10) -0.016(7)



XV. THE REACTION BETWEEN DIRHENIUM DECACARBONYL AND PHOSPHINE
LIGANDS 

ISA. Introduction

This chapter deals with aspects of the reaction between
Re2(C0)10 (and Mn^CO)^) with phosphine ligands. The 
synthetic methods (Thermal, photochemical, NMe^O- 
assisted), and the products obtained for the reaction 
between fte^'CO)^ and PRg, have been reviewed in section 
10.2. Section 158 discusses the characterization of the 
Re2(CO)10_n(PR3 )n(n = 1-d) products obtained, and in 
particular, the use of IR spectroscopy in the assignment 
of substitution geometry. Kinetic and mechanistic studies 
reported for the reaction of MgfCO)^ (M = Re.Mn) with 
PRg are covered in Section ICC.

In Section 15D, the catalytic synthesis and 
characterization of a range of Re2(CO)10(PR3 )n (n = 1,2) 
complexes is presented. This work is an extension of 
the Pd-catalysed substitution of Re2(C0)^0 by RNC ligands 
(ch. XI) to the bulkier PR^ ligands. The preparation of 
isomers of Re2 (CO)g(PR3)2 by alternate synthetic routes 
is also presented. The Re2(CO)g(PRg)2 products are 
discussed in relation to complexes of this type reported 
in the Literature, and a rationalization of the formation 
of isomers is given.

Finally, the Crystal and Molecular X-ray structure of 
diax[Re2(CO)g(PMegPh)2] is presented in Section 15E. This 
structure determination was undertaken to establish the 
molecular geometry, and to investigate the structural 
effect of replacing the isonitrile ligand (see ch. XIV.' 
with the more sterically demanding phosphine ligand.

15B. Discussion of the IR spectral data of Re^CCO).^ ^(PR^)^
(n = 1-4) complexes
158.1 Introduction

The reaction (both thermal and photochemical) 
between Re2(C0)1Q and PRg has been investigated by many 
groups (see section 10.2) and in most cases, the product(e) 
obtained was either aX-Re2(C0)g(PR3 >, and/or diax-Re2(C0)g-



(PRg)g. In some reactions, sideproducts such as mer-trans-  
HRe(CO)3(PR3)2 were also obtained. There have, however, 
also been reports of the synthesis of equaturially- 

subatituted R«2^C0^10-n^PfV n  n̂' = 1,Z  ̂ProductB» ** weii 
as ne2(CO)7{PRg )2 and Re<,(C0)6(PH3 )4 products. It is 
thus apparent that potentially a wide range of complexes^ 
(both expected and unexpected) have been observed from the 
reaction between He2(C0)10 and PR^.

Techniques which have been employed in the 
characterization of products from the reaction of Reg(CO)^ 
with PRg, include IR spectroscopy, 1H NMR and ®1P NMR 
spectroscopy, mass spectroscopy, elemental analysis and 
chemical reactivity. In general, elemental analysis is 
used to establish the molecular formula of the compound 
(but this would not differentiate between, for instance, 
J?e2{CO)10_2n{PR3)2n and HRe(cd)b_n:Pt' •= 1,2)). In
some cases mass spectroscopy has bee obtain the
parent ion, and establish that th<a sp>. d in fact a
dimer. Cleavage reactions may give information relating to 
the substitution . geometry, in particular the number of
phosphine ligands on each metal atom. NMR and, more
recently, P NMR spectroscopy has been used to obtain 
information on the sites occupied by the phosphine ligands 
(from the number and position of the resonances). IR 
spectroscopy, however, is the moat ubiquitous, and sometimes 
the only, means of product identification. The number and 
intensity of the v(CO) bands in the IR spectrum relates to 
the molecular geometry. However, IR spectroscopy is not 
highly reliable in this regard, as the number of v(C0) 
bands predicted from Group Theory Analysis often does not 
correspond to the number observed in practice, as band 
overlap may occur, resulting in fewer bands. Alternately, 
there may be more bands, due to a Raman band which gains 
some weak IR intensity, or to a lowering of the molecular 
symmetry from the ideal point group symmetry as a result 
of internal asymmetry of the molecule.

Although X-ray Crystallography remains the ultimate 
technique for molecular structure determination, no X-ray



studies of Reg(C0)^_^(PRg)^ (n = 1-4) complexes have been 
reported in the Literature to date. Several Mng(C0)^Q_^- 

(PR3'n = 1’2  ̂ x-ray structures have, however, been 
reported, and these will be used to establish a correlation 
between IR data and molecular geometry, to aid in the 
structural interpretation of the IR spectra of Re2{C0)10_n~ 
(PRg)^ (n = 1,2) complexes.

Despite the limitations of the IR spectral methods 
as a tool for structure assignment, especially when used 
alone, it has been used extensively in the Literature, but 
in view of the confusion which exists over the characteri­
zation of certain of the substituted products, the existing 

IR spectral data for Re2^co^io-n^PR3^n = complexes
will be reviewed here, and an attempt made to relate IR 
spectra to substitution geometry. Where relevant,reference 
will also he made to certain Mn2{C0)^_^(PRg)^ (n = 1,2) 
complexes which aid in the structural interpretation of 
the IR data.
15B.2. Re»(C0)_(PR_) complexes

Complexes of the type Mg(C0)g(L) have two possible 
geometries, (Fig. 15.1), viz. ax(IA) or eq(IB). Although 
eg-Mg(CO)g(L) (IB) is the electronically favoured isomer 
(see ch.XII), with bulky phoaphine ligand L, steric factors 
may dominate, resulting in ax-l*U(CO)g(PRj) (M a Re,Mn), (IA).

According to Group Theory, ex-Mg(C0)g(L), of 
molecular symmetry D4d, should exhibit 5 IR active v(CO) 
bands, while eg-Mg(C0)g(L), of molecular symmetry Cs, 
should have 9 bands. However, in practice, many eq-tfru- 
(CO)g(L) complexes2”  have only 6 v(C0) bands in the IR 
spectrum, owing to band overlap.

Table 15.1 lists IR spectral data of some reported 
Mg(C0)g(PRg) (M = Mn,Re) derivatives. In general, the 
degree of substitution is based on elemental analyeis.and 
In some cases, a mass spectrum, while NMR and/or IR 
spectroscopy is used to determine the molecular geometry 
(ie. (IA) or (IB)).

The IR spectrum of ax-Mn2(C0)g(PMe2Ph),121 the



axial substitution (IA) of which has been confirmed by an 
X-ray crystallographic structure,8 2 with 5 v(C0) bands, 
(Table 15.1) is typical of a wide range of ax-Mn2(C0)g(PR3) 
and ax-Mno(C0)g(AsR3) complexes.283 Since the structure 
of these complexes is reliably known, the IR spectral 
pattern can be taken as typical of complexes of the 
type (IA).

