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ABSTRACT !

Catalytic routes were employed to prepare isonitrile (RNC} and 1,,
phosphine PRy} substituted derivatives of monomeric and dimeric ‘n,’
transition metal carbonyl complexes, representative new derivatives i
being characterized by single crystal X-ray crystallography. b
Isonitrile derivatives of (nfArens)ar(C0), and (n3gfig)- !
Nn(u0), vere syntiesizid by catalysed substitution reactions, i o
watalysss being L(nigeg. . 0)y1, andfor PD. Tne structures |
of o of the new derivatives, (10un,CC,Me)Cr(c07,(™wBu%), and ‘
(n§05H5)Hn(CO)2(CNBut), were devermined i A .y «7.w:? lngraphy, |
and stereochemical informatinn obtained used in explaining
anowalous IR spectra of these complexes.
X-ray crystallography was employed to establish the

substitution geometry of ihe di-isonitrile derivative of irom
pentacarbonyl, Fe(CO)a(CNMe)z. 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 ReZ(CO)J.O' The use of PdO to °
catalyse ths raaction between Re,(C0),, and BNC enabled the facile
myntheses of the isonitrile derivatives Rez(co)m_n(cNR)n (n = 1-4}.
These new derivatives were fully characterized by IR, “H NMR and

mags spectroscopy. X-ray crystallography established the siructures
of a series of representative compounds, Raz(co)g(CNBut), ”
Rez(CO)e(CNCBHSMez—E,S)a, REZ(CD)7(CNME)3 ard Rez(CU)s(CNCSHSMea—-Z,5)4. N
The struct ~on of two analogous manganese carbonyl isonitrile
derivativ, Q(CO)B(CNBut)Z and anl’?O)G(CNCEHGMeE-E.5)4, were 3
also investigated by X-ray crystallography. Bifferences cbsgerved
in the IR and 1H NMR spectra of the di-isonitrile derivatives of
rhenivm and mangensse carbonyl could be axplained in terms of the

molecular « The g Btry of the mono- .

to tetra-imonitrile substituted derivatives are discussed in terms
of electronic snd steric factors. A
sttempts were made to extend the Pd-~catalysed carhonyl
substitution reaction of Rez(CO)lo to phosphine ligands. Although
the catalysed reaction with PR3 is much less facile than with RNC,
this route was successfully employed in the aynthesis of mono- and




- iii -
di-gubstituted phosphine derivatives, Rez(co)m_n(PRa)n (n=1,2).
The X-ray crystal structure of M[ReZ(CO)B(PMeZPhlzl was
determined. A correlation was established between IR spectral
data and substitution geometry for M,(C0)g(L), (M = Re,Mn)
coimplexes.

This study Jemonstrated 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, ¢/ 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 carpeny! complexes are not alwaya 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
iaboratories. 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
“voe, using specifically isonitrile (RNC) as a prohe 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 ah impediment to multiple
substitution of metal carbonyl complexes.

Catalysts for the reaction of transition metal carbonyl
somplexes with isonitriles that were investigated in this
study include supported metals eg. Pd/C, Pd/(:acos, metals,
and motal oxides, and the iron dimer [t R, )Felco),],

{R = 4, Me) with PdD as co-catalyst, Such catalytic
synthetic methods have indeed provided access to isonitrile-
substituted transitlon metal carbonyl complexes, and
spectroscopic and crystallographic studies of these novel
products have beed undertaken.

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

(1) to determine the substitution geometry,
(1i) to investigate the effect of ligandg
subytitution on molecular structure

and {ii1) to enable a correlation to be established

between IR spectral data and substitution

geomebry.

These studies have provided the basis for the bulk of the
material contalned in this thesis.

The systems investigated in this study are h—s-Arene)Cr-
(00)3/RNC, (néc He Mn(Lo) /RNC, Fe(corsfﬁwc, and Mz(ca)m/b.
= Re, ¥n, L = RNC. PR In che. 11 and V respectively,

the catalytic synthesas cr (n—-Arene)Cr’CO) {CNR} and

(n—C H )Mn(CO) {CNR) derivatives are cescribed. Chs, III
and VI reapectively give brief surveys of the l“EC HsconeJ-—
CP(CO) L and (n—C S)Mn(CO)? L complexes for which X-ray
crystal structures have been veported in the Literature,
while Chs. IV and VII respectively describe the X-ray
crystal and molecular structures of the two representative
sanitrile gerivatives, (e 100 e ) Crico) ,(ONBu%) and
(n—C )MnlCD) (ONBu ) Finnlly, ch. VIII discusses the
arromalcus iR dats for the (nZArene)cr(c0) o(CNR) and
(rr‘G,SHs)MPIH‘O) (CNR) derivatives.

In ch. IX, a brief literature survey of Fe(CO)g (L),
{n = 0-2} complexes for which a trystal structure has been
reported §s given. Agalnst this background, the X-ray
crystal and molecular gtructurs of Fe{C0) (CNMe), 1
discussed. This structure was primarily undertaken in an
attempt to explain the anomalous IR data of FE(C0)3(CNR)Z
complexes. This aspect is discussed.

The remaining Che. (X-XV} are concerned with the
detalled chemical and atructural study undertaken of
Rey{C0)y {1, (L = ONR, n = 1-4j L = PRy, n = 1,2)
complexes., To place this study in perspactive, a litepature

g
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survay of derivative: of Raz(co)m is presented in Ch, X.
Further, a survey of X-ray crystallographic studies of
dirhenium decacarbonyl derivatives reported in the
Literature, is given in ch, XIIX.

Chs. XI and XIV are concerned with the Rez(CO):lo/RNC
system. Ch. XI describes the catalytic synthesis of
Ren(CO)yg (CNR) {n = 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 moaification of Rea(CO)w by ligands L is
discussed in ch. XII in terms of the electronic and/or
steric nature of L, relative to that of CO. The results of
the X-ray crystal and molecular structures of a seriss of
Rea(CO)lc_n(CNR)n {n = 1-4) complexes are then discussed in
ch. XIV. The isonitrile-derivatives studied in ch. XIV are
nee(cmg(cnauc). Re,{C0) 4 (CNCgH g, ~2,6) ,, Re,(CO),(CNMe)y
and REZ(CO)G(CNC6H3M92—2'6)4‘ The X-ray szructures of the
related manganese complexes, Mn,(COJg(CNBu™), and
an(Cois(CNCGIIJMez—&S)4, are also presented in ch. XIV.

Ch. Xv, which is divided into subsections (A-E) deals
with the Rez(m)m/FRs asystem. The introductory Section 154
outlines the content of the subsequent sections. Section
188 discusses the IR spectral data reported in the Literature
10-n(PRgl, (W = Re, tn,

n = 1-d}. iIn particular, the correlation betwesen IR data

for compounds of the type Mz(co)

and molecular geometry is investigated. A summary of the
kinetic and mechanistic studies on the reaction of Rez(co)w
with phosphine ligands, 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
10-n{PRz), (v = 1,2) derivatives
is described. The formation of geomatric isomers of
}762((}0)8“’R3)2 is discussed in terme of synthetic routes
and the steric bulk of the phosphine ligand. The X-ray

charscterization of Re,(C0)

arystal and molscular structure of diax[Rez(co)B(pMeeph)ZJ
is presented in Section 15E.




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

Appendix 4 liats the sources of chemicals used in i
this study. In Appendix B, general experimental details 1
are given, relating to (a) synthetic methods, (b} solvents, B
(e) inetrumentation, (d) X-ray data collection, (e) Crys- a
tallographic Computing Programs used, and (f) definition w
of the Crystallographic R-indices. Appendix C gives tha
1-4,

torsional angles for the Mz(w)lo__n(CNR)n(M = Re, n
M = Mo, n = 2,4) structures of ch. XIV and for diax-
[Rez(co)s(PMeprn)al {Section 15E}. A listing of the
Structure Fac v Tables for all the ten X-ray crystal
structures is to be found in Appendix D, bound as a
separate velume.

The literature surveys (which include X-ray
structural data eccessed from the Cambridge Crystallographic

Data Base) presented In this thesis are considered complete
up untii December 1983, but mention has been made of
pertinent putiications that have appeared in 1984. O

e a Fooa el . e . ]
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11, CATALYTIC SYNTHESIS AND CHARACTERIZATION OF ISONIT : 1
#
DERIVATIVES OF (n2ARENE)Cr(cO), !
e |

2.1 Introduction
Interest in compler ¢ of the type (n2Arene)Cr(C0); tas been
stimulated by the demonstrated ability of such compounds to
catalyse reactions such as the hydrogenaticn of olefins.’

Replacement of & €O group by other ligand’ L such zs phos-

° phines, arsines, stibines and isonitriles, significantly A
Ny affects the catalytic propertics of the (nSArens)Cr(cO),L
* (

2w complexes.? Gonsequently there is an interest in routes to
such substituted complexes.
In an attempt to combin. the advantages of homogennus |

R and heterogeneous catalysts, an (ngcex-xscoarvxs)cv(cc)2 moeity

£ has been bound to a polymer support through an jsonitrile H
functiorality.' Hence there is an interest in such isonitrile- Lo
substituted complexes.

Use has been made of arene chromium carbonyl complexes
in organic chemistry. Arene chromium dicarbonyl chelates
(synthesized photochemically'®) have been used to prepare
chiral anines in good yields.'® The Cr(CoJ L unit (L = €0,
s, PR3) has been shown to increase reactivity, enhance B
selectivity, or protect the substituents of complexed arene
rings with respect to alkylation.® The arene ligand can be

removed by refluxing (Arene)Cr(CO), with py,® ard the
[{py)gCrico) 4] generated can be recycied to prepare .
(Arene]Cr(CO)a complexes (vide infra). The raplacement of o'
L= CEHAMeZ—p from L (',‘.‘(CD)3 by CBHG ig catalysed by I..'Cr(ck))3 N
NS (L's CgMeg) without L' replacement. Arena tricarbonyl |
complexes, obtained by the resc .n of Arene and CP(CO)E

g {vide infra), react with nucleopisles to form adducts and

subsequently treated with trifluoroacetic acid under carbon

monexide, give substituted syclobexadienes or, after
oxidation, substitu:ed arenes and Cr(CO)E, thereby providing
. a route to such dienes and arenes in a cyclic process.’

? Although most simple arenes react with (:x'(CO)6 to give
(ngi\r‘ene)cr(m)a complexes,® the reaction is slow, the

& vemoval of high-boiling scivents nr excess arene from the

A ¥ oaovwwdh . —— .
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product may be difficult, and & complex spparatus — is
required to prevent sublimation of Gr{G0)g from the
reaction vessel. These problems have been overcome by

the reported "solvent~assisted" reaction between Cr(CO)g
and a variety of arenes, in a dibutyl ether-tetrahydrofuran
(THP) sclvent mix, ' thereby making (.19;\mm=.)cr(co)3
complexes ea‘sily accessible for further studies. Another
reported successful synthetic method employs the reaction
in refluxing dioxane of the arene and [(NH, 5)5Cr(C0) 51,
which does not cause sublimation problems, thereby
eliminating the need for special apparatus or golvents,

In a sinilar method, [(py)yCr(C0},] is reacted with arene
in the presence of boron trifluoridediethyl ether in
boiling ether. *'’

Replacement of CO in (n—Arene)Cr(CO) complexes by
an isonitrile ligand, BNC, to give (“-Arene)Cr(CO) (CNR)
derivatives, has been achisved by direct = or ir\direct”’
{involving photolysis nof (q—»\rene)cr(co)a with KUN, to
give K*{(nQAreneJCr(co)E(cnn“. followed by reaction with
RC¢) photochemical metheds. Phutochemicul methods heive
been employed to prepare chiral (n-Arene)Cr(CU)(CNR)(FR »e
and (n—Arene)Cr(Co)(CS)(PR ) v complexes. Direct substi-
tutien of an {n—Arene)Cr(00)3 complex with PEDE\:),’ has
been achieved by electrochemical techniques (reported
since this work was completed). However, no thermal

synthesis of (n—»\rene)cr(col (CNR) complexes is known.
Further, thermochemical studies’ have shoun that under
typlcal thermal reaction conditions required ta induce
Cr-CO bond cleavage, displacement of the arene ring from
the va(CO)3 moeity by ligand{g) L, becomes a competing
process, leading to reactant decomposition,or

formation of Cr(co)aLn (n = 1,3} complexes,

Hence a catalyst was sought to bring about the
substitution of £O by ANC in (nSArene)Cr(G0), complexes,
under miid thormal conditions., To function effectively,
the requirement of such a tatalyst would be the ability
50 lower the activation energy for the Cp-Cu bond cleavage
process, without also peducing that of the competing Cr-

- "~ T o e e
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Arene displacement resction. Ine dron dimer, [ (n3CH )Fe(COJ, 1y,
in the presence of suitable donor iigands (r.g. PRS' RNC), is
known to catalyse the replacement of CO ligands on transition
metal complexes." ' Further, [(n%_H,)Fa(C0),],, togetner
with co-catelysts such s PdO, PL0,, P/C or Pd/CaC0,, has
been shown to successfully catalyse reactions between metal
carbonyls and isonitriles.?*?