In the reaction of HMn{CO)g with AsPh^2'" in the 
presence of 0„. at -10eC, both the isomers ax-Mn^(CO)^- 
(AsPh^) and eg-Mng(CO)g(AsPhg) were reported as being 
produced. However, the compound identifications were 
based on elemental analyses only. The IR spectra of these 
complexes gave 5 and 7 bands respectively in the carbonyl 
region (see Table 15.1). Both complexes gave very similar 

NMR spectra.
Reports of Re2!C0)g [PR3 ) products are less numerous 

than those of Reg(C0)g{PR3)g complexes, as the thermal 
reaction between Reg(CO)i0 and PR^ tends to give Re2(CO)g- 
(PRgJg, even when only one equivalent of phosphine is 
used. There have been several reports of the synthesis of 
ax-Re2(C0)g(PPh3).‘s 1-2 The IR spectrum, in various solvents 
is given in Table 15.1. In toluene, 1,10 there are 5 v(C0) 
bands, as expected. However, m  certain solvents, eg. 
cyclohexane, ^ and decalin, * 0 there is an additional 
weak band at ca. 1975 cm" , a shoulder to the very strong 
band at ca. 1998 cm-1. This band (B2) gains some intensity 
in the IR spectrum by the lowering of the local symmetry 
induced by the triphenylphosphine ligand.18,0 In CHC<3,’820 
the weak peak at ca. 1960 cm""* is absent, but this may be 
due to band weakness or overlap. The IR spectrum in 
CHC«3 of ax-ne2 (C0)g(PMePhg) has a similar pattern
(Table 15,1). However, Re2(C0)g(PMe2Ph) (identified by 
elemental analysis) has a different IR spectrum and its 
geometry has been assigned as eg-Re2(CO)g(PMe2Ph) " on
the basis of the 7 v(C0) bands in the IR spectrum (Table 
15.1). There has also been a report of eq-Re^(CO)^(PPh^)•13 
The only evidence for this, however, is an IR spectrum 
(Table 15.1). It is to be noted that the spectra of these



IA IB

Figure 15.1: Possible isomers for M2(C0jg(L) complexes ( * =  CO)
(IA) ax and (IB) eq.

two reported eq-isomers do not correspond to that of 
eg-Mng(CO)g(AsPhg), or those of eg-Mn2(C0)g(L) complexes212 
either (eg. eg-Mn2(C0)g(py), Ifl(hexane), v(CO): 2091(w), 
2017(s), 2006(8), 1980(vs), I960(m), 1940(m) cm"1),122 
or those of the eg-Re2(C0)g (CNR) complexes (ch. XI), and 
thus must be regarded with circumspection. The product 
Mn2(0O)g{P(0CH2)gCEt) obtained from the reaction of 
Mn2(C0)1C) with P(OCH2 >3CBt, [IR(benzene), v(C0): 2094(w), 
2020(m8), 1995(vti), 1980(m), 1965(m), 1930(sh) cm-1] waa 
concluded on the basis of NMR data to be a mixture of 
ax-and eq-isomers!" In the complex IR spectrum of 
Mn2 (C0)9(PF3 )[IR(hexane), v(C0): 2110(s), 2038(s), 2015(vs), 
2002(m), 1992(2), 1980(m), 1960(w), 1954(m) cm"1], formed 
from the reaction of Mn2(C0)^0 with PFg, assigned as ax- 
Mn2(C0)g(PF3 ),1,2 there appear to be several unexplained 
peaks. The Re2 (C0)g(PF3) product is reported as being 
analogous,196



IR spectral data of M2(C0)g !D (M



figure 15.2: Possible isomers for Mg(00)glL)g complexes (rotamers)
not shown; • = CO)
UIA) diax, (IIB) l,2-ax,eq,(IlC) l,2-eq,eq,
(IID) 1, l-ax,eq, (HE) 1,1-cis-dieq, and 
(IIP) 1,1-trans-dieq.
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The va- -ajority of reported Mg(C0)g(PRg) ( M = Re, 
Mn) complexes a?/ undoubtedly axially substituted, having the 
characteristic 5-bar,d v(CO) IR spectrum exemplified by 
ax-Mn2(CO)g(PMe2Ph). indeed, there does not appear to be any 
convincing evidence for the existence of ecj-RegfCOjgfPRg) 
isomers. Further, Mn2(C0'g(AsMegPh)311 is the ax-isomer 
(IA), with an IR spectrum (Table 15.1) analogous to that of 
ax-Mn2(C0)g(PMe2Ph),131 although Mn2(CO)g(AsMe2Ph)22*5 
is equatorlally subacltuted (vide infra).
153.3 Re2(C0)2(PRg)2 complexes

The possible isomers for M2(C0)g( U 2 complexes are 
shown in Fig. 15.2. Not considering rotamers, there are six 
possible isomers, viz. (IIA)diax, (118)1,2-ax,eq, (1101,2- 
eq,eq, (IID)1,l-ax,eq, (116)1,1-cis-dieq, and (IIF)l,l-trans- 
dieq - M2(COg(L)2.

An X-ray crystallographic structure of Mn2(C0)Q- 
(PMePhg)2333 has shown the substitution geometry to be 
diax(IIA). From Group Theory, diax-M2( C O L(LL (staggered 
conformation), of molecular symmetry D4d, is predicted to 
give 2 v(CO) bands in the IR spectrum. As the spectrum 
of diax-Mn2(C0>8(PMePh2 )2 (Table 15.2) shows, this is 
indeed found to be the case. This spectrum, typical of 
diax-M2 (C0)Q(L)2 substitution, is observed for a wide range 
of Mn2(CO)g(PRg)2 complexes.31! ‘a’

The related complex, Mn2(CO)g(AsMe2Ph)2, has been 
shown by an X-ray crystallographic structure311 to have
1.2-eq,eq-aubstltufclon■ However, the conformation is 
eclipsed, not staggered as for the diequatorially substituted 
isonitrile derivatives of MgtCO)^ (M = Mn.Re) (ch. XIV), 
owing to steric congestion (see section 151.2). The IR 
spectrum is different having 4 v(CO) bands (see Table 15.2). 
This is the number predicted by Croup Theory for eclipsed
1.2-dieq-K(C0)2(l,)2 (molecular symmetry C2h.)). Although 
the IR spectrum (in cyclohexane) of Mn2(CO)g(AsMe3)2 is 
analogous,’21 that of Mn2(C0)g(AsEtg)2> which presumedly 
has the same structure, has an additional weak band at
1927 cm"1 [iR(cyclohexane), v(CO): 2055(w), 1990(s), 1952(9),
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Z92?(w), 1915(b)) cm-1].zls
There have been rnoorts of dlax-Mn^(CO)^(AsR^)̂  

complexes,2<la with the typical IR spectrum (eg. diax- 
Mn2 (CO)8(AsPh3)2, IR(CSg), v(CO): 1982(w), 1953(vs) cm'1) / 508 
This indicates that the steric bulk (cone angle) of the AsR^ 
ligand determines the substitution geometry; the longer Mn~.*s 
than Mn-P bond facilitates eq-substitutlon, where the steric 
bulk of the AsRg ligand is not too great.

A third type of arsine-complex,tMn2(CO)8(y-Aen2)2J, 
has been reported as the product of the so-called “Lambert's 
reaction" (ligand fragmentation at high temperature).
This product may be distinguished by elemental analysis, and 
IR spectral data (eg. [Mn2(CO)g(p-AsPh2)g], IR iCSg), vco: 
2042(b ) , 1983 (sh), 1978(s), 1965(m) c m " ^ ) / " 8 ie. 4 vCO 
peaks, as compared to 2 for diax-, and 4 or 5 (intensity 
pattern: w,s,s,(w),m) for dleq-Mn„(c0 )0(A s R^^.

The large majority of direct reactions (thermal, 
photochemical) between Re2[C0)1Q and PR^ are reported to
yield diax-Reg(C0) (PR_)0(PR„ = PPh^'""''"SHPhi«» 4 b !is4's 4 o liS C li$
P(0Ph)3, p <C|Hu )3, - P(C6H4Me-p)3, P(0C6H4Me-o)3,
P(0C,H4Cg-p)3 "  ), as the sole or major product. These 
complexee all have one weak and one very strong band in 
the carbonyl region of the IR spectrum, characteristic of 
diax-M2 (C0)g(L)2 complexes (IIA). The IR spectrum of a 
typical example, the much-studied diax-Re2(C0)g(PPh3)2 , is 
shown in Table 15.2.

There has been one report of dieguatorially- 
substituted Re2(C0)g{PRg)2 complexes obtained from the 
direct reaction (thermal or photochemical) of Re2(C0J10 with 
Pfl3 (PRg = PMe2Ph,‘6 3 PMePhg10'). The Re2(C0)g(PR3 )2 products 
were characterized by elemental analyses, Hi NMR and IR 
spectra, and cleavage reactions, and on the basis of IR 
spectral data (see Table 15.2), the geometry was assigned as
l,2-eq,eq-Re2(C0)g(PR3 )2(IIC) (but see below). The IR 
soectrum of the related Re2(GO)8(AsMe2Ph)2 complex 16 
(Table 15.2) is analogous.

Reaction of (p-H)(n-olefin)Re2(CO)g complexes with



PR3 ligands1’1 yields lL2-eqLe3-Re2(C0)8 (PR3)2 (HC)
(R = P(OMe)3, PMe3, P(0Ph)3) or l,2-ax.eq-Rec (C0)s(PR3)
(IIB) (R = Bun , Ph), depending on the size of the PR3 
Jlganri (Tolman cone angles15: P(0Me>3, 107"; PMe3, 110°; 
P(0Ph)3 , 121-128°; PBu", 132°; PPn3, 145°). The latter 
products, 1,2-ax,eq-Re^(CO)3(PR^)̂ , isomerize spontaneously 
in toluene solution at room temperature to the well-known 
diax-Re2(C0)a(PR3)2 isomers (IIA). The 1,2-eq,eq-Re^(CO)p- 
(PR3 )g products appear to be stable to isomerization. 
Bidentate phosphine ligands, (P)g, also gave l,2-6q,eq- 
Re2(C0i8{P)2 products ((P)2 = Ph^PCHgPPhg, ” 6‘‘ ' 
Me2PCH2PHe2,‘,g PhgPCHgCHgPPhg,' 6 MegPCHgCHgPKjg*").
Here the chelating nature of the (P>2 ligand imposes a 
restriction on the product geometry; the Tolman cone 
angles for the (P)2 ligands (half chelate? a are in the 
range 105-125°. The 1,2-ax.eq-Re„(CO) PRj)- products were 
characterized by NMH spectroscopy, and the 1,2-eq,eq- 
Re2(C0)g(PR3)2 products by *H NMR spectroscopy, anC the 
similarity of the IR spectra of these products to the 
pattern observed for 1,2-eq,eq-ReJCO)3 (py)^ [IR(toluene),
v(CO?: 2062(w), 2006{m), 1950(s,br), 1917(sh), 1905(m) cm-1]. 
IR spectral data for these Re2(C0)g(PR3)2 and Re2<C0)a(P)2 
products are given in Table 15.2.

An examination of the IR data for the Re2(C0)g(PR3)2 
complexes in Table 15.2 shows that the 1,2-ax.eq-Re^(CO)^- 
(PR3)2 (R = Bun , Ph) complexes have 5 v(C0) bands, and the
1.2-eq.eq-Re^(CO)j(PR-,)̂  (R = OMe, Me, OPh) complexes have 
6 or 5 (R = Me) v(C0) bands, but the intensity patterns are 
quite different. Note the strong similarity of the IR 
spectra of the 1 B-eq.eq- R e ^ C O ^ P R ^  complexes to that of
1.2-eq,eq-Re-,(CO)J(CNO^H^Me^-2,6)2 [IR(hexane), v(C0):
2053(w ), 2028(m), 1985(a), 1952(w), 1943(ma) cm"1] (see ch. 
XI). Further,the 5 v(C0) b"nd pattern for the Reg(C0)g(L)2 
(L = PMegPh, PMePhg, AsMegPh) complexes resemble that for 
the above 1,2-ax,eq-isomers rather than that for the above
1.2-eq,eq-isomers■ Hence these Re2(C0)g(L)2 complexes may 
have been incorrectly assigned. " as the l,2-eq,eq- 
isomera (IIC), instead of the 1,2-ax,eq-isomers (IIB). This



seems likely in view of the size of the PMSgPh and PMePhg 
ligands (Tolman cone angles®* of 122° and 136° respectively).

However, there would appear to be a seeming 
anomaly, in that Re^CO^iPMePhg)^ •“ and Re2(C0>8<PMe2Ph)2‘6 ’ 
were prepared by the thermal reaction of RegtCO)^ with 
PMePhg or PMegPh under forcing conditions (xylene, 140°C,

15 h, 30%, and petroleum ether, 80-100°C, 60 h (d%) or 
96 h respectively), while 1,2-ax,eq-Re^(CO)„{PR^L
(R = Bu11, Ph) isomerlzes spontaneously In toluene solution 
at 25°C to diax-Re2 {C0)g (PRg>2, with a half-life of 10 h 
(PPh3 ) or 1-2 days (PBUg).

Further, traces of 1,2-ax,eq-Re^CO )̂ (PR^)^ isomers 
were observed, in addition to the major diax-Re2(CO)8(PR3)2 
products,in the Pd-catalysed {ldO°c) and the mild Me^NO- 
aesisted I , 40°C) reactions of Reg(C0)^g with PR^
(PR3 e PMe2Ph, PMePh2, P(CH2C6H5)3, PMe^, P(OMe)g) (see 
section 15D.1). However, in the PdO-catalysed reaction of 
Re2(C0)10 with PPhg, no eg-isomers were observed. Hence 
the stability of the eq-lsomers would appear to be 
governed by the size of the PRg ligand. The role of the 
ligand size and synthetic route in determining product 
geometry will be discussed in section 1SD.1.

Mixture of ax-and eg-isomers have been claimed to 
have been obtained for [Mn^tCOJgiPtOCH^CEtlg] 2 5 9 and 
CM2{C0)g(PF3 )g](M a Mn.Re)196 products. (The IR spectra are 
complex). With a small phosphine ligand such as PPg 
(Tolman cone angle'' of 104°), a mixture of isomers probably 
reflects steric versus electronic control of product geometry.