The reaction of (n§06H5X)Cr(CO)3 (X = H,Cc,CDaMe,Me)
with isonitriles RNC (R = But, 2,5~MEECGH3), using as catalysts
compounds of the type [CpFe(CO),l, (Cp = CgHg, GgH,CO Me,
CsMes), together with PO 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 electran~-donating or withd“..:.p properties to be
investigated.

Results and Discussion

2.2.1  Reagtion or (ngArene)Cr(co) complexes with isonitriles

The reaction between (nECEHSX)Cr(C(J?a (X = H,0¢,C0, e,
Me) and RNC (R = Bu®, 2,6-Me,Cyiy) n refluxing degassed
heptane is catalysed by the iron dimer, [("écs”‘°5""e(°°’z]z'
and co-catalyst Pd0, to yleld tne required substitution
product, (ryéCEHSX)CX‘(CO)_ fCNR}, in moderate to good yields.
In the absence of catalyst, or in the presence of
((nfc teg)Fe(COl, 1, or PdD separately, less than 6% product
formation was observed by IR epectroscopy even after long
reaction times (6 h).

Reactions were slower with Z'G_MEZCGHﬁNc than with
*BuNG [e.g. (ngceﬂscoztne)c:-(cma(cwcsushez—z.s), 80% yteld,
6 h, cf. (WQCSHSCOEMG)Cr‘(CO)z(CNBut), 90% yield, 1o min.]
For both isonitrile Iigands, reaction times were dependent
on the substituent X of the co~ordinated arene ring, As
expected, - reaction time was found to {ncrease with arenes
with electron-relassing X-groups {e.g. (nS0,H 00, e )or(cO) <
(CNCSHBMEZ-E'G)' 80% yield, 6 h, of, (HECGHSMe)Cr(COJZ—
(CNCEHSMBQ-Z.S). 80% yield, 18 hl. Thia trend s in keeping
with the increased metal-CO bohd strength, reflected, for
ingtance in the v(CO) siretching frequencies of the
starting materials (o.g. m(hexane):<r.905,¢5cozraemr(co)3= 1991

e
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-1 6, ~1

and 1928 cm (“—CGHE)CI‘(CO)BL 1983 and 1915 cm ~; and
(4 80gttghe)cr(00) 3 1975 and 1906 en™h).

With the electron-withdrawing ring substituent
X = COMe, the consequent weakening of the Cr—(nEArene)
bond'? allows the arene ring to be eliminated during the

8,

reaction of (n~CGH5002Me)CP(C0)3 with 2,6 MezcsHaNC,
resulting in the formation of products of the type
CP(CO)s_n(CNCGHaMez-E,G)n (n = 3,4) (vide infra). This is
not observed with the electron-donating ring aubstituent
X = Me, where the Cr—(ngm‘ene) bond is stronger.”

2.2.2  Beaculon of (n3G.H_COMe)OR(CO); with 2,6+t
in the Presence of Iron Dimer Catalysts

The reaution between (n2CH,CO Me)Cr(C0), and 2,6~
Me,CyigNC, vas investigated in the presence of iron dimor
catalysts. The most efficient catalyst was found to be an
(%, Meg 1Fe(CO) /P40 mixture (yide infral.

Although the unsubstituted iron aimer((n%h )Fe~
(02,1, 5ogsther with Pd/O, catalyses the reaction, under
the reaction conditions the iron dimer itself rapidly under-
goes CO substitution to [(n20.H, Ire(CNCEH Me,2,6),1,. "

The modification of the iren dimer catalyst can readily be

2C6ttale

detected during the reaction by 1" spectroscopy. Further,
Pd0 is a poor catalyst for the reaction (2.1)'% [(n§csﬂ51-
Fe(C0),l, + mRNG -+ [(écsﬂs)zpez(co)A_n(CNR)n] + nco

(n = 1,2} {2.1) and 13 thus not respopsible for the
substitution reastion observed. Hence the addition of
either [(,;‘ECSHE,){7e(<10)2]2 c:x: [(nécsﬂﬁ)l~‘e(GNCEH3Mea-2,6)2}2
(independently synthesized '} to reaction mixtures of
[(HQCSPKSCOZMG)Cr(CO)3 and cwgsnamz-z,e, resulted in the
same rate of formation of (W=CgH CO,Me)Or(CO),(ONCH, He,-2,6),
as determined by IR spectroscopy. (ca. 15% product
Fformation was observed for both reactions after 8 h).

The ring-substituted iron dimer, [(n%SHACOEMs)Fe-
(C0),1,, with PdO, was also tried a8 a catalyst for this
reaction, but IR data {ndicated that although initielly
product substitution was more repid than with ((n%0.H,)Fe-
(C0),1,/Pd0 catalyst, the reaction rates soon inverted, and

o
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after ca. 3 h, the reaction with [(nﬁsndcoznewe(co)zlz/?do
as catalyst ceased. This result can be explained in terms
of the increased ability of the [(nécsnt‘cozm)Fe(c:o)zl2
complex to undergo CO substitution since electron-withdrawing

" groups on the ring enlisnce the substitution reaction.?’

Consistent with this proposal are the results of the
reaction betueen [(n2CgH,C0,Me)Fe(C0), ], and “BuNC. (vide
infra)

In refluxing benzene, a 1:2 reaction between
{(n—csnacozueme(co) 1, and ”Buuc rapidly (<16 min) gan
((nECcHACOZMﬂZFez(CO) (cNBu®)], and more slowly, [(n-csn co e )
Fe(CO)(CNBu )]2 (B0% isolated yield, 4 h.) A 131 reaction
between [(n*CsHA002Me)Fe(CO)2]2 and BL\NC in refluxing benzene
guve predominately [("!~C5H CO, Me)aFe (ca) (CNHu },and some
[(H H CO. Me)Fe(CO)(CNBu ”2. indicative of the facile nature
of multlple 0 substitution. (These new iren 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—C H, )l“e(CD)Z]2 and
3uNC under identical reaction cunditions, gives only
[(n—csns)zwez(co) (omBu® )], in near quantitatlve rield," an
trace amounts (<2%) of [(n—C H )Fe(co)(CNBu )1,+%* Under our
reaction conditions (ie. large excess of RNC). it can he
anticipated that multiple CO substitution of [("—CSHACOZMQ)‘
!"e(co)z]2 by RNC eventually oceurs, presumably leading to
catalyst deactivation,

To sveid this problem of catalyst substitution,
the use as a catalyst of the pentamethyl derivative,
[(n§CSMes)Fe(co)2]2‘ was invesbtigated, Owing to the electron-
donating nature of the methyl substituents on the cyclopenta-
dienyl ring, this dimer is inert to 0O substitution.?! An
[(r20, Mo )Pe(C0) ,1,/PA0 mixture was found to be a convenient,
though not highly active catalyst for the subatitution of

(n‘CsHSCOZMe)Cr’(GO) with CNGBHSMEZ'z'G' and this catalytic
method was employed in the syntheais of other (ZArene)tr(co)y
{CNR) derivatives (vide supra}, Further, it was posaible

to isolate the unaubstituted dimer catalyst, ((n—c Meg)Fs(C0) 50,

LS o cdwad _

.
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at the end of the reaction, thereby confirming the above

hypothesis.

2.2.3 Formabion of by-products of the type Cr(C0). =
(ONG A Me,~2,6)  (n = 3.,4) in the reaction of
L2600 Me)Or(C0) , with 2,6-He,CoHaNG
A feature of the {catalysed) reaction between

(n8GgH,00, e )Cr(CO}y and 2,6-Me,CoH NG was the formation of

products resulting from the cleavage of the {nArcne)-Cr

bond. In the ((n505Me5)Fe(co)2]2/Pdo catalysed reaction

Botween (nCoH OO Me)Cr (CO)y and 2,6-Me,CoHaNC, SgHCO Me,

togather with conplexes of the type [Cr(CO) _ (CNC H Me,~2,6), ]

632
{n = 3,4} were isolated (total yield of ring-cleavage by-

products ca. 5%) f{rom the reaction mixture by column chroma~
tography, in addition to the major substitution product,
(RECSHSCOZME}CP(CO)Z(CNCSHSMeZ-Z,5) {70% yield, 6 ), The
by-products [Cr(C0)g . (CNOgHgMe,-2,6),1 (n = 3,4) were
characterized by independent synthesis from [Cr(CO)S] and
2.5—Me205H3NC in the presence of PdD as cetalyst.?® (Pertinent
IR and NMR spectral data for these complexes are given in
Section 2.4.2.)

The elgctron withdrawing CO,Me arene ring substituent
results in & weakening of the Cr-{n~Arene} bond,'’ and the
congequent displacement of the arene ring in the side
resction (2.2) (CSHSCOZCH3)CP(CO)3 + 3(2.6—M92C6H3NC) hd
[Cr(CO)S(CNCSI—IaMez—Z.5)3] + CGHSCOZMe {2.2). The tetra-
substituted derivative, [Cr(CO),(CNCgH Me,~2,6),], is
howaver unexpected and could arise from two potential pathways:-
(a) displacement ' the arene ligand to give [Cr(co)a(CNUGHSMeZ-
2,8)5]  (Reaction (2.2.)), followed by catalytic displacement
of €O to give [Cr(CO)z(CNC HoMe ~2,6),]1,%¢ or

()
8 s

(b} formation of [(n—t,b.HscoZMe)Cr(co)a(cwcsﬁsmz-c,s)],
followsd by displacement of the arene ring by isonitrile.

4 blank reaction between (ZCgHsCO,Me)Cr(CO)y and
2,6-4,8HNC, in the sbsence of catalyst, indicated that

5

ca. 5% [(n2CgHgCO0,Me)Cr(CO),(CNC H Me,~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 [Gr(CO)G_n'

A > L wed -

[
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(ONCgHgMe,~2,6) 1 (n = 3,4) derivatives is via a thermal
* non-catalytic route. Further, the reaction betwean i
8 .
[(n2C4H,C0,Ma)Cr(CO) ,(CNCHighie,~2,6) ] and 2, 6-He,CyH NG LA
in hoth the absence (no reaction) and presence of catalyst

{<1% ring cleavage) under similar reaction conditions

rules out the possibility that the ring-cleavege derivatives
are formed in secondary reactlons via the decomposition of
the product., The significant feature of the above
experiments is the finding that catalytic cleavage of an
(n8Arena)~Cr bond doss not take place under our reaction L

conditions.

T

. 2.3 Spectroacopic properties of (n8Arene)Cr(co), (CNR) complexes

N 2.3.1 Infra Red
B Tho IR data {Table 2.1) for the (nZArene)Cr(co),(cNR) 5
e complexes show anomalous behaviour. Whereas two v (CO) and !

e one v {NC) stratching frequencies are predicted, two v (GO} ;
and two v(NC) abscrption were observed in both solution and i

8 . [
the solld state (except for (nSCH 00, MeICr(CO0) ,(ONCYH Me,~2,6), i
which has one u(NC) and two w(CO) bands in solution, and '

. one v(NC) and fhree w(CO) bands in the solid state). This
phencmenon will be discussed in Chapter VIII.
2.3.2 Proton Nuclear Magnetic Resonance

The "I NMR data {Table 2.1) for the (ngArens)Cr(CO)z—
(CNR) complexes gave the expected resonances (number, position}.

L s [ +
2.3.3  Mass Spectrum of (n°C 4 CO Me)Cr(CO),(CNBU®)
: Mass cpectra gave fragments consistent with the

r -, structural formulation proposed. A typical example 1s shown
‘,‘ in Pig. 2.1, which indicates the fragmentation pattern
(together with peak intensities and metastable peaks) for the
mass spectrum of (nZ0gH co e lor(c0),caNBU®). The fragmentu-
tion pattern is in agreement with that reported for related

. complexes.''® The loss of the CO ligands precedes loss of
®BuNG, indicatlve of the stronger g-donor ability of UBuNC
than CO. The tBu--group im loat before the CN linkage.®?
The arene 1igand is the last to be lost.
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Spectroscopic data for the (n§Arene)Cr‘(CO)2(CNR) complexes

Complex IR(cw™? 4 R (ppm)®
{ne) v{cot RNC(He} Arene(C H. J

(n—CGHSMe)Cr(CO) (cnea®y 2038, 2002 1883 1.39 4.99
(n—CGH yer(co), (CNBu®) 2046, 2028 ., 1894 1.38 5.43
(n-c H, cc)Cr(ccn (CNBu } 2095, 2060 . 1893 1.42 5.01,5.05
(n—C HC0, e} Cr(CO)Z(CNBu ) 2102, 2060 . 1894 1.40 4.99-5,78°%
(n—c H Me)Cr(co) L {ONC H Me 2,6) 2050, 2010 , 1888 2.17 4.97
{n —C H )Cr(CO) (CNCEH3Me2~2 6) 2040, 1932 , 1874 2.37 5.12
(n-CGHscoZMe)cr(co) (CNCGH Me -2, & 2060 . 1902 2.37 5.02-5.98°

Recorded in hexane

Recorded in CDCE, relative to THS

v(coote) = 1720 em

IR(KBr), w{NC): 2090, 2060 (sh); w(CO): 1908, 1856, v(COOMe): 1700 cm™

Multiplet
v(CoOMe) = 1725 om™>

IR(XBr), v(NC): 2070; vw(CO}: 1904, 1855, 1840; v(COOMe):

1715 cnt
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5 £+ m* = 225.3 (6 t,0+ W = 170.6 5 + m* = 164.4
::If.mumvclnovmﬁnzm: 1T = 5 {(n=Arene)Cr(cnBu)]” = [{nArenelCr{CNH}]” =
m'z = 327 (65%) w/z = 271 {72%) m/z = 215 {95%)

[(nSas cne)oe]* , arenc’

m/z = 188 {100%) m/z = 136 (38%)

FIGURE 2.1  Fragmentation pattem for aﬁamgmnmvnﬁaoovmnnzmr_ﬂuHA Fragments and intensity data
refer to the samples with :mﬁé:m - :mom:wncmzm. The spectrum was recorded at

48°C and all fragments with m/z <110 are not reported.

T
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Experimental
2.4.1 The catalysed synthesis of [(HEC #.X)Cr{€0),(CNR)]

t
X =8, Ct COzMe, Me; R = Bu 2,5—-Me2£sﬂ3_)_

(20 H,00,0H3)0r(0)y and (nSCyHyGeICr(CO)y vere
prepared by the method of Mahaffy and Pausen.’‘®

Un85 g )er{00)5) (2,00 mmol), catalyst
UnZc e Fe(CO) 1, (20 mg) and co-catalyst Fdo (20 mg), end
2,6Hg,CaH NG (1.3 mmol), or “BUNC (1.1 mmol),were combined
in freshly distilled heptane (15 m¢) the mixture vas heated
at reflux (1009C), and the reaction was monitored by TLC
{silica; eluent : hexane—diethyl ether (30%)) and IR
epectroscopy (2200-17000m™> region), On completion of the
veaction {or when no Turther changes were apparent (R = Eutl,
or after 16 b (R = 2,6-Me,0 Hy
allowed to cool and the product isolated by column chromato-

}), the reaction mixture was

graphy (2 em x 40 om column, silica ; gradient elution with
hexane~diethy} 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. Reeryatallization from dichloromethane.

hexane solution gave the required product as yellow or orange
crystailine materfal. (Table 2.2). Product yields were
generally >60%. Even in the solid state, the
(nécsHs)Cr(Co)z(CNR) derivatives decompozed on exposure to

air, as evidenced by the c¢hange in colour from yellow to

lime green.

; 8
2.4.2  Reaction of (r20 H.CO,Me)Cr(CO), with 2,5-Ne.CHNC,

with catalyst [ CpFe(L} ], (Cp = C.H., C.H CO Me,
CMe s L= 000 Cpx EH, L = 2.6-Me O NC), and
go-catalyst Pdo

(nECgH, 0 Me10r(CO)y (1,00 mmol ), cavalyst [CePe(i),],
(20 mg) and co-catalyst Pd0 (20 mg), and 2,6-Ne,CoH NG
(1.3 mmol}, were combined in freshly distilled heptane (15 m¢),
the mixture was heated at reflux (100°C), and the reaction
wag monitored by IR spectroscopy and TLC (as above}. On
completion of the reaction, or when nc further changes were

apparent, column chromatography (as above) was used to

(S
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isolate the product{s), which were purified by recrystalli-
zation from dichloromethane-hexaie solutions. In addition .

t0 the mein substitution product, (“chnscozm)cﬂco)z- ‘»
(CNCSHSMaz'Z’G)’ arene-ring displacement products of the i
tyre CX‘(COIG_n(CNcsl—laMea—Z,E)n {n = 3,4), we;e obtained, ; o
These products were characterized by IR and “H NMR

spectroscopy (Table 2.3).

2.4,3 Preparation of [{C_H CO Me)Fe(CD),]

- CSHdszS was synthesized from CGCOaMe, according
%o the method of Peters,?®
A mixture of [Fe(CO)S] {8 m¢, 0.06 mol), octana
oL (100 mé},\nd CgH,COMe (3 g, 0.024 mol), was degassed and
¢ the reaction mixture refluxed (120°C) under argor for 24 h. N

The mixture was cooled in ice, prier to filtering, and
yielded 1.7 g {32%) of deep purple product. Cleavage with
!2 yielded (CSHACone)Fe(CO}zl as a black erystalline
. material, Analytical and spectral data for these compounds .

are given in Tables 2.4 end 2.5 respectively.

2.4.4 Reaction of [(C.H CO Me)Fa({CO),], with tBuNC (1:1

Ratio

[(C K, L0 MeIFe(CO) T, (0.47 g, 1.00 mmol) was

disgolved in benzene {20 me), and to this was added aunc

- {t30 p¢, 1.2 mmol). The solution was then brought to reflux
B (80°C). The reaction was monitorsd by TLC {silica; eluent : .
benzene-diethyl sther (20)). The reaction was allowed to )
B proceed for 3 h, during which time TLC indicated the
formation of three products, with Rf-velues of 0.34, 0.60
b and 0.75 (trace). The products were separated by column
chromatography (2 ¢m x 40 om column, silica; eluent :

i henzene - diethyl ether (20%)), and purified by filtration
Tyt and recrystallization from benzene-hexane solution. The
lower broan band {Rf 0.60) yieided the monosubstituted
maroon complex [(CBHACOZMe]2FEE(C\7)3(CNBut)J (70%}, while b
‘the uppsr green vand (Rf 0.37) gave disubstituted
((6H 50 e )Fe (0O} (CNBu"1 1, 1< 108), as & bottle groen solid. -
Arslytical and spectrel data for these complex s are given
in Tables 2.4 and 2.8 respectively, The frace product (Rf 0.78)

o L el N - b s
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was present in insufficient amount to be isolated.
t,
2.4.5 Reaction of [(GH,00,Me)Fe(00),], vith "BuNC

{1:2 Ratio)

((csr«acozm)Fe(oo)aJe(o,ng, 1.00 mmol) was
d1. "slved in benzene (20 mé}, and to this was added
$ouNc (112 ue, 1,00 mmol). The solution was then brought
to reflux {80C). The reaction was monitored by IR
spect  opy. The formation of the monosubstituted
[(Cgh, te),Fe,(C0)(cNau’)] was judged to be complete
after 15 min., Further BuNC {150 je, 1.03 nmol) was
added. The progress of the reaction was monitored by TLC
{as above}. The reaction was allowed to 1 oceed for 4 h,
but complete conversion to the disubstituted product had
not occured in this time. The reaction was stopped and
the soivent removed in vacuo. The products were separated
by column chromatogrephy (see above) ar  purified by
recrystalliza®ion from benzene-hexane solution. The lower
browntband (RE 0.60) yielded maroon [(CgH,CO,Me)Fe,(CO),
(CNBu®)] (< 5%). The upper green band (Rf 0.41) gave
0.28g (50%) of green [(CSHACOZME)Fe(CO)(CNButHZ‘ (See
Tables 2.4 and 2.5). The trace product (Rf 0.75) was not
collected.

~ 4 wnd . L

©
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TABLE 2.2: Analytical data for the A:m>ﬂa=mvnﬁﬁnovw (CNR} complexes

Lomplex Colour mp (°C) Elemental analysis
(Found (caled.) (%) ) ]
c H N 4
?lca: z&oloovmnnzmu ) yellow 77-78 52.5(59.4) 5.82(6.01) 4.82(4.94) ]
?\o HCe)Cr (€03, teneu®) yelicw 86-88 51.4(51.4) 4.68(4-61) 4.63{4.61) 3
?Tn H_CO slnlnS tenBu®) red 84-85 54.8(55.0) 5.18(5.20) 4.35(4.28) a
.jm:wzmalnou ﬂn_,.nmmuzmmum 6) orange Y5-190 66.1(65.2) 5.26(5.17) 5.10(4.23)
(S 6H 0O Mo )Cr(CO) (ENCH Me -2,6) red 73 60.4(60.8) 4.58(4.57)  3.80(3.73}
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TABLE 2.3: Spectroscopic data for the Cr(CO)g_

ann : Me, IN mv

= 3,4) complexes

IR (en™H?

v{nc)

Complex

14 MR (ppm)®
vico) CeHalCiy); 2,6 Cohalony)-2.6

Y

n«.nocvlaﬂzo 1, ZNN:m.mv
ur{Co) Aczn H. sm\vm 6),
138a(s)

2134{w], 2060(m) 1954(2}, 1904(s)
2125{w}, 2050(s), 1899(s}

2.23(s) 6.69, 6.68(d)
1875(sh) 2.38, 6.74, €.72(d)

2.34(4)

® Recorded in CHCE,

3
Recorded ir Omom ¥

® relative to TM3
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TABLE 2.4:

Complex Colour
{ Anm:bnomsmvmm.nsmum purple
(Cgh GO Me)Fe(G), T . alack

1
(€4l CoMe) Fe,(CO) 4 (CNBuU )] maroon

N t
[(CyHi 00 e )Fe (CO) (CNBL )],

bottle green

mp{°C)

>330
75-76
70-71
>33C

Analytical data for :Om:hocwzm:,mnoovmum and derivatives

Elemental analysis
{Found (Calcd.}{#) !

< H N T
26.4(46.0) 2.5a(3.00} - =~
30.4(28 %1 2.05(1.95/ - 35.5(35.1}
50.4(50.3) 4.55¢4.41) 2.60{2.67) ~
54.9(53.8) 5.84(5.56} 4.36(4.83) ~

TABLE 2.5: Spectroscopic data for mﬂﬁwibnONsmuﬁmﬂOO-NwN and gderivatives
1 a 1, b
Complex 1R (ot 5 MR (pp)
v(NC) (€0} (terminal} v{C0)(bridging) v(COCMe) ﬂnnw*mvw OMIBOONQM—.W OwMOONnEw
m:uMIbODN&mVNQROO, MN - 2012(s),1974(m} 1790(s) 1720{m} - 3.60(s) 4.35 and 4.90{m)
(6,00 e IFe(C0) 1 - 2052(s),2012(5) - 1730m) - 2 24(s) 3.78 and 5.06(m)
HAﬂw—&bgwgmvmm‘QNHnﬁ:wnawu‘..w:ﬂu_ 2136{m) 1864(m) 1760(s) 1713{m} 0.79(s) 3.701s) 4.46 and 5.04{m}
H»ﬂmmbOONsmwﬂw:uOvAOZWERVMM 2122ym}, 2000{ w} - 1754(s) 1720im) 0.94(s) 3.80(s) 4.41 and 5.10im}
a
Recomded in GEND&N
® Recorded om CB, relative to THS
CeTTe R F g RN T
. R A : =t T o ¥ A M

DT

¥

g
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IiI. THE MODIFICATION OF ("—CEH&ZMS)CNCO) BY LIGANDS L

3.1 Introduction

>, A typical example of a half-sandwich metal carbonyl compound )
e 13 (v\—G‘C Hg)Cri20) 4. The orystal end molecular structure
{at 7a°x) or this complex has been determined by Rees and
Coppens?? using X-ray and neutron diffraction techniques

The molecule exhibits a "piano-stopl" arrangement of the i
(ngArene) and the Cr(co)3 unit, with the conformation of }
the carbonyl ligands with respect to the carbon atoms of é
the Arerie ring staggered. I8

J
Considerab)e intsrest has been shown in complexes of ¢
T the type (nfarene)Cr(CO);, owing to the catalytic potentisl (
of such compounds.'™® It is possible to modify the chemistry |
of (Arene)CriC0ly in two ways:- ‘

T (1) by varying the arene ligand i

M or (ii)by the substitution of CO by ligand L (eg. RNC, €S, PRy).

m“ Furtner, 1f the (I‘r—CGH ) ring is replaced by a ring containing I
I v an electron-withdrawing group, eg. ..—cénsuozme. the

:5 stability of the complex {to air oxidation) increuses, e

making such substituted derivatives more accessible for

study.
The compius (r\-C HgCO, Me)Cr((‘O) *% and a wide range of s,

ligand substituted dr*rivu ives, (n-(, H N MeiCr(CC), L, have

g besn previously investiyited by X-ray crystallographic

- techniques.'*t ™" Unl ke the unsubstLtated (nSe H, Jan(co) K
the parent compound (n—CGHECOaMe)cru‘ \ ﬂdupts an eclipeed

conformation of the carbonyl ligands wttn regpect to the -
Ceatoms of the arene ring, as do most of the (r’.g\JGHSCOBMe)—

L 0r{C0) L derivatives. This, and the effect of the ligand

L on molecular structure, can be rationalized in terms of

T electronic effects,

3.2 The Structwe of 155G 10O Melcr(co),

The crystal and molecular structure of (nQCEHSCOZMs)Cz(CO)S
wes firat determined by Carter, MePhail and Sim''® in 1967
‘R-value of 14.1%}. and in 1976 redetermined by Saillanrd and