Of note is the complex Mn_(CO)g(PHPhg)g,165 which 
has a different IR spectrum (Table 15.2), and has been 
shown by ®®Mn NMR spectroscopy to have the structure 
(C0)gMn-Mn(C0)3(PHPhg)2, with both phosphine ligands on the 
same Mn-atom. Thus there are three possible geometries for 
the complex, viz. l,l-ax,eq(IID), l,l-cis-dieq(IIE) or
l,l-trans-dteq(IIP).

Oxidation of Mn2(CO)g(PHPh2)2 with NW'f. gives 
[Mn(CO)5(PHPh2)][PF6 ] and also cls-[Mn(C0) ̂ PHPh.lJ [PF,.! ■ 19»



This would seem to exclude (IIF), the 1,1-trans-dieq- 
isomer, which is unlikely on electronic grounds, in view of 
the ois-labilization effect {see ch. XII).

An example of (HD), the l.l-ax.eq-lsomer, is 
Mn2(C0)8<CdHQ),zi [IR(hexane), v(C0): 2083(m), 2028(8), 
1994(vs), lb?Si s ), 1953(m) cm""1 ], and examples of the
1.1-cls-dleq-isomer, (HE), are Mn2(CO)g(CNSut)2 [IR(hexane), 
v(C0): 20b5(m), 1999(vs), 1977(vs), 1963(w). 1952(m),
1935(m) cm-1] (see ch. XI), Mn2(C0)8 (phen)1's [IRCdiethyl 
ether), v(C0): 2051(8), ^018(vs), 1987(ms), 1954(w),
1908(w) cm"1], Re2 (C0)e(phen)it'4 ClR(CH2C«2i, \><C0h 20?3(m), 
2012(s), 1992(m), 195S(m), 1915(m), 1689(m) cm"1] and 
Re2(CO)g(biquin)"° (IRfCHgC^J, v(C0J: 2076(m), 2020(s), 
1986(m), 1958(m), 1915(m), 1889(m) cm'1]. On the basis of 
this IR data, the reported l,l-Re2(CO)8(CH3NH2 )2 “ 7 [WlTHF), 
v(CO); 2070(tn), 1990(s), 1955(s,br), 1883(m), 1867(m) cm"1] 
appears to be the 1,1-ax,eq-isower(IIO). There is a greater 
resemblance of the IR spectrum of Mn2(CO)g(PHPh2 )g to that 
of the (110) isomer than to that of the (HE) isomer.

The (HE) isomer, 1,1-cis-dleq, is the most 
electronically favoured isomer, expected in the absence of 
steric constraints. The most sterically favoured of the 
Z,1-isomers would be expected to be (IIF). This 1,1-trans- 
dieq-isomer, although electronically disfavoured, cannot be 
excluded entirely, as cleavage and subsequent ligand 
rearrangement could account for the cis-[Mn^(CO)4 (PHPhg)2] 
product. No examples of isomer (IIF) are known, to allow 
for comparison of IR data. The 1,1-ax.eq-isomer (HD) seems 
likuly, as, with small phosphines (Tolman cone angle6’ of 
PHPhgi 128°), (HD) could be formed instead of (HA ) , in 
accordance with the proposed mechanism of phosphine substi­
tution, shown in Fig. 15.4 (see section 15D.1).

Note that the rhenium analogue, Re2(C0)Q(PHPh2)?, 
has the typical diax spectrum (Table 15.2) of isomer (HA).
To date no complexes of the type (CO)sRe-Re(CO)3(pR3 )2 have 
been reported.



15B.4 Re^(CO)^(PR.)^ complexes

There are six geometrical isomers of M^tcO^tDg 
(Fig. 15.3), if each metal-atom M has at least one ligand 
L bound to it (as expected on sterlc grounds for bulky 
phosphine ligands), viz. (IIIA) 1-ax,2,2-trans-dieq,
(III5) l-eq,2,2-ax-eq, (Z21C) 2-eq,2,2-trans-dieq,
(HID) 1-ax,2,2-ax,eq, (HIE) l-ax,2,2-cis-dieq and 
(IIIF) 1-eq, 2,2-ci- -dieq.

The most extensive investigation of Reg(CO)y(PRg)g 
complexes was a study of the photochemical reaction of 
Re2(C0)10 with PPh^ under vacuum,116 which yielded three 
isomers of RegtCOl^PPhg)^ identified by 31P «MR as isomers 
(IIIA) (35%), (IIIB) (15%) and (IIIC) (5%). The IB spectra 
of these complexes are listed in Table 15.3.

Photochemical reactions of R e ^ C O ) ^  with PMe^Ph,1** 
AsMegPh " ‘and PMePhg,"6 yielded Re2(C0)7(PMe2Ph)2(IIIC), 
Re2(C0)7< AsMegPhjgdUG), and two isomers of Re2(CO)7- 
(PMePhg)^,(IIIA) and (IIIC), in essentially equal amounts 
(ca. 10%). These isomers were identified from IR spectra 
(see Table 15.3).

There has been one report of a (HID) isomer. The 
fle2(C0)7{PlOPh)3)3 product obtained from the thermal 
reaction of RegfCO)^ with P(0Ph)3'B$ was assigned as (HID) 
on the basis of the IR spectrum (Table 15.3). This isomer 
(HID) might be expected to be the product of further 
reaction of diax-Re2(CO)g(PR3)2 with PRg.

Mixtures of isomers (complex IR spectra) have been 
obtained for the products [Mn2(C0)7{P(0CH2)3CEt)3]819 
(identified by elemental analysis) and [M2 (C0)7(PF3 )3]
(M = Mn,Re)'99 (^H NMR evidence), but these were not 
isolated.

No Re2 (C0)7(PR3)3 (or Mn2(C0)7(PR3)3 ) isomers 
corresponding to (HIE) and (IIIF) have been reported.
Note that (IIIF) has the same structure as the Re2(C0)7(CNR)3 
complexes (see ch. XIV).
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Figure 15.3: Possible isomers for 1,2,2-M2 (C0)7(L>3 complexes.
{rotamers not shown; » = CO)
(111A)1-ax,2,2 -trans-dieq, (IIIB)l-eq,2,2 -ax.eq 
(IIIC)l-eq,2,2-trans-dieq, (H I D }1-ax,2,2-ax,eq 
(IIIE)l-ax,2,2-cis-dieq and (IIIF)l-eq,2,2-ois-dieq



TABLE 15.3: IR spectral data of Re ( C O WPRj.