. A e, . Y
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Grandjean 2ob

{R-value of 3.4%}, improving the accuracy of
bond parameter data.
3.2,1 Ligand geometry

The (104,00, Me)Or(C0) , molecuis has the typical
“piano-stool" geometry, with the three 0C-Cr-CO angles
being equal within experimental error {av. 88.2(1)°".
3.2.2 Conformation

There are three ssible conformations for a mono-
substituted arene complex of the type [CSHSH)GI‘[CO)B
{Fig. 3.1}, viz. staggered (I), anti-eclipsed (Ila), i.e.
orthe and para C-atoms of ring eclipasd, and syn-eclipsed
(IIb), i.e. C-atom bearing substituent R, and meta C-atoms
of ring eclipsed

From elactronic considerations, '’ ** it is possible
to oredict the most favourable conformation for a given
(HECSHSR)CP(CO)G complex. According to the hybridization
model, the Cr(CO)s unit has three filled hybrid orbitals
collinear with the Cr-CC bonds and three empty hybrids,
directed in an octahedral arrangement, with the empty
hybrids staggering the Cr-CO bonds (Fig. 3.2). The Cr(col,
group will orient itself such ha~ the empty sec of hybrid
orbitals {a} are pointed towards regions »f high electron
density, and the filled set of hybrid orbitals (b) towards
reglons of low electron density on the arene ring. The
charge distribution on the arene ring is dependent on
the electronic rature 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 ¢f orbitals {a) pointing towards
the electron rich ipso and meta pesitions, and the filled
trio of orbitals {b) towards the slectron deficient ortho
and para positions, giving the anti-eclipsed conformation
{11a). {Fig. 3.3a). Case b: If R is an electron-donor D,
the cr(co)s group will orient itself with the empty trio of
arbitals (#) peinting towards the elactron rich ortho and
para positions, and the filled trio of orbitals {b) towards
the electron deficient ipso and meta positoins, giving the
syn-eclipsed conformation (IIb) {Fig. 3.3b).

g L i

i
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L, Figure 3.1 The three possible conformations for (CSHSR)- ,
. , er{co)y: I. staggered, Ila. enti-eclipsed, 0"
g and IIb. syn-ecl psed.

Figure 3.2 Two sets of three hybrid orbitals of Cr(C0),: i
(a) empty, (b) filled. .
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ita

Figure 3.3a Ring polarization with electron-accepting
substituent A results in the anti-eclipsed
conformation ITa for {CyHANCr(CO),

I3

ith Do

4

Figure 3,36 Ring polarization with electron—donoting .

substituent D results in the syn-eclipsed

conformation IIb for (CgHgD)Cr(CO)y o
%

o

Py S "
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Hence for (HQCGHSR)CNCD)S complexes, electron-
withdrawing R-groups favour the anti-eclipsed conformation
{IIa), and electron-releasing R~groups the syn-eclipsed
conformation {IIt). However, steric factors may favour a
staggered conformation (I}, especially if bulky groups are
present.”‘” Further, since the rotation barrier in many
{n20HGRIC(C0), complexes 1o not expeoted to be very
large if the R-group is neither strongly electron-withdrawing
or ~releasing,’’ packing forces may be the determining
factor in the conformetion edopted in the solid state.

In the case of {13k Cote)Cr(CO)y, since the cOpe

group 1= “ron-withdrawing, the anti-eclipsed conforma-~
tion *ich the substitutert resides on a non—
eclip + would be expected. This is indeed the

conformatici, .ound in the orystal,®®
3.2.3 Cr-C bond lengths

The av. values for the Cr~CO and Cr-C-ring bond
lengths are 1,842(3)R and 2.217(3)R respectively. The
distance between the chromium atom and the centre of
gravity of the areme ring, Cr-ren . is 1.7144{4)A: 0
3.2.4 Ring C-C bond langths

In the unsubstituter) complex, (n°Cg,)0r(00),, which
has a staggered conformation, there is a lowering of the
berizene-ring syametry from N to Cy i the CC bonds of the
arere ring alternate in length, with the three non-eclipsed
C-C bende (av. 1.406(1)% } shorter than tho three eclipsed
C-C bonds (av. 1,423(2)4).%? This offect has been
rationalized in terms of Moleculur Orbital (MO) Theory,
which demonstrates that the cbserved bund tengths correlate
well with electron overlap populations,’®’?®

However, in the eolipsed (nGoH,00,He)Cr{C0)
wolecule, the C-C bonds of the arene ring are uniform
within the error limits (av. 1.407(4)4), P

3.2,5 Planarity of Hing

The arene ring in (n2C H,00,Me)Cr(CO), ia essentially
planar.”*® In the case of (S0 Hg)GR(CO)y, the ring Heatoms

e e imati B
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are displaced an av. of 0'032 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.®® This effect is not
apparent in (n§CGH5002Me)Cr(CO)3, but the a-C-atom of the
substituent is bent 0.010(3)8 towards the Cr-atom.'’®
3,2.6. Cr—¢-0 bond engles

In M(CO)“ {n = 2,3,4) groups, the M-C-O fragments are
expected to be bent {ca. 5° deviation from linearity) due
to the different occupation of the two anti-vonding a*
orbitals on a carbonyl ligand.!® The carbonyl ligands in
(.,'—Scsnscoaue)c:~(co)3 are slightly bent, with Gr-C-0 angles
ranging from 178.0 to 179.3° {av. 178.8(3)°}.’*® The s.ight
difference in Cr-C-0 angles within the Cr(C0), 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(CO), group
from c3v' e
3.2,7 Packing considerationg

t fegtigoo,Me)Ce(00] ; orystallizes in the triclintc
centrosymmetric space group €I, with four molecules in che
unit cell, The molecules pack with the arene rings parallel,
the separation between the adjacent benzene planes of
3.384 being very close ro the praphite distance of 3,358,°°2
There are no usugually short hon-bonded contucts, but
intermolecular repulsions could result in minor deviations
from the ideal peometry.

The structural effect of substitution of CO by ligand L

The electronic nature of the 1igand !, relative to CO, may
rosult in structural changes in the [n2CcHs00,Me)CN(CO) L.
With bulky L proups, steric factors may also be important.
3.3.1  Ligand seometry

Although the "piano-stool® arrangement is retained,
the 0C-Cr~CO angle may differ significantly from th, 0C-Cr-L
angles. If L i a better w-acceptu.' than €O, an incresse
in the 0C~Cr-CO angle, and a dimunition of the OC-Cr-L angles
is expected. ‘!
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3.3.2 Conformation

Since the electronic preference for a conformation is
governed by the electronic nature of the areme substituent,
the ligand substututed darivatives {nZCgH 0OMe)Cr(CO) L
would be expected to have the same conformation as the parent
motecule (n2CGH COMe)CR(C0) 5, viz. anti-eclipsed (ITa),

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

Excaptions 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 (nﬁceﬂscogMe)Cr(CO)zL.
Specirically, if the ligand L is a stronger ligand than CO,
i.e. stronger o~donor and v -aceeptor properties than CO, a
ghortening of the Cr-CR (L = CR) bond {relative to the Cr-CO
bond lengths in (n's—CﬁHSCDZMe)Cr[CO)s) is expected, with a
concomitant lengthening of the Cr-CO bonds, and of tha Cr-C
ring bond lengths, and the Cr-arene distance, relative to
these Cr-C distances in (n%GHSCOZMe)Cr(CD):;. However, with
a ligand L which is a poorev = -acceptor than CO, the inverse
trends in Cr-C bond lengths ars expected.®?

3.3.4 Ring C-C bond lengths

The ring C-C bonds are oxpected to be uniform, as in
(n804H,C0,46)Cr(0),.  Small differences may result from
differences in the polarization of the electron denisty of
specific carbon atoms of the ring by the Cr{co)zL group
itself.’’ The [Cr(CO),) unit has been shown to exert an
electron-withdrawing effect upon arene ringe which is
approximately equal to that of the nitro group.*'

3.3.5 Planarity of Ring

The arer: ring Ls expected to be essentially planar, as
for (186 H 00 He)0r(CO) . The ring subaticuent nay bend
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slightly towards the Cr-at ), =s {n (nECGHSCOZMe)Cr(CO)a, 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
interactiong. Steric factors are likely to be more dominant
with bulky jigands L.

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

Non-linearity of Cr-C-0 fragments is expected for
Cr{c0), groups, as for Cr(CO); groups. *? Linearity would
only be expected for M(CO}. This appites also to other
ligands such as CNR,NO. Different Cr-C-0 angles within the
Cr(CO)2 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 constralnts and crystal packing forces may cause the
Cr-C-R { L =CR} angle to deviate from linearity.

3.3.7 Packing, and Steric tactors

Packing congiderations could be important in deter-
mining the overall conformation of the molacule. Packing
forces may also be responsible for smail deviations from
ideal geometry within the molecule.

For a ligand of the type L = CRR', the magnitude and
direction of the bending of the ligand (ie. the deviation of
the C-R-R* angle from linearity, and whether the R' group
bends in towards the two CO groups, or cutwards away from
the carbonylg), is probably deturmined largely by intre-
molecular and intzrmolecular interactions, and the influence
of crystal packiny forces, Steric factors are likely to be
particularly domitint in determining the ligand conformation
when there is no very strong electronic conformation
preference, eg. for isonitrile ligands, L = CNR, MG
celculations inditate*? that the energy difference betwsen
the linear (C~N-R > 180°} aud slightly bent (C-N-R = 167-
1719} conformations is small, although the linear conforma~
tion is slightly morc steble eilectronically. Here steric
factors may domindte, especially with bulky Regroups.

N
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6

A~ray Crystellographic Studies of (n—Celjag_O_zMe)C!‘(CD)zL
complexes

8
The (n=CgH CO,!
and molecular structures have been reported in the literature
are ligted in Table 3.1. Note that the compound (nQCSHSCOEMeJ'
Cx‘(CO)z(CNCOCGHS) has two crystal morphologies, a triclinic
form (A), and & monoclinic form (B), both of which, however,

Me)Cr{CO),L complexes for which X-ray crystal

have very similar molecular structure.'®

Table 3.2 summarizes the prineipal 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 infiuencing molecular geometry, through the o-donor
and w~acceptor properties of L relative te €O. For the
ligands L of interest, the order of increasing ¢-donor
strength is CSe>C8=CNR>CNCOR>CO, and of increasing n-acceptor
ability is CSe>CSvCﬂCOR>CO>CN“‘°R3f"'”’” However, the
PFB iigand does not fall into the PR:5 class with PPha, being
& stronger m-acceptor than ¢0.’'"

3.4.1 QC=CrCO and 0C-Cr-l angles

ALY tho (nCGH OO Me )P (0O} L complexes have the
usual “pianc-stooi” geometry. The order of increasing
0C-Cr-CO angle, and decreasing av. 0C-Gr-L angle for 1igands

L, relative to the av. 0C-Cr-U'0 angle in (q—(.6H5C02Me)Cr(CO)3
of BB‘?(l)"_' is PPhS' <o, PFJ, €8, CSe, which parallels the
order of increasing n-acceptor abllity.

3.4,2 Confarmation; An exception

The complexes (nngHSCO' Me)cr(CU)gl. (L= P!‘ha. €0, 08,
CSe}, all have the anti-eclipsed conformation as expected,
with small angles of eclipse at the ortho and pars positions
(Fig 3.4}, However, for L = PFJ, the angles of ec.ipse are
large {av. 18.1°)%* and the conformstion can be described as
"off-anti~-eclipsed."

With the exception of L = FFha, the ligand L (L = CSe,
cs, PF’S) occuples the ortho position with the angle of
eclipse (a) (Fig 3.4), where L has moved away from the coamle




TABLE 3.1 X-ray Crystal Structures of (nQCGHSCOEMe)Cr(CO)ZL

complexes

Complex

(180, 1,00 e ) Or(C0)

(86 1, C0 Me 1R (01,08
(o gH Lo, e 1Cr(CO) Tse
(e Hgco,
(02,00, Ma )Cr (€0 ,PF 5

Me)Cr(CO) ,PPhy

8
{ I'v—CSHSC(JZMe )Cr(CO)g(CNCOPh)

Space Group, &

PI, 2 (Form A)

Pallc. 4 (Form B)

Reference

M
31
32
33

34
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TABLE 3.2; Principal g ! isties (dist Riangles, o) of (n8Cgi1,C0 Me)Cr(C0) L. complexes
L P Pn, CNCOPR o oF, cs cse
Conformation Anti-eclipsed Staggered Anti-eclipsed Off-anti-eclipsed Anti-eclipsed Anti-eclipsed
angles of 2 - 4.3,4.9,4.2  17.6,17.7,19.0  0,6.0,1.5 1.7,5.4,2.5
eclipse. a,b,c
Ring plamsrity  Planar Planar  Planar Planar Planar Flanar
Deviation of +C ° e ¢ s0.010(3) +0.083(11) 40.037(3) 00
av Ring C-C 1.399(5) € 1.a07(a) 1.399(15) 1.401(4) 1.40(2)
Cr-arene 1.ee5(1)¢ " 1mal) 1.698(2) 1.730(1} 1.742(1)
av Cr—C ring 2.198(a) ¢ 2.2%2) 2.201(10) 2.226(2) 2.232(11)
av Cr-co 1.823(4) ° 1.8a2(3)° 1.833(11) 1.848(3) 1.862(11)
Cr-L 2.337(1) 1.85(1) 2.132(3) 1.797(2) 1.786(11}
0C-Cr-Co 85.3(1) ¢ es.p1)® 89.4(5) 90.8{1) 91.0(6)
av 00-Cr-L 90.2(1)¢ ¢ 88.6(5) 85.7(1) 84.9(5)
av Cr-C-0 175.6(3)d € 176.8(3)° 177.7{7} 176.9(2) 177.1(7)
cr-c-r" - 178.8(9) - 178.0(2) 179.0(7)

See Fig 5.4

Deviation of 0-C of -COHe from mean plane of arene ring; + indicates towards Cr atom, — away from Cr atom
Not quoted in referrnce

Ref. 34

av value for the three CO ligands

Applicable for ligand type L = CR

e

-
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Figure 3.4 Anti-eclipsed conformation of (nécsnﬁcozm)c:v(co)ev,
complex, viewed down ligand tripod onto arene ring,
showing angles of eclipse, a, b and ¢, at ortho
positions and para C-atom respectively

g
co

/

¥
0w

Figure 3.5 Unusval staggerad conformetion of the (ngcaHECOZMe)Cr-
(CO)Z(CNCOPh) molecule,viewed down ligand tripod onto
arene ring. (Both A and B forms the same structurally).