15B.5 Ra«(CO)_(PR_)j complexes

Very few reports exist for Re2(COjg(PRg)2 complexes, 
end the evidence for these complexes is tenuous. An early 
claim to the preparation of Re2 (C0J6(PPh3)d ' D from the 
thermal reaction of Re2(CO)10 with PPhg was later proved 
incorrect when the product was identified as the monomeric 
hydride, HRe(CO)g(PPhg)2,'"  with an IR spectrum (benzene, 
v(CO): 1930 cm-1) typical of mer-trana- H R e l C O ^ P R ^ .  '  ̂
Another product prepared similarly and identified as 
cis-ERs(GO)3 (Ph,PCH2CH2PPh2 )32 ‘l,b is probably also 
HRe(CO)3(PhgPCHgCHgPPhg), as the IR spectrum (benzene, 
v(CO)i 1910(s), 1850(s), 1800(s) cm-1) resembles that of 
fac-HRe(‘0)3(PR3)2 complexes. ’a

The photochemical reaction of Re2(C0)^g with PPhg 
under vacuum yielded, in addition to Re2(C0)7(PPh3)3 isomers, 
a trace product tentatively identified as Re^COlgCPPhg)^1 “  
tIR(CHCt3), v(C0): 1948(s) cm"1]. Again the simplicity of 
the spectrum suggests the complex may be mer-trans- 
HRe(C0)3(PPh3 )2.11Ia However, MS data ore consistent with 
the tetramer Re2(C0}6(PPhg)4.'B< It has been suggested'6Cb 
that these complexes exist as dimers in the solid state and 
as monomers in solution. The compound [Re(C0)3 (PPh3)2]2 was 
reported to give several v(C0) bands in Nujol, but only one 
in benzene solution b (vide supra).

A mixture of isomers of (Mn2(C0J6(P(0CH2 )3C E t ]z8’ 
has been reported, (identified by elemental analysis), and 
the IR spectrum is complex. Attempts to separate the isomers 
were not successful. A compound tentatively identified as 
Mn2(C0)g(PF3 )4 ‘81 has been reported (IR(hexane), v(C0): 2078(m), 
a034(w), 20).2(ve), 1994(m), 1977(w), 1953(vw) cm'1].

15B.6 Conclusions

From the foregoing analysis it is apparent that the 
vast majority of Re2(C0)g(PR3 ) complexes reported correspond 
to the ax-isomer. Only a few isolated examples of



eg-Re2(C0}g(PRg) complexes have been reported, and the 
evidence (elemental analysis and/or IR spectra) for these is 
tenuous.

Regarding Re2 (C0)g (PRg)2 complexes, at least four 
different isomers have been reported, via. diax, l,2-ax,eq,
l,2-eq,eq and 1,1 isomer, although the majority of products 
are dlax-Re«(CO)g(PRg)2 . Combining the data for these 
complexes with that for the M2(C0)s(CNR)2 (M = Re.Mn) 
complexes (see ch. XI ), it is possible to relate IR data 
to structure for all the known isomers of M2(C0)g(L)2 (see 
Table 15.4).

With the data for the Re2(C0)?(PR3)g isomers, together 
with that for Re2(C0)?(CNR)3 (ch. Xt ), it is also possible 
to relate IR spectra to substitution geometry, although 
examples of tri-substituted derivatives are not numerous. 
Further, such complexes, backed up by X-ray crystal structure 
data, would be useful in establishing a reliable correlation 
between IR data and geometric isomers.

There is no reliable evidence for Re2 (CO)g(PRg )̂  
complexes, and in cases where such products have been 
postulated, it has not been possible to assign the substitution 
geometry on the basis of IR data alone. The lack of 
Re2(C0)6(PR3)d (or more highly substituted) products must 
reflect synthetic limitations of the direct method of PRg 
substitution on Re2(CO)^g, and not steric constraints, since 
Re2[P(0Me)3]10 (Tolman cone angle 81 for P'OMetg: 107"), has 
been prepared by indirect methods. ZI1 

15G. A Survey of Kinetic and Mechanistic Studies

In consequence of the controversy surrounding the mechanism 
of substitution reactions of MgtCO)^ (M * Mn,Re) with 
phosphines yielding M2(C0)^g^ (PR3)^ (n = 1,2), the kinetics 
of this reaction have been studied by several groups over the 
past twenty years.

Two main schools of thought emerged: In 1966, Wawersik . 
and Basolo161 suggested that substitution of Mn2(CO)10 proceeds 
via rate-determining CO-dissociatlon, and that Mn-Mn bond





cleavage does not occur even at 200°C. Hopgood and Po8 
responded by proposing a mechanism involving hemolytic 
fission of Mn2 (C0>10, to give Mn(C0)g. radicals. Basolo's 
proposal recently received support from Sonnenberger and 
Atwoou,’ 2 on the basis of their kinetic studies of the 
reaction of the mixed metal carbonyl, ReMn(COJ^g, with PRy 
The disagreement regarding the interpretation of kinetic 
results, resulted in a continuing dispute in the literature 
between Poe and Atwood , uhe main protagonists. A summary 
of the main arguments and results follows.

Over a period of twenty years, Poe and co-workers 
have studied the kinetics of the reaction of MgCCO)^ with 
PRg in decalln at 140=0 under Ng and Og (M = Mn, a To, b
Re c). The results have been interpreted in terms of a 
substitution mechanism involving reversible hemolytic fission 
of Mg{C0)10 to give M(C0)g. radicals (equation 15.1). 
Substitution of the 17-electron radical M(C0)g. (equation 15.2) 
is thought to be rapid, occuring through an associative (SN2) 
process). Recombination of radicals gives the MgfCO}^ - 
(PRg) (n = 1,2) products (equations 15.3 and 15.4).

M2(CO)10 5= *  2M(C0)g. (15.1)

M(C0)s. v. p r3 M(C0)d(PR3)- i- CO (15.2)

M(C0)5. + M(G0)d(PR3)1 Mg(C0)9 (PR3) (15.3)

2M(C0)d(PR3)‘ 5=5= Mg(C0)8 (PR3)g (15.4)

An associative substitution process is supported by substitu­
tion studies of Mn(CO),.. a and Re (CO),.. b radicals,
Further, an associative process has been found for the 
substitution of PPh3 by P(0Ph)_ in [Mn(G0)5(PPh3)].’690

Brown and co-workeru have studied the photochemical 
reaction of Mg(CO)10 (M » Re, a Mn 6) with PRg in hexane.
The radical chain mechanism proposed involves initial photolytic 
cleavage of the M~M bond, followed by raoid substitution of 
the M(CO)8 . radicals, with subsequent recombination of the 
substituted radicals (equations 15.1 - 15.4). Studies of 
Mn(C0)g. radicals 0 indicate that the substitution of the



17-electron metal carbonyl radicals occurs via an associative 
pathway. This pr,. losed mechanism is essentially the same as 
that put forward by Po8 for the thermal substitution reactions 
of M2(CO)10 (vide supra).

From a study of the photochemistry of MM1 (co^o-n)~ 
(PPhgj (M =M"=Re, Mn, n = 0; M = Mn, M ' * He, n = 0; M = M 1= 
Mn, n = !,«:) compounds, Wright and Ginley a concluded that 
homolytic metal-metal bond cleavage occuring from an excited 
state derived from a o-m* one-electron transition associated 
with the metal-metal bond Is consistent with the observed 
results.

Wawersikand Basolo*** reported kinetic studies of 
MlV CO)10 and Mn2(C0)9(PR3) with PR3 in p-xylene (120#C)f 
and interpreted the rate data as being consistent with a 
mechanism involving rate-determining CO-dissociation with 
no metal-metal bond cleavage (equations 15.5 to 15.8).