Y F .
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substituent, presumedly for steric reasons. This could
also account for the larger angle of eclipse (a) of 17.8°
nbsgerved for L = PFS' However, for L = PPha, the PPh3
ligand occupies the ortho position with angle of eclipse
(&),

There is une exception: the (lﬁcsnscoznemr(co)a-
(CNCOPR) * 8 molecule has a ctaggered conformation (in both
A and B forms} (Fig 3.5). Furvher, 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 left, as is usual. (Fig 3.5,¢f. Fig 3.4). The
CNCDCEHS group is anti-parallel to the CDZME substituent.
Steric considerations could be responsible for the overall
conformation, and crystal packing forces probably also play
a role.

3.4,3 Trends in Cr-C bond lengths

For the complexes (nSCgHCOMe)Cr(C0) 0, (L = CSe,
€8, PFB‘ PPha, €0), the order of increasing Cr-CO bond
length and of increasing Cr-C-ring and Cr-arene distances,
is PFhs, FF3' &0, CS, CSe, which is the same as the order
of increasing n-acceptor strength of the ligands L. This
is also reflected in the Cr-CR (L = CR, R = Se, $, 0, NCOPh)
bond lengths CNCOPh<CO<CS<CSe. Note that the Cr‘-—PI"3 bong
(2.132(3}R) 15 considerably shorter than the Cr-PPh bond
(2.337(1)R), indicating that the PF, ligand, unlike PPhy,
1is p good r-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. 1.403).
3.4.5 Ring planarity and bending of COzMe groupg

In all cases, th: arene ring is planar, wlth the
a=C atom of the CO Me group either planar with the ring
{L = CSe)}, or bending in slighlly towards the Cr-atom
(L s C8, PFy, CO).

e P S N
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3.4.6 Cr-C-0 and Cr-C-R bond angles (L = CR) N
For all the complexes, the Cr-C-0 angles deviate '

slightly for linearity (ca. 177°), as expected. The Or- PR

C-R angles (L = CR, R = Se, $, NCOPh), are also slightly i

bent (178 - 179°).

3.4.7 Confurmation of the ligand L

n the complex (nﬁcsuscozme)Pr(co)a(cncoph),'5 the
isonitrile ligand is bent, with a C-N-C angle of 168(1)°.
This probably reflects steric and packing requirements.

3.5  Conclusion 8

From the foregoing analyses, it is apparent that structural
variations in (nECGHS00 Me)Cr(CO),L derivatives, relative to

the parent (n2CGHSCO,Me)Cr(C0) 5, may be rationalized by

considering the influence of the electronic nature of the

ligand L, relative to CO.

Howsver, 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

M ideal geometry.
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THE CRYSTAL AND MOLECULAR STRUCTURE OF (n‘—’csgsg_qz,:mr-

(00} ,{anmu®)

Introduction

fn %-ray erystal study of (120 H,CO e )Or(G0),(CHEL"S, was
undertaken as part of an investigation i.to the anomalous
IR spectra eshisited by cerf<in romplexc: of this type. It
was hoped that the X-ray stuly mignt provide a structural
basis for the rationalization of the anomalous IR data. The
IR spectra in relation fo the structure, will be discussed
separately in Chspter VIII.

(nBogH 00, Me 1Cr(C0) ,(CNB") crystaliizes 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
1igand 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
{c(1)-C(s)).

Digcussion of the Structure of (nS¢H.co Melcr(00),(oNBu®)
The steucture of the (nSc .00 Me)Cr(CO),(0NBUY) molecule
will be discussed in relation to the structures of
related (126 H 0O Me)CA(C0) . complexes (Table 3.2),
followihg the scheme of analysls previously employed. Any

irregularities observed will be examined in [reater detail,
and possible causes considered (section 4.3). The principal

geometric characteristics of (nﬁceﬂsco He}Cr(00) ,(CNBu®) are

summarized in Table 4.5 z
Since the electronic nature of the ligand L has an
important infiuence on structure, it should be noted that

the ONBu® ligand is a betber o-donor and a poorer T —

acceptor than €0, but a bebter T-acceptor than PRSA“ &

BT » e
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A ORTEP® view of the ?uom_._wnom:&nlnov (CNBu®) molecule, showing the numbering system
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Figure 4.2 An ORTEP"*® view of the unit cell of ?_mo H_CO,

65

,Me)Cr(Co) iChBu"), looking down the c-axis
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TABLE 4.1 Bond lengths (A) for (n20H.CO

or-¢{1)
cr-0(2)
Cr-c(3)
Cr-C(4)
Cr-G(5)
Cr-C(8)
Cr-C0(1)
or-co(2)
Cr-CN
c(1)=~c(7)
C(7)-0(1)
¢(7)-0{2)
0{1)-¢(8)

TABLE 4.2: Bond angles (°) for (nSC_H_CO

Cr-C0(1)-0¢(1)
¢r-Co(2)-00(2)
Cr-CN-NC
NC-CN-C(9)
CN-C(2)-C(10)
CN-C(9)~C(11)
CN-C(9)-C{12)
G{10}-C(8)-c(11)
c(11)-c(e)-c(12)
€{12)-C(9)~C(10)
c{8)-c(1)-e(2)
Cl{1)-c(2)-c(3)
c(2)-C(3)=C(4)
¢(3)-c(4)-t{5)
€(4)-C(8)-C{8)
C{5)~C{6)-C{1)
¢{7)~c(1})-c(2)
c{7)-c(1)- '(6)
o{1)-c(7)-0(2}
©(1)-C{7)~0(1)
0(1)-e(7)-0(2)
©(7)-0(1)~C(8)
Cr-C(1)-C(2)
Cr-C(1)-0(6)
Cr-C{R)-C(1)
Cr-C{2)~C(3)
Cr-C{3)-C(2)
Cr-C(3)-C(4)
Cr-C{4)-C(3)
Cr-c(4)-0(5)
Cr-C{5)~C{4)
Or-C{5)-C(8)
Cr-G(6)-C(8)
Cr-C(6)-C(1})
Cr~C(1)-6(7})

2.180(4)
2.198(4)
2.207(5)
2.190(5)
2.224(5)
2.212(8)
1.827(4)
1.838(3)
1,840(5)
1.486(7)
1.346(5)
1.201(8)
1.448(6)

178.3(3)
177.9(3)
177.3(4)
166.8(4)
106.9(4)
107.1(4)
108.4(4)
111.9(8)
112.2(4)
110.1(4)
118.2(4)
119.8(4)
120.0{5)
120.1(5)
1319.9(4)
120.7{5)
122.7(4)
118.1(4)
124.6(4)
112.0(4)
123.4(4)
115.3(4)
71.6(2)
72,02}
70.9(2)
71.7(3}
71.1(3}
70.7(3)
72,0(3)
72.7(3)
70.1(3)
71.4(3)
72.3(8)
70,3(3)
127.3(3)

~ 36 ~

Me)Cr(CO)Z(CNBut)

§'s 2

c(1)~c(2) 1,410(7)
c(2)-c{3) 1.408(8)
€(3)-C(4) 1.404(7)
©(4)-C(5) 1.407(9)
¢{8)-C(6) 1.381{7)
c{6)-C(1) 1.420(6)
€o(1)-0C(1} 1.159(5)
€0(21-0¢{2) 1.157(4)
CN-NC 1.15£(6)
NC-C{9) 1.451(8)
c{e)-c{10) 1.524(8)
€{9)-c{11} 1.512(8)
c(9)-c12) 1.523(8)
H15C0,Me 1Cr (00 (CNBu®)
€0{1)-Cr-C0{2) 86.2(2)
C0(1 }-Cr-CN 90.7(2)
€0{2}~Cr-C 90.2(2)
€{1)~Cr-co(1) 112.7(1)
c{2)~Cr-co{1) 89.0(2)
¢{3)-Cr-co(1) 93.4(2)
€(4)-Cr-co(1}) 122,1(2)
€(5)~Cr-CO(1) 159.0(2)
€(8)~Cr-co(1) 150.1{1)
€{1)-0r-00(2) 161.1(2)
o{2)-cr-co{2! 149.1(2)
6(3)-Cr-co(2) 112.6(2)
€{4)=Cr~co{2) 89.7(2)
6{5)-Cr-co{2) 95.2(2)
C{B3-Cr-co(2) 123.6(2)
C(1}-Cr-cy 90.3(2)
C(2}-Cr- 120.4(2)
C{3)~Cr-CN 157.0{2)
C(4)-Cr-CN 147.1{2)
€(5)=~Cr-CN 110.2(2)
C(6)-Cr-CN 86.5(2)
C(1)~Cr-C{2} 37.5(2)
C{1)~Cr-C(3) 67.3(2)
C{1)-Cr-C(4} 79.8(2)
C{1)~Cr-C{5) 67.0(2)
C{1)~Cr-G{8) 37.6(1)
6(2)-Cr-C(3) 37,2(2)
¢{2)-0r-Ci 67.4(2)
c(al-cr 79.1(2)
c(2)- 67.2(2)
c(3)-Ce 37.2(2)
C(3)~Cray 66,7({2)
C(3)~Cr-G{u, 78.7(2)
C(4)~0r-G(5) 37.2(2)
C(4)-Cr-C(6) 86.5(2)
C(5)-Cr-C(6) 36.3(2)

PR - .
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TABLE 4.3! Bond parsmeters involving hydrogen atoms for

€{10)-H(104)
€110)-H({10B)
c{10)-H{10C}
Cl11)-H(114)
C(11)-H(11B)
C(11)-H(11C)
C(12)~H(124}
C{12)-H{128)
©(12)-H(12¢)

Gr-C{2}-R(2}
Cr-C(3)-H(3)
Cr-C{4)-H(4)
Cr-C{5)-H(5)
Cr-C(6}-H{6}
0(1)-G{8)-H(BAJ
2(1)-C(8)-H(8R)
¢{1}-¢(8)-H{8C)
C{9)~C(10)-H(10A)
619)-C(10)-H(10B)
€(8)-c{10)-H(10C)
€(9)-C(11)-H(11A)
C(9)~C{11)-H(115)
€(9)-C{11)-H{11C}
C{9)-0(12)-H(124)
€(9)-c(12)~H{12B)
7{9)-C(12)-H{12C)
11{BA)=C(B)~H{8B)
H(8B)~C{8)-H(8C)
H{8C)~C(B)-H (84}

comsocoroo
@
X
=

124(2)
125(2)
129{2)
131(2)
131(2)
110(3})
110(3)
108{3)
104(2)
108(2)
110{2)
111(2)
109(4)
111(3)
112(2)
106(2)
112(2)
116(4)
118(3)

98(3)

o
Deviations (A) of atoms from ¢ ¢ plane delined by the six

)
in (n2CgH CO Me)Cr~

o
Deviation from Pfane (A}

1,6975
0.0147
=-0,0046
~0.0132
0.0209
-0,0107

(e hio00, e )Gr(00) ptoNau®)
-]
a)_ _ Bond lengths (A)
o(2)-H(2) 0.97(4)
C(3)-H{3) 0.99(s)
G(4)-H(4) 0.98(4)
6(5)-H{5) 0.99(4)
Cl{6)-H(6} 0.96(5)
C{8)-H{8A) 0.95(5)
c{8)-H{8s) 0.91(4]
c(8)-H(8C) 1.03(4)
b} Bend angles (°)
€11)-6(2)-H(2) 118(3)
€{3)-C(2)-H(2) 122(3)
C(2)-C(3)-H(3) 117(2)
©{4)-C{3)-H{3) 123(2)
Cl3)-C(4a)-H{a} 119{2)
€(5)-C(4)~H(4) 121(2)
©(4)-C(5)-H(5) 121(3)
c(6)-C(5)-H(5) 119(3)
€(5)-C(6)-H(6) 121(2)
G(1)-C6)-H{6) 119(2)
H(10A)~C(10)-H{10B)  104(4)
BI10B)-C(10}-#(10C)  119(3)
H(10C)~C(10)-H(108)  111(3)
#{11A)-C{11)-H{118)  105(4)
H(11B)~COLLJ-41(11C)  111(3)
H(11C)~C(11)-H111s)  109(4)
H(12A)-C(12)-H(12B)  114(4)
H{128)-C(12}-H{12C})  105(4)
H(120)-C{12)-H(12A)  108(4)
TABLE 4.4:
C-atoms (C(1)-C{8)) of the arere ring”
3
(€0) (eNBu")
Atom
or
o(1)
c(2)
c(3)
c(4)
a(s)

L .

{
|
|
+

|
J
!

i




TABLE. 4.4 (Continued}

Atom

a(s)
R(2)
R{3)

#(8c)
Co(1)
co{2)
oc(1}
oci2)
oNe
NG
c(9)
€(10)
€(11)
c(12)
H{104)

-H(108)

H{10C}
H{11A}
H{11B)
H{113)
H{124)
H#{128)
H{12C}

a

- 38 -

-~

°
Deviation from Plane (A) <,

Bquatios of the plane defined by C{1}-C(6):
0.0478x + 1.1172y + 6.5952%

1.86293

~0.007%
0.0805 RS
0,0872 .
0.0468
~0,0285
-0.0387
0.0787
0.0821
0.1447
0.1376
~0.5468 N
0.9869
~0.2454
2,7746
2.8316
4511
3.5666 N
2,7731 )
3.3754
3.8288
3.8186
2.8604
5.2473
4,0513 3

s




TABLE. 4.4 (Continued)

Atom

¢(8)

c(e)
€(10)
c(11)
c{12)
H(104)
+H(10B}
H{10C)
#{114)
H{11B)
H(11C)
H(124)
H(12B}
H(12C}

- 38 -

o
Deviation from Plane (A)

~0,0071
0.0905
0.0872
0.0468
~0.0285
~0,0387
0.0787
0.0821
0.1447
0.1376
-0.5468
0.9869
~0.2454
2.7746
2.8316
3.4811
3.5666
2.7731
3.3754
3.8288
3.8186
2.8604
5.,2473
4.0513
2,9232
4.5484
3.0944
1.9744
2.8500
5.8888
5,466
5.2949

Equation of the plane defined by C{1)-C(6):
4+ 1.1172y + 86.5952z =

0.0478x

1,6293

-
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o
TABLE 4.5! Principal geometri~ characteristics (distances, A; i

6 t [
angl.,®) of (n2G5H CO Me)Cr(CO ,(CNBU") ;
i
Conformation Steggered Iy
Ring planarity Planar i
Deviation of a-C 0.079, towards the Cr-atom |
av Ring C-C 1.405(7) [
Cr-Arene 1.697(1) i
av Cr-C-ring 2.204(F) I
av Cr~co 1.833(4) 1
Go-CN 1,840(5; fe
00-Cr-Co 86.2(2) b
av 00~Cr-CN 90.5(2)
av Cr-C-0 178.1(3) [
Cr-C-N 177.3(4) i
C-N-C 166.8(4) .
Y
]
i
. N

>

el |
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4.2.1  0C~Crs 30 and OC-Cr-~CN angles
The molecule has the usual “plano-stool” arrangement

of ligands. Within the ligand tripod, the 0C-Cr-0O angle

is 86.2(2)°, and the av. 0C-Cr-CN engle 90,5(2)°. These

values are intermediate between those for (nSC/HCOMe)-

CriC0),{PPhy) [00-0r~CO, 85.3(1)°, and av. OG-Cr-P,

80.1(1)°13+ and (nC H .00 te)Cr(CO) y Tav. 00-Cr-0, 88.2(1)°1)°"

as expected, since CNBU® in a poorer y-acceptor than CO, but

a stronger g-acceptor than i’l’h:‘).“a

4.2.2  Conformation

(026,00 Me)Cr(CO) L (ONBU®) 15 an exception %o the
electronic conformation preference, since the molecule
adopts a staggered conformaticn in the crystsl. Hawever, the
relation of the ligand tripod to the arsne 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
onBu® ligand which is parallel to the ring substituent has
moved bowards the CUZMe group. (The angle hetween Cr-CN
and £r-C{1) {bearing substituent) projected on the plane of the
arene ring is 37.7°). The "angles of eclipse" (Fig 4.3} are
legs thun 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
(20,4500 Me)Cr (G0 ,PF, structure (av. 18.1°).° Hawever,
in the latter structure, the PF3 ligand has moved away from
the Cozne substituent. The anly other isonitrile derivative,
(nﬁcauscoaMe)cr(co)z(cncocaﬂs)," also has a staggered
structure, but the CNR ligand 1s anti-parallel to the CO,
group (Fig 3.5),
4,2.3 Cr~C bond lengths
The av. Cr-C0 bond length, and the av. r-C ring and
Cr-Arene distances of 1.833(4), 2.204(8) and 1.597{1)2
respectively, are intermediate between the values of 1.823(4),
2.198(4) end 1.695(1)4 and 1.842(3), 2.207(2) and 1.718(1)}

s 6
for (2,00, Me)CrlCO) 4B, *® and (n2C H CO Me)Cr (00}, "D

e
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6, t
Figure 4.3 Conformation of the (n=G H,CO Me}Gr(CO},(CNBu") molecule,
viewed down ligand tripod onto arene ring. The “angles
of eclipse” ab the ortho and para positions, are
a, 22.3°, c, 22,8°, and b, 18.9°, respectively.

respectively, as expected. {r-acceptor gtrength CD>CNR>PR3')E)‘
The lenger Cr-CN bond length of 1.940(5}A also reflects the
poor n-acceptor property of the CNR ligend relutive to CO.
Note that the Cr-CD, Cr-C ring and Cr-arene distances are
very sinilar o thoss for (n6H 00, Me )0 {C0) (PR, ) (1.633(11),
2.201(10) and 1.683(2)A respectively.)?®"
4.2.4 Ring C-C bond lengths

The ring §-C bond lengths [(av. 1.405(7)2) are similar
to those in the related structures.
4,2.5 Ring planarity and bending of COZMe—grouE

The arene ring is essentially planar, with the a~C-
atom of the arene substituent bending slightly towards the
Cr-atom, ay observed for other (nECGHSCOZMe)Cr(CO)ZL
(5 = a0, "% cs,*! ery ') ctures.

- e ST AT




- 42 -

4.2,6 Cr-C-0 and Cr-C-N bond angles
As expected, *? the Cr-C-0 angles deviate slightly
from linearity (av. 178.2(3)°), The Cr-C-N group is also |
. . slightly bent, with & Cr-C-N angle of 177.3(4)°. §
2.2,7 gonformation of the CNBu® ligand

B In (nogh 00, Me)Cr(c0) (oNBu®), the isonitrile

A ligand is bent, with a C-N-C angle of 165.8(4)%, similar

' to that of 168(1)° observed for (nCyHeCO Me)Cr(CO),(ONCOCHH, ). 16
The cNBu® 1igand bends outwards, away from the carbonyls,

4.5 Unusual Structural Features of (n®C,H.CO Me)or(col,(cnBu®)

IR The saructure of (120 H-C0Me)or(C0) ONBU®) has been

i
i
i
i

towards the COMe ring substituent. (see Fig. 8.2, ch,VIII). |
]
L

L discussed above in terms of its similarity to related ;

(nécsﬂscone)Cr(Co)zL structures. However, the molecule N

o possesses certain unusual features, which will be considered i

X in more detail, and possible reasons for irregularities :

discussed. i

’ 4.3,1 Staggered Gonformation

on electronic grounds, an anti-eciipsed conformation

T would have been predicted, as is found for the complexes !

(n0 1,00 e 1Cr (00} b (L = 0. a5, ose, " peh,'"). The

- staggered conformation (Fig. 4.1} adopted by the (nQCGHSCOEMe)-

0r(00) ,(GNBU®) molscule s thus unexpected. However, from
. theoretical calculation, the energy barrier between the

= eclipsed and staggered conformation is not expected to be
>‘ subatantial,’ " It is unlikely that the movement from the

- eclipsed position originates from steric factors, since the

Pl»“h3 ligand adopts the eclipsed geometry, and the sterin
) bulk of the ‘BUNC group is expected to be less tham thac of

‘,-‘ eclipses the ortho position on the COMe gide of the COOMe

ring substituent, whereas the tEuNC ligand lies on the C=0

side. (
§
{
i

i
| the PPh3 ligand.%* Note, however, that the PFhs group i
{

0 4.3.2, Posision of ©

In (n(—;CGHSCOZMe)Cr(co)zlcNBut), the cNBu® Ligend is
, parallel to the COMe ring substituent (Fig. 4.1). In

T
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contrast o the "off-anti-eclipsed® conformation of [
o .
(n—ceﬂscoerae)c:r(co)E(PFa), where the PF, ligend has moved
avay from the CO e group (angle between Cr-PFy and
Cr-G(QOe) projected on the plane of the arene ring is
77.6°),1* the CNBu® 1igand has moved owards the COe

group (angle between Cr-GNBU® and Cr-C(COMe) in

o projection is 37.7°). In the other reported isonitrile
.8

F derivative, {n2CgHgCO Me)Cr{CO),(CNCOCH, ], the conforma~

tion is also staggered, but the Cr(C0),L tripod has a

completely different orientation relative to the

CgHglo Me ring (Fig. 3.5), and she GNCOCgHg and COMe

groups are antiparallel.'s

- 4.3.9  Bending of the “BuNC ligand
T The BuNC ligand bends out towards the cothe ring
B substitvent (see Fig. 8.2), with a C-N-~ angle of 166.8(4}°.
This aspect is discussed further in *. in relation to
’ the anomalous IR data (ch,XI) of the Cr(co), (enR)
iy complexes.

4.3.4  Intra- and Inter— molecular Interactions

It is poseible that the moleculer g.ometry observed
G (both the position of the CNBu® ligand relative to the ring,
R and the bending out of the CNBut ligand towards the COEMe N

group) could be due to an interaction between 0(2) and a

. | H-atom of the UBu group. Although there are no exceptionally
short non-bonding intermolecular distances, weak intra- b

» : wolecular (s.g. 0{2)...H(84), 2.558) and intermolecular

. {e.g. 012)...4{10C) 2.75A) interactions ara possible. The

unusuel structural features observed may, however, be a

consequunce of purely packing considerations in the crystal. agp
“ 4.4 Experimental

4.4.1 Deta collection

1
i
: The complex (nSC;H,CO_He)Gr(C0),(NBU®) was prepared z
as described in ch, II. Red crystals were obtained by slow
recrystallization from dichloromethane-hexane under hitrvgen [
at 15°C, Despite the crystalline appearance in ordinary i

{

light, examination under polarized light characterized most

- S AN "y
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of the materisl as polycrystalline. Suitable singlewcrystal
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 obtaincd during data collection on a Philips.
PW1100 four-circle diffractometer using graphite-monochromated
MoKe radiation {) = 0.71072) at r m temperature {20°C).
Lorentz and polarization sorrections were spplied, but no

corrections for absorption were made as the linear absorption

coefficient y was only 3.50 cm ~. Orystal data and details
of the structure anelysis are summarized in Table 4.5.
4.4.2  Structure Solution and Refinement

Structure analysis and refinements were carried out

“*% Initial so-ordinates for

by using the program SHELX.
the chromium atom were derived from a Patterson synthesis
and difference Fourier synthesés y‘olded positions first for
all 2t 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
igotropic temperature factor, which refined to the value of
0.0784(27)% | Lesst-squares refinement was considered
complete when all parameter shifts were less than 0.55. At
this stage the conventional R was 0,0418. Unit weights were
used, and scattering factors for (r? were taken from

“International Tables for X-ray Crystallography."'°®

Anomaloue dispersion corrections’‘® for chromium were made.
Fractional atomic vo-ordinates, and anisotropic thermal

[ for the gen atoms are listed in Tables

4,7 and 4.8 respectively. A& listing of the Structure
Factors 1s to be found in Appendix D.