Mn2(CO-10 Mn(C0)g + CO (15.5)

Mn2(C0)9 + PR3 ^=es Mn2(G0)g(PR3) (15.6)

Mn2(CO)g(PR3) Mn2(C0)g (PR3) + CO (15.7)

Mn2(C0)8(PR2) + PR3 =6=d= Mn2 (C0)8(PR3)g (15.8)

Cox and Davis 111 have rationalized the wide range of products 
obtained from the thermal reaction between Re2(CO)10 and 
PPh3 in xylene (140°C) in terms of a dissociative mechanism. 
Apart from Re,,(CO)10_n(PR3)n (n = 1-2) products, complexes 
of the type HRe(C0)5_n(PR3)n (n * 1,2) were obtained.
However, no HRe(C0)g was observed. This was taken as an 
indication that homolytic fission of the parent carbonyl 
R«2(C0)10 is not an important process in the reaction, and 
that phosphine substitution precedes radical formation. It 
was suggested that the hydrides are formed by reaction of 
unstable radical intermediates, [Re(C0)g_^(PR3 )̂ ] (n = 1 ,2), 
with the solvent. This type of reaction is known.

From a kinetic study of the substitution of MnRe(C0)lo 
by PHg in decane (130*0, Sonnenberger and Atwood have 
reported three observations claimed to be inconsistent with



a free radical meohansim:-
(i) the predominance of the Re-substituted product,
(C0)5MnRe(C0)4(PR3).
(11) the failure of the Mn-aubatituted complex, (PR^)-
(C0)4MnRe(C0)5 , to isomerize to (CO),.MnRe(CO>4 (PR3) when 
isolated in the pure state, and
(iii1 the lack of isomerization to Mn^ and Re^ species.
Iii terms of the proposed mechanism, CO-dissociation from 
MnRe(C0)10 to form MnRe(CO)g is the rate-determining step.
Since dissociation from Mn is expected to be 100 times fester 
than from Re (owing to the stronger Re-CO than Mn-CO bond” 2), 
the proposed ,iechanisnt involves CO-dissociation from the 
Mn-centre, .id an intermediate with a CO-bridged dimer in 
which no metal-metal bond cleavage has occured, followed by 
subsequent phosphine substitution on the Re-atom, to give 
the observed product, (CO'gMnRe(CO)d (PRg).

Further support for a dissociative mechanism, with no 
metal-mstal bond cleavage, was provided by the reyort of 
Basolo and co-workers that the scrambling reaction 
(equation 15.9) between Mng(CO)^^ and Re2(C0)10, to give the 
mixed-metal carbonyl MnRe(C0?10, does not occur in decalin 
(130*C) under an atmosphere of CO, and only very slowly in the 
absence of CO.

However, PoB and co-workers have reported that the 
scrambling reaction (15.9) occurs in decal in (170*0 under 
CO, to reach a stable equilibrium.

Muettcrtiea and co-workers, using isotopic labelling 
and mass spectroscopic product analysis, have demonstrated 
that Mn-Mn bond scission in Mng(CO)^ phosphine thermal 
substitution reactions is not a significant process. Mixtures 
of MngfCO^Q and Mn^(^^CO)10 were reacted with PRg in octane 
(120°C) under ^^CO atmosphere. Mass spectral analysis of the 
product, Mng(CO)g(PRg), showed no evidence of Mn-Mn bond 
scission. This is consistent with a dissociative mechanism



{equations 15.5-15.6). However, Mn-Mn bond scission was 
found to be a major process during the photochemically 
initiated ligand exchange reaction of MngfCO)^ at 25°C. 
Recent laser photolysis studies'11 of Mn2 (CO)10 in 
matrices have indicated that the primary process is C0- 
dissociation from Kn^CO) to give Mn^(CO)̂  rather than 
Mn-Mn bond scission, for about 30% of the reacting 
MrigfCO^o' The CO-bridged Mn2 (C0)g reacts with PR^ ligands 
to gi--e Mn2(CO)g(PR3).

Similar results have been obtained by Muetterties 
and Stolzenberg1’1 for the reactions of R'2(CO)10 with PRg. 
Thus in the thermal reaction of 185Re3(CO)10 and 1,87Re2(C0)lo 
with PRg in octane (150eC) under CO atmosphere, mass spectral 
analysis of the product, Re2£C0)g (PR3j,showed no scrambling 
indicative of Re-Re bond cleavage, in support of a CO- 
dissociative mechanism. Similar results were obtained for 
the thermal reaction of Re2(C0)g(PR3) with PR3 to give 
Re2(C0)a£PR3 )„. However, the photochemicaily initiated 
reactions at 25nC led to complete scrambling within short 
reaction times, indicating that the primary mode of reaction 
for Re2(C0)ig under photolysis conditions involves Re-Re 
bond scission as an elementary step.

Thus Muetterties and co-workers have demonstrated 
unambiguously and via non-klnetic arguments that the 
mechanism of the thermal reaction (140*0 of MgfCO)^
(M = Mn.He) with PRg under CO atmosphere to give M2(C0)g<PR3), 
does iio; involve metal-metal bond cleavage. The results are 
consistent with the CO-diseociative mechanism, proposed by 
Basolo, and supported by Atwood. However, "• etterties and 
co-workers have shown that for the photochemicaily 
initiated reaction, metal-metal bond cleavage is implicated 
as an initial step. This is in accord with the homolytic 
fission and radical chain mechanism proposed by Brown and 
co-workers, based on the results of kinetic stvoios of the 
photochemical reaction between M^(CO)^ and PRg. Hence the 
mechanism for the thermal reaction uf MgtCO)^ with PRg 
under CO ie represented by equations (15.5 to 15.8), while



that for the photochemical reaction between M2(CO)10 and 
PRg is represented by equations (15,1 to If.d). Note that 
metal-;netal bond scission hag also been excluded for the 
thermal reaction of Re2(C0)9(PR3 ) with PR^ to give 
Re2(CO)8(PR3)2 .1’1

15D.1 Synthesis and characterization of Re2(C0)^^(PR3)^
(n n 1,2) derivatives

As part of an extension of the Pd-catalysed reaction 
of Re2(C0)10 with isonitriles (ch. XI) to other ligands, 
the reaction of Re2(C0)^ with phosphine ligands was 
investigated. The thermal reaction between Re2 (C0)10 and 
phosphines was found to be extremely sluggish even at 
elevated temperatures, eg. after 10 h reflux at 140°C, the 
reaction between R e ^ C O ) ^  and 2 equivalents PMe2Ph yielded 
80% recovered Re2(CO)^, and small amounts of Re2(C0)g- 
(PMegPh) and Re2 (C0}g(PMe2Ph)2, together with other trace 
products which were not characterized.

Use of Pd-catalysts, eg. Pd/C (10%), Pd/CaCOg (10%), 
or PdO, considerably improves the reaction, yielding mono- 
and di-substituted phosphine derivatives in poor to good 
yields after moderate reaction times (Table 15.5), PdO was 
found to be a more active catalyst than Pd/C (10%) tor 
Pd/CaC03 (10%)) for this reaction (although this probably 
reflects the greater Pd-content for the same mass of 
catalyst). In favourable cases, the di-phosphine complex 
can be obtained in good yield as the sole reaction product 
after relatively short reaction times, eg. 84% Re2(C0)g- 
(PMe2Ph)2 after 1 h (xylene, 140=0.