- ek -
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TABLE 4.6 Grystal data and details of structural analysis for
( ﬁCSHSCOZMe)Cr(CO)Z(CNBut)
-
. Formula £re, o, N0, . o
N e 327.30 »
= Crystal dimensions {mm) 0.16 x 0.16 x 0.14 L
: Space Group PT (o 2) R
- a(d) 12.812(6) e
. () 9.314(5) e
o) 6.007(3) )
G a(°) 97.28(3) .
8(9) 87.94(3) ¢
¥() 108.02(3) '
* i) 774.47 f
z 2 1 K
. De(gen™) 1.44 P
Sl F(000) 169.99 -
o plent) 3.50 ¢
[ S M8 Moke (0.7107) -
; ” Scan mode w/20 -
A Range {°) 3%ys23 o
b Scan width (°) 1.20 o
s Scan speed (°5%) 0.04 ,,
’ . : Range of hkl +hy kb k o+l '
O Measured intensities 2147
' Unigue reflsctions 2115
v Internal consistency R-index 0.3058 oy
§ Omitted reflsctions - P
! R (R = R¥) 0.0418 .,
B LN
. I
§
i ]
| -
: o
H i
coTe — - daoe—viaratli
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TABLE 4.7: Fractional Atomic Co-crdinates for (nECGHSCOZMe)Gr(CD)Z' t ’
(enpu®)
Atom x/a ¥/b z/¢ i
o e or 0,3668(0) 0.2001(1) 0.4679(1)
5, c(1) 0.2524(3) 0.1541(5) 0.2213(6) ;
3 o(2) ©.2814(4) 0.0211{5) 0.2408(5) .
, o3} 0,3914(4) 0.0227(8) 0,2384(7)
©(4) 0.4723{4) 0.1571(8) 0.2202(7)
(5} 0.4434(4) (.2885(8) 0,1933(7)
&(5) 0.3353(4} 0.2873(5) 0.1849(6)
o7 ©0.1380{4) 0.1618(5) 0,2306(6] )
c{8) ~0,0456(4) 0.0259(7) 0.2639(9) Y
o[9) 0.1778(3) 0.5196(5) 0.7383(6)
6(10) 0.0815(4) 0.4223(7) 0.7540{10) .
FETs c(1L} 0,1906{5) 0.6187(7) 0.5746(8)
g ¢(12) 0.2156(8) 0.8098(6) 0.9378(7) .
o c0(1) 0,3224(3] 0.0703(4) 0.6535(5) .
. co(2) ©0.4873(3) 0.2861(4) 0.6244(5) b
ac(1) 0.2965(2) -0.0132(3) 0.7704(4}
oc(2) 0,5618(2) ©.3369(3) 0.7267{4)
o(1) 0.0678(2) 0.0274(4) 0.2513(5)
e 0(2) 0.1108(3) 0.2741{4} 0.2218(5)
o 0.2926{3} 0.3380(5) 0.6081(6) S
Ne ©0.2450(3) 0.4180(4) 0.6863(6)
H(2) 0.224 (3} -0.066 (5] 0.270 (6)
. #(3) 0.408 {2) ~0.071 (4) 0.265 (5) .
g H(4) 0.849 (3) ©.157 (4) 0,224 (6) 8
H(5) 0.500 (3} 0.383 (4} 0.174 (5)
H{8) 0.315 (3) 0.376 (4) 0.175 (8)
H(BA) ~0.065 {3} 0.066 (4) 0.184 (8} ‘
H(8B) ~0.060 (3] 0.071 (4) 0,385 (8)
u(sc) ~0.088 (3} ~0.085 (5) 0.224 (6)
- H(104) 0.019 (3) 0.495 (4) 0,777 (6}
H(10B} ©.040 (3) 0.372 (5) 0.627 (6)
H(10¢) 0.054 {3) 0.358 (4} 0.876 (6)
H(114) 0.144 (3) 0.687 (5) 0.599 (6)
H{11B} 0.165 {3) 0.857 (4) 0.451 (§)
N H(11¢) 0.263 (3) 0.676 (5) 0.563 (6)
Ch H{124) 0.205 (3) 0.544 (4} 1,046 {6)
H(128) 0.177 (3) ©.685 (5) 0.959 (6)
H{12c) 0.289 (3} 0.663 {4) 0.936 (6)
i\
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2

9,
TASLE 4.8' Anistropic Thermal Parameters (4%) for the non-hydrogen®
0 Me)0r(C0), (CBu®)

Atom U1 u22 u33 uz3 y13 v12
Cr 0.0442(3) 0.0421(3) 0.0471{3) -0,0027(2) ~0.0010({2) 0.0203(2)
€{1) 0.059 (3} 0.050 (3) 0.037 (2} -0.004 (2) ~0.002 (2) 0.022 (2)
c(2} 0.070 (3) 0.049 (3) 0.045 (2} -0.007 (&) ~0.004 (2) 0.023 (2)
¢(3) 0.083 (4) 0,062 (3) 0.057 (3) -0.013 {2) -0.002 (2} 0.042 (3}
c(4) 0.003 (3) 0.094 {4) 0,060 (3) ©.0C0 (3) 0.014 (2) 0.040 (3)
¢{5; 0,064 {3) 0.070 (3} 0.060 (3) 0.011 (2) 0.013 (2) 0.025 (3)
C{6) 0.066 (3) 0.061 {3) 0.045 {2) 0.010 (2) 0.003 (2) 0.026 (2)
c{7) 0,061 (3) 0.0§5 (3) 6.037 (2) 0.004 (2) 0.008 (2) 0.017 (2)
¢{g) 0.061 {3} 0.088 (4} 0.071 (4) -0.C06 (3} -0.008 {3) 0.016 (3)
c(9)  0.049 (2) 0.050 {2) 0,085 (3) -0.008 (2) -0.008 (2} 6.027 (2)
C(10) 0©.055 {3} 0.084 (4) 0.086 {4) -0.013 (3} ~0.001 (3) 0.021 (3}
¢{11} 0.096 {4} 0.073 (4) £.069 (3) 0.002 (3) -0.007 (3) 0.040 (3)
c(12) 0,068 (3) 0.071 {3) 0.060 (3} -0.015 (3) ~0.007 (3} 0.027 {3)
CO(1) ©.049 {2) 0.048 {2) 0.050 {2) -0.008 (2} ~0.01lL {2) 0.018 (2}
€o{2) 0.053 (2) 0.049 {2) 0.062 (2) 0.001 (2) ~0.001 (2) 0.02L (2}
oc(1) 0.088 (2) 0,266 (2} 0.062 (2} 0.015 {1} -0.002 [1) 0.016 (2)
oct2) 0,061 {2} 0.063 {2) £.788 ) «0,003 {2) -0.026 (2) 0.011 (1)
0(1) 0.056 (2) 0.065 (2) 0.065 (2) ©.001 (2) -0.004 (2} 0.016 (2}
0{2) 0.067 {2) 0.060 (2} 0.083 {3) 0.004 (2) ~0.015 (2) 0.030 (2)
o 0,046 (2) 0.053 {3) 0.04y (2} 0.001 (2) =0.005 (2} 0.018 (2)
NG 0.060 (2} 0.063 (2} 0,063 {2) -0.010 (2} -0.002 {2} 0.036 (2}

# The hydrogen atoms were assigned a

factor, which refined to the value

R,

comron isotropic temperature
<,
of 0.0784{27)A%.

il
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CATALYTIC SYNi' SIS AND CHARACTERIZATION OF ISONITRILE

DERIVATIVES OF {(n7$, q)MI'I(CO)
Introduction

Direct displacement of CO in (nécsns)mn(co)a by donor
ligands L to give (n2CGH IMR(CO),l is extremely difficult
to achieve by thermal means,'’ Comsequently the synthetic
routes presently available to synthesize (nécsHE')Mn(co)zL
complexes employ photochemical'” or MeNO induced*
techniques.

With isonitrile ligands (L = RNC), preparation of
(n26,H, )Un{G0) RE demvanves has involved photochemical
methods. Irvagiation of (-5 5HgWn(00) in the presence of
THF (tetrahydrofuran) or KCN ytelds (rr-L Hg Jin(CO), (THF) **
or K 1(r§c51-15)un(co) eN)™* 2, which on resction with ang®' !
or RK(K = T, G¢, Er)”b tC182053 )01 ds the desired product
(nZ0_H MR (CO),(GNR) . (026 H IMR(CO),(CHBU®) has also been
obtatned fron the photolysis of (a2 Mn (€0}, [C Ph ] and
“BuNC in THF sslution.®' To date, isolation of the apparently
ungtable {n2CgH JWn(CO) (ONR), derivatives has not been
achisved. ¢ Tri-qubstisuted dorivatives, (n2CgH, IMn(CNR),,
have alsp been reported, and have been synthesized either
by irradiation of (nEC HMMn(CO) 5 end RNG in THF,** or
£rom [Mn(CNCgH, 1T and Nn[C 55

The complex (n—C§| Me ) 1n(co) ((.NBu } has been catalytically
synthesized by electrochemical technxqu&s“* However, this
reaction involves the diaplacement of acetonitrile (and not
C0) from (n2CgH Me)Mn{CO), (ticHe) by Bu®NC, and comsequently
still necessitates tho use of photochemical, or Me,NO-
tnduced technigues in the synthesis of the acetonitrile
derivative. To date no thermal displacement reactions of
@0 o1 (nZ0,H,)Mn(CO), by $sonttriles have been reported.

Since Pd0 has been feund to be an effective catalyst for
the direct displacement of GO by RNC on several metal
carbonyl complexes,®'*" the thermal reaction between
(n26H5Mn(C0) and a varisty of BNG ligands, with PO as
catalyst, was investigated,

s
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5.2 Results and

s ]
5.2.1 Pd0_catalysed reaction of (,J:Cs_Hs)Ml"A(CO):4 with {
isonitriles !

scussion

P PdD was found to be an effective, though not highly
active catalyst for the reaction of (2OJH¢IMN(CO)y with |
isonitsile ligands (RNC), allowing for the synthesis, under

moderate thermal reaction conditions, of a series of .’5

(n§C5H5)Mn(CO)2(CNR) substituted complexes. Product yields .

B varied from poor (MeNC] to excellent (CSHllNC) {Table 5.1).

" By contrast, the thermal uncatalysed reaction did not

proceed under the identicel experimental conditions. H
Since th~ catalyst mixture [(n2CJH;)Fe(C0),1,/Pd0 ’

E was found to catalyse related substitution reactions

! between tsonitriles and metal carbonyl complexes,?? and was
B applied successfully o the reaction between (néArene)Cx'(CD)a
o and RNG (see ch II), the catalytic potentisl of an iron .

o dimer-Pd0 mixture was investigated for the reaction of H
: (nBr 0, 7Wn(00) with “BuNC. Howover, it was found that .
¢ the reaction retes observed either for the use of a catalyst :

mixture (iron dimer/Pd0) er for Pd0 alone (equal amounts of
Pd in both reactions) are the same.
The PdO-~catalysed aynthetic route can be extended

. to related systems. For exemple, the reaction between
e (n20Hg)V(00) ; and Y5uNC in toluens in the presence of PO ;

N (110°C, 4 h) yielded a yellow product identified as

B (nfo H.)¥(C0) (ONBL®) [Tr(hexane), w(NC): 2100(x), ¥(CO):

e 1970(s}, 1804 {sh,sp), 1892 (va) en ] by comparigon with

. the IR spectra of (nécsus)vwo)a(ma) complexes.$? The

# thernal reaction in the ebsence of PdQ (110°C, 4 h) gave only

b recovered starting material, (W§C5H5)V(GO)4.

‘ 6.2.2 Charecterization of (nécsgs)Mn(co)g(CNn) products

The Lsenitrile complexes (nSCgy)Hn(G0),(GNR) have
been fully cheracterized by IR and NMR spectroscopy.

(Table 5.2).
(a) Infra Red T

The IR spectra of (q§05H5)Mn(CO)2(CNR) complexes are
expected to show two w{00) and one v{NC) stretching vibration. o
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This has been ob ved previously for RNC = MeNC®® and
eNCoPh' *P1C, ana was also observed for the complexes
with RN = CgH.CHNC, 0,6Me,CyH, ©
this study. However, fur RNC = Bu'NG and GgH NG, two
w(NC) (and two v(CO)) vibrations were observed in both
the solid state and solution. This phenomenon of

NC, and MeNC prepared in

observing more IR active v(NC) bands than expected has
also been detected in a series of {n2Arene)cr(00),(oNBu®)
complexes (see ch II}, and will be discussed in ch VIITI.
(b)  Proton Nuclear Magnetic Resonance

The 'H NMR spectra of the (n§05H5>Mn(co)2(CNR)
complexes (Table 5.2) are as expected, and show no unusual
features.
(e)  Mass spectrum of (n2C H )Mn(CO), (ONBU®)

Thu fragmentation pattern of the complex
{n25H IMn(CO) L(GNBU®) s shown in Fig. 5.1, together with
peak intensities. Loss of the CO ligands precedes loss
of the CNBu®, an¢ the na® fregment is lost before the

CN linkage.?!’ The cyclopentadienyl ring is lost last.