In the cases of PR3 = PMePh2, PMegPh, trace products 
were aJ.o isolated, and identified as fac-HReCCOMFMeFhQ^ 
[IR(CHC«3), v(CO): 2000(s,sp), 1910(a), 1870(a) cm"1] and 
foc-HAe(CO) (PMe2Ph)2 [IRICHC^), v(C0): 2030(s,sp), 1946(s), 
i8S3(s) cm" ] by comparison with the IR spectrum of fac- 
HRe(C0)3(PPh3)2 18 20 [IR(CHC<3), v(CO): 2009(s), 1960(a), 
1900(f) cm"1 J. Such products could have beet formed with 
other PRg ligands also but in many cases product decomposi­
tion on silica plates was observed, and minor product



isolation not achieved.
Comparison of the IR data for the Re2^co^io-n^PR3^n 

(n = 1-2) products (Table 15.6) with that of ax-Mn2(UO)g- 
(PMegPh) [ip,(benzene), \-(CC); 2074(w), 2016(a), 1993(vs), 
1969(sh), 1938(m) cm-1]22’ and dlax-Mn^(C0)^(PMePh^)̂
[IR(benzene), v(C0): 1983(w), 1954(vs) for which
axial substitution has been established by X-ray 
cryatallographic structures,3 * ' indicates that the 
products are sK-Rc^(COjg(PR3) and dinx-R@g(CO)g(PRg)g.
An X-ray crystal and molecular structure of the Reg(CO)g- 
(PMe2 Ph)g complex (section 15E) confirmed the diaxial 
substitution.

These Reg(CO)g(PRg)g products can be prepared 
independently by the NMe30-assisted reaction (CHgCfg, 40e0) 
between Re2(CO)10 and PRg, which yields ■ , ; tie major 
products ax-Re2 (C0)g(PR3 ) (ca. 40%) and cUy-.RejCO^tPRj^ 
(ca. 30%), as well as a minor product, identified as 
C<Re(C0)3(PR3)2 (ca. 10%). Ths IR spectra of the latter 
complexes (Table 15.7) show three strcng bands in the carbonyl 
region. This pattern is characteristic of that of fac-XRe- 
(C0)3(PR3)2 complexes (X = H, halogen) [eg. HRe(C0)^(PPh3)2, 
[IR(CHCe3 ), v(CO): 2009(s), 1960(s), 1900(b) cm-1].
This IK spectrum is quite distinct from that of mer-trans- 
HRe(C0)g(PPh3)2 [IR(CHC<3 ), v (CO): 1335(8) cm'^J.
The products are probably the chloride, fac-CCRe(CO)3(PR3)2, 
since the reaction was conducted in CHgCfg and the hydrogen 
in HRe(CO)g(PR3 )g is readily replaced by c h l o r i n e ! T h a t  
the fac-isomer, the kinetic product, is obtained, rather 
than the mer-trans-Lsomer (mer-trans-H M(C0)3 (PR3)2, M =
Re,‘*1’'62''65 Mn 21’?5’obtained by other workers from the 
thermal reaction of MgfCO)^ with PRg (140°C)),probably 
reflects the mild reaction conditions (40°C) of the MegNO- 
route, as fac-XRe(CO)3(PR3)2 isomers readily isomeriae to 
the mer-trans-XRe(CQ) (PR^)̂  iaomers. ’

An attempt was made to prepare arsine derivatives 
of Re2(C0)10, as the complex Mng(CO)g(AsMegPh)2 has been 
shown by an X-ray crystallographic structure to have
1.2-dieq substitution. The Me„NO-assisted reaction





TABLE 15.6: IR spectral data for the Rep(C0)ln_n(PR3)n (n = 1,2)
derivatives

Complex

Re2(C0)9(PPh3 )
Re2(C0)g(PMePh2)
Re2(C0)g(PMe2Ph>
Re2(C0)g[P(CH2C6H5)3]
Re2(CO)9(PMe3)
Re2(C0)gCP(0Me)3]
Re„(CO)Q(AsMeyPh)

v(CO)/cr

10-n 

(CMC*, solution)

2114£w,sp),2040(w,sp),1998(va),1964(sh),1940(m) 
2111(w,ap),1040(w,sp),1995(va),1962(shj,1935(m) 
2106(w,ap),2038(m.sp),1990(va),1960(sh),1932(m) 
2110(w,sp),2034(w,ap),1998(vs),1962(sh),1938{m) 
210g(w,sp), 2040(in, sp J ,1990( vs), 2956{shJ, 1929{ni) 
2106(vf,sp),2040(w,sp),1994(va),1952(eh),1930(m) 
2112(w,sp),2052(m,sp),1998(va),1964(w), 1930(m)

Re2(C0}8(PPh3)2 2000(ah),1958(va
Re2(CO)9(PMePh2 )2 2015(w,) 1954(va
Re2(CO)q IPMe2Ph)2 S010(w), 1949(va
Re2(C0)8[P(CH2C6H3)3]2 2010(ah) 1954(va
Re2{C0)a(PMe3)2 2000(ah),1943(va
fle2 (C0)8r?(0Me)3J2 2000(ah),1970(va

TABLE 15.7: IR spectral data for the C£Re(C0)3 (PR3 )2 complexes

Complex _____ vCCO/cm-1 (CHCi aolution)______

C<'ie(CO)3(PMePh2)2 2030{s ,ap), 1954( s), 1895( e)
Cet e(C0)3 (PMe2Ph)2 2044(s,sp),1957(a),1896(s)
C6Re{C0)3[P(CH2C6»3 )3]2 2024(a,sp),1940(s),1900(8) 
CeRe(C0)3(PMe3)2 2036(s,ap),1950(a),1894(a)
C<Re(CO)3 (P(OMe)3J2 204U(s,sp),1970(s),1910(aj
C«Re(CO)„(A6Me2Ph)2 2050(s,sp),1960(S),1914(a)



between Re2(C0)10 and AsMegPh yielded only Reg(C0)9- 
(AsMegPh) (74%) and fac-C<Re(CO)3(AsMe2Ph)2 (15%), The IR 
spectrum of Re2(C0)g(AsMe2Ph) [IR(CHC«3 ), v(C0): 2112(w,sp), 
2052(m,sp),1996(va),1964(w),1930(m) cm-1! indicates ax- 
subatitution. This is also the case for Mn2(C0)g(A&Me2Ph)311 
[1R(benzene), v(CO): 2094(w), 2016(s),1993(vs),1969(sh), 
1938(n) cm"1].

The MegNO-assisted reaction between Re2(CO)10 and PR3 
in CH2Ce2 (40aC) or CHCfg <20°C, PRg = PPhg)") yielded 
axially substituted Re2*co^io-n*PR3*n " 1 '2) products. 
However, it was found that when the Me^NO-assisted reaction 
between Re2 (C0)10 and PMSgPh was conducted in acetonitrile, 
MeCN, (see section J5D.2.3) instead of CHgCfg, a cream 
product was obtained (tiOeC, 2 h), with a complex IR spectrum 
(IR(hexane), V(C0)i 2078lmw,sp),2000(m,sp),1974(sh),1964(vs, 
br)l1932(s)1I916(s) cm"1]. This product analysed as 
Re2(CO)g(PMe2Ph)2 [C: 33.5%, Hi 2.7%, cf. Caic. for Re2C ^ -  
H2208P2’ C: 33.0%, H:2.5%; Found for diax-Re2 (C0)g (PMe2Ph)2, 
C: 33.3%, H: 2.6%; mp: 142-44°C, cf. 108-109°C for dlax- 
[Re2(C0)g(PMe2Ph)2]. The similarity to the IR spectrum of
1,2-ax,eq-Re^(CO)a(PPhg)2 [IR(toluene), v(C0): 2069(mw), 
2012(m),1964(vs.br),1934(m),1921(m) cm"1]1’0 suggests that 
the product is the isomer, 1,2-ax,eq-Re_(CO)g(PMe_Ph)_. 
Attempts to obtain crystals suitable for an X-ray 
crystallographic study of this complex to confirm the 
substitution geometry have to date not been successful.

The reaction which led to the formation of this 
product did not follow the usual procedure for the MegNO- 
route (see section 15D.2.2) n that the MegNO was added 
before the FMSgPh, and the reaction was conducted in MeCN, 
not CHgCtg. Reaction,presumedly to dieg-Re2(Co) NCMe)2 
(dieg-Re2(C0)g(NCMe)2 has been prepared by the amine-oxide 
assisted route [IR(NCMe), u(CO): 2070(w),2015(w),1962(s), 
1909(m) cm 1].l,s From the IR data of Table 15.4 for 
M2^C0* 8 ^ 2  C0'I'Plexes> khis spectrum would appear to be that 
of a l,2-eci,eq-isomer (IIC)), was instantaneous, as 
evidenced by the colourless solution becoming yellow. On



subsequent addition of the PMe^Ph ligand, reaction occured 
with displacement of the NCMe ligands, to give 1.2-ax,eq- 
Reg(CO)g(PMegPh)g, steric consideration determining l,2-ax,eq- 
rather than l,2-eq,eq-substitution. (Tolman cone angle68 of 
PMe2Ph: 122°).

It is significant to note that sidebands are often 
observed in the IR spectra of diax-Re^CO^PHj)^. complexes. 
For diax-Mn2(C0)g{PR,)2 , Lewis et al i7,have ascribed these 
to Raman active oands which gain weak Ifi intensity. However, 
this cannot be the case, as these sidebands disappear on 
recrystallization, eg. single crystals of dlax-Re„(CO)0<PMe^- 
Ph>2, used in the X-ray study (section 15E), exhibited no 
sidebands in the IR spectrum (CHC(g). An IR spectrum run on 
a crude sample of diax--Re2(CO)g(PMe2Ph)2 (toluene solution) 
had sidebands at 2070(w),2020(m),1930(sh) and 1920(sh) cm""1 , 
in addition to the very strong band at 1950 cm""1. On heating 
in toluene solution (80°C) for 4 h, these sidebands were 
observed to grow in intensity, and a shoulder to the main 
1950 cm 1 band developed at ca. 1965 cm""2,. It will be 
observed that these sidebands correspond to the v(CO) bands 
of the 1,2-ax,eq-Re^(C0)D (PMe,Phisomer (vide supra). As 
the diax-Re_(CO)g(PMe_Ph)^ and 1,2-ax,eq-Re^,(C0L(PMe,>Ph) 
products run together on TIC, separation of the isomers could 
not have been effected.

The formation of some 1,2-ax, eq-Re^,(CO)D(PME^Ph)„ in 
the Pd-cfltalysed and Me3N0-assisted (CHgCf^ solvent) reactions, 
as evidenced by the above "sidebands", and the partial 
isomerization described above (ie. growth of sidebands on 
heating), are consistent with □ report of the formation of 
eg-substituted isomers, Re2(CO)Q (PMe2Ph)2 (IR(CC<4 ), v(CO): 
2100(w), 2060(mw), 2000(s), 105S( s , br), 1905(b ) cm""1]‘,? and 
Re2(C0)8(PHePh2 )2(IR(ber.3ene), v(CO): 2090(w),2058(m),
2000(s), 1955(s,br) ,1925(s) cm""1] "  in the thermal reaction 
of Re2(CO)^0 with PRg at elevated temperatures and for 
extended reaction times (eg. PMegPh'" i petroleum ether, 
80-100°C, 60-96 %  PMePh2le'i xylene, 140'C, 15 h). These 
isomers were originally assigned as l.g-eq. eq-Re^COJ^PRj? -‘ * ’



but from the IR data appear to be 1,2-ax,eq-Re^(CO)0(PR^)̂  
(see section 15B.3). Following the published procedure1®" 
(see section 15D.2.4), the thermal reaction of Re2(C0)10 
with excess PMePhg (xylene, 140°C, 15 h) yielded a yellow 
product, characterized by IR data [IR(xylene), v(CO):
2095(wi,2060(m),2000(s),1950(8),1922(m) cm"1] as 1.2-ax,eq- 
Reg(CO)g(PMePhg)g [Tolman cone angle*s of PMePhg: 136°].

Note that for the large phoaphine ligand, PPh^ 
(Tolman cone angle8 5 of 145°), there were no sidebands in 
the IR spectrum of the crude diax-Re^(C0)^(PPh^L product 
ftom the Pd-catalysed reaction. Hence the size of the 
phasphine ligand, ie. steric factors, would appear to 
determine whether eq-substitutad isomers are stable.

According to the mechanism of phosphine substitution 
on Re2(C0)l0, to give d i a x - R e ^ C O y P R ^ ,  Re2(co,io 
undergoes monosubstitution to yield ax-Re2(C0)g<PR3)2 , steric 
considerations presumedly determining the final axial 
position of the PRg ligand. In consequence of the cis- 
labilization effect (see ch XII), a CO els to the PR^ ligand 
is more easily lost, but the second incoming PR^ cannot take 
up the cis position on the same metal because of steric 
interactions. A vacancy is created on the second metal via 
a bridging carbonyl mechanism, and the PR^ ligand occupies 
the axial site, giving diax- f l e . f s t e r i c  factors 
again governing axial substitution (see Fig. 15.d).

However, equatorlally-Bubstltuted Re2(C0)g(PR3)2 
iscvsers have been formed by several methods 
(1) Reaction of (n-H)(|i-olefin)Re2(C0)g complexes with
PEt3 ligands, resulting in the formation of l,2-eq,eq-Re^- 
(C0)6 iPR3)2 {R o Me, OMe, OPh) or l,2-mx.ea-Re_(C0)_(PRjL 
(R = Bun , Ph),‘,c depending on the size of the phosphine 
ligand (Tolman cone angles61: P(0Me>3, 107"; PMeg , 118°; 
P(0Ph)3 , 131-128°; PBu11, 132=1 PPh^, 145°]. Bidentate 
phosphine ligands, (Pig, also gave 1,2-eq,eq-Re„(00)Q(P)̂  
products ((P)2 = P h g P C H g P P h g , M e g P C H g P M e g ,  
Ph2PCH2CH2PPh2, Me2PCH2CH2PMe2 ).1,1 [The Tolman cone angles 
(half chelates) a for these (P)g ligands range from
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