Such a fragmentation pattern is typical of half-sandwich
netal carbonyl complexes, and has been observed for other
(PG gHgIH(CO),(CNR) complexes. **
Experinental-preparation of (12C . )Mn(CO),(CNR}, (R = Bu®,
C H.CH, CH}. C.H.Ne_-2,6,Me)

(n2C4Hi (GO}, (2 mmol) and PO (30 mg) were added to
toluene {10 m¢) and the solution heated to reflux (110°C}.
The appropriate BNC {5 mmol) was then added to the
reaction vessel, and the reaction monitored by TLC {Silica;
eluent: hexane, or hexane/CH,C2, (10%)). The reaction was
allowed to proceed for 6 h (except in the case R = Me,
where the reactlon time was 24 h), after which heating was
stopped and the product isolated by columh chromatography.
{8ilica, Rcmx 40 cm column}. Cradient elution, starting
with hexane (to remove unreacted starting materiml) and
gradually inreasing the proportion of CH,Ct o 50% in a
cHzcaz/hexana mixture, was employed. Recrystallization
from CHzcce/hexahe gave the desired products as yellow
solide (Table 5.1).
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TABLE §.1: Analytical data for the (“-E—iCSHS J¥n(COj 2 (CNR) complexes

Elemental Analysis

Complex Isolated yield(#)® M.p.(°C} (Found Calcd.) (%)}
c H N
(n%sns)m(co)a(cmaut; 60 95-96 55.6(56.0) 5.4(5.5)  5.4(5.4)
5 i .
(n—CSHS)Mn(co)Z(cncﬂzcads) 70 51-52 61.4{61.4) 4.2{4.1) 4.8(4.8)
5,
(n-csﬂs)mn(co)z(cucsﬂu) 95 68-69 58.7(58.9) 5.7(5.7) 4.9(4.9)
s, .
(726 H, IWn(CO) [ CNC H Me —2,6) 15 79-80 61.1(62.5) 4.6{4.8)  4.3{4.6) .
(n2C 1, Jua(CO) ,LCHe) s° 90-93 9.1(49.8) 3.9(3.7)  5.9(6.5) 2
'
2 After 6h -
After 24 n.
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THE MODIFICATION OF (nécslj_S)Mn(CO)a_BY LIGANDS L

Introduction

Considerable interest has been focussed on the half-sandwich
metal carbonyl complex, In20 s Wn(CO) . owing to the
exceptional stabilizing capacity of (n—s-Csﬂs)Mn(CD)Z moeity.*’
This has been sxploited In the capture and display of
ligands L. Gomplexes of the type (1204H,)Mn(00),L have been
detected, isolated and unequivocally characterized, by
technigues including X-ray crystallography, for a wide range
of exotic and unstable ligands L.

Some twenty (120 15 )Hn(CO) L complexes have been studied

'="" In most cases, the

by X-ray crystallography.’
(156,15 Mn(C0),, 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-aton itseif of secondary interest.

Howsver, the substitution in (nZCgHg)Mn(C0), of & GO for
a ligand L, can result in structural modificaticns in the
resulting (n§CSH5)MnlCOJ2L complex, compared to the parent
carbonyl, (n20gH,MN(C0) ;. The structure of n20gHSMn(CO),
will be discussed in dutail, and the structural effect of
ligand substitution examined by considering the (nécsHs)Mn-
(COJ,L compiexes for which X-ray crystal and molecular

structur have been rep P ) trends, ana
notahle exceptisns, will be rationalized in terms of
electronic and steric factors.

.
The Structure of ln=Cute )Hn(£0),

The crystal and molecular structurs of Ih 2. INn(CO), was
first detsrmined by Berndt and Marsh in 1963, °
of 9%), and in 1981 redetermined by Fltzpatrick, le Page,

Sednen and Butler  °. (R value of 2.86%), improving the

(R w~lue

aceuracy of bond parameter data.
6.2.1 Ligand geometiy and conformation

The molecule has the typical "plano-stool" geometry,

with the 0C-Mn~CO angles being equal within experimental
error (av, 92.02(9)°**P),

- N oL - A5
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6.2.2  Conformation

The {Cgflg) ring-(00); tripod conformation is shown
in Fig, 6.1, Two ring C-atoms (C3 and C5) are eclipsed by
two carbonyls (C12 and CL3 vespectively), while the third
€0 ligand (C11) eclipses the C1-C2 bond of the ring. The
deviations from the fully eclipsed structure destroy
possible mirror (n) symmetcy of the (n20ggIHa(CO),
molecule,

6.2.3  MpC-ring and -0 bond lengths

The av. values for the Mn~C-ring and Mn-CO bond
lengths are 2.124(2) and 1.780(2)4 respectively. The
distance between the Mn atom and the centre of gravity
of the cyclopentadiens ring, Nn-Cp, is 1.7664.°'"

6.2.4 Ring planarity and C-C bond lengths

The (CHg) ring is essentially planar. A notable
feature of the (CSHS) ring is the non-equivalence of the
-G bonds {see Fig 6.2). This breakdown of the S-fold
ring symmetry in the crystal is indicative of some degree
of G-C bond losalization. There doss not appear to be a
correlation between the ring C-C bond lengths and the ring-
tripod ligand arrangement, as found for (néceua)m(co)3
(see section 3.2.4.)

6.2.5 Mn-C-0 bond angles

The av. Mn-C~0 bond angle is 178.9(2)0.°"® pear
linearity of M-0-0 bonds is predicted for WCO)_ (n = 2,3)
groups.” (see section 3.2.5)
6.2.6 Packing considerations

The compound crystallizes in the monoclinic
centrogymmetric space group le/a, with Z = 4. In general
the packing is rather loose,®’ with the shortest non-
hydrogen intermolecular contact invelving the cyclopenta-
dtenyl ring being 3.4078,°"°

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

s e Shart Bl Rl
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Figure 6.1 Conformation of {nZCgHy)Mn(C0),, looking down onto the

(Cgtg) ring. (€O C-atons are circled; M is the mid-
e point of the §{1)-C(2) bond.) Angles of eclipse, a and
o b ace 7.25 and 5,93 respectively.’’?

L e .
‘ 1.388() 1.382(3)
c@ C6) 2
1.365(3) 1.405(3)
Ca) 1.
b ce 1,4010)

Flgure 6.2 Ring C~C bond legths () in (nécsﬂs)Mn(CO)a.”b ;
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in (n20H)NN(U0), is eatimated to be very small (ca. 0.008
kJ mol™7).?" Potential energy calculations®® have shown
that the barrier to ring rotation in the solid phase of

.. 7.24 W mol™" is due to nom-bonded intermolecular G...H

H interactions. (eg. O0...H distances of 2.48 to
[RTS

and 0.
; a.088).

Crystal packing forces could also be responsible
for minor deviations from ideal geometry observed.
6.3 x-rey Crystallographic Studies of (n2C_H,)un(CO) L complexes
The (n§C5H5)Mn(CO)2L complexes for which X-ray crystal and

molecular structures have been raported in the literature
are listed in Table 6.1. The ptincipal geometric

. characteristics of the (nécsas)rm(co)zy. structures are

B given in Table 6.2. Trends and special featurss will be
., discussed.
. 6.3.1, OU-Mn-CO and OC-Mn-L angles
Although the (n§C5H5)Mn(CO)2L complexes all adopt
. the "piano-stool" arrangement of ligands, in general the
T av. OC-Mn-L angle is greater than the 0C-Mn-CO angle.
The reverse is expected if L 1s a better w-acceptor than
€0.“" However, in mast cases L is a vinylidene,carbene
er ng clefinic ligand.
1 Since PR3 is & poorer r-acceptor than CO,
. smaller av, CO-Ma~E (91,6(3)°) than OC-Mn~CO (92.4(4)%)
L angle seems anomalous. However, the CO-Mn-P angles are
92.7(3) and $0.5(3)°.%? The difference could be due to
steric repulsions botween the bulky PPhy group (Tolman
cone angle 145°}%% or cryetal packing forces., Hence
caution must be exercized in interpreting small bond

[ELIN

paremeter deviations in terms of electronic effects.
I 6.3.2 Molecular Conformation

In (ns‘CSHS)Mn(CO)B. one CO 1igand eclipses a C-C
bond of the (CyHg) ring, while the other two carbonyls
eclipse ring C-atoms. For (n20gH,)Nn(c0),L, the
ligand L may sclipse & C~C bond or a C-atom of the
(gsﬁs) ring. 1In the cases L = S0,,°' PPhy %% N,C(00 Me),, *¢

n—CsHe,'“ L eclipses a ring C-atom, but for all the

AR Y Y

s
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other structures of Table 6.1 (axcluding (nSCgH, Jin(00) 5
[PPh,(0C {Me)(CHC(OMe)}], where the(GHc) ring i8
disordered®?),i, eclipses a ring C~C bond. Hence it appears
that {n general with vinylidene, carbene and ngolerinic
ligands L, L eclipses a ring C-C bond, and with ligands such
Pth, L sclipses 2 ring C-atom. Note also that

in (n"CEHS)Mn(CO)(PPha)Z," both Pl;‘h:‘3 ligands, and the CO,
near-eclipse ring C-atoms. This phenomenon cauld possibly
have an electronic basis. MO calculation of (r\—C H I (COJ 5L
complexes for different ligand types L, might pr-ov1de

s L =

information on the electronically most favourable conforma-
tion. However, crystal packing forces probably alsc play
a role in determiniry molecular cntormation,especially as
the barrier to rotation in complexes of the type

(a2, (GO} L Lo predicted to be small.’®

6.3.3. Mn-C-ring and Mn-CO bond lengths

For the (n—C Hy )Mn(CO) L stractures, the Mn-C. ring
bond distances are genex‘ally in the range 2,12 to 2. lBA,
of. av. #h-Guring of 2.124(2)R for (n2e A Mn(oo),. Y &
potable exception is L = S0,% (av. Mn—C ring 2.000(2)8).
Porsibly this could x‘sflect a wegker bonding of the 802
1igana to Mn, compensated for by increased Mn-Ring bonding.
A weaker bonding of the 50 ligand could possibly account
for the reported instabiiisy of the {20 ign(0),,(50)
complex,*! which has also been ascribed co steric crowding
of the SD and €O ligands.®!

The ¥n-C0 bond lengths are generally 1,74 hu 1. soﬁ
comparable to the av. Mn-CO bond length of 1.750(2)1\ for the
parent complex, (ngf U )Mn(co)
PFhy, which s a weaker n-ncceptar than co,*
in Mn CO bond length relative to (n—C H )Mn(GO)a would he
expected, This is indeed observed (av. Mn~CO bond lengths
of 1.75(2)8 and 1.780(2)R respectivery ror (nfo iy n(c0)3

For ligands such ag

*® g decrease

(Ph, )47 and (n2CH )mn(co)a”")A Further, the Mn-CO bond
1eng‘ch in (n*C )Mn(CD)(PFha)e is 1-748(9)?\.“

6.3.4 Ring C C bond lengths
The ring C-C bond lengths for the (\1§CSHGJMn(CO)2L

K 3 A -




— B9 -

TABLE 6.1: X-ray Crystal Structures of (nécsﬁs)Mn(CO)zL compiexes

Comux Space Group Z Reference b

(n—C Hg ) (CO) P2, /a, 4 59 |

(n—C H )Mn(CO) (50)2 PZl,’c, 4 61

<n§c He Mn{CO),, (PBh,) fi, 2 62

(n—c n iMin(0},, (PPh (0a(¥e} LCHC(O)ME )] PI, 2 63

(“—c u )Mn(COJ [PhP(cC(CH JCHE(Me)0))? P2 /c, 4 84

(“—csu (o) REIC [NMe " To2a, 16 ° 65

(rerh'S)Mn(CGF [N clcoMe),} P2y/n, 4 .66 {

(n—C H ) (CO) [sc(c (Me 1,552,601 v2,/n, 4 67

(vr-C H )Mn(CO) [c c(c Hn)z] P2,/c, 4 68

(rz—C He M-zn(co) u:cue2 Prma, 4 © )

(n—C Hg JWn (G0}, {CCHPR) Peen, 8 70

<n—c JHe ® intco) (cm» ) amez,, § 1 7 !

m—csﬂ )Mnu:o) (CPh ) ¢ a7t {

u—c #e )Mn(co) (CFPh) #2,/c, 4 72 ‘

(r2c, )Mn(CDJ (C(OEtYFH] P2, fey 4 73 i

(n—c H Mn{co) [un(r(o)vh)]g P2,/n, 4 74

(vy—C H Mn(Co) [c(OMe)(c Hg(Chlie,) (Me)-2,5)]P2, , 2 75 i

(n—Csh‘ M0 (CO) [c(co Me)CHPPh ] P2,/8, 4 76 -

[frrC H )mmcoy (cpm] P2, /c, 4 77 !

(rr—Csﬂs)Mw(CO) [n—C(O)CPh 1 P2 /¢, 4 78 |

(n—c5 g Min{CC), [rrCH CHc(O)Me} P212121‘ 4 79

(rr-CsHs)Mn(CO) [n—CH CPhCO Ve P2, /a, 8 o 80

(n—c M (CO) [n—cHPhCHP(Ol(u\") 1 i, 2 ° 8

(n—CSH5)Mn(CO)2(n—C He) P2y/c, 4 82

(n—c )N (00),, (r\—C H ) ez /m, 2 ° 83a .
prma, 4 ° Bap I

[(rréc5H5)Mn(cm2]z\05H6) P2y/c, 4 84

& Dienediclate group disordered

b 2 crystallographically independent molecules in the asymmetric unit

© Molecule possesses crystallographic m symmetry

4 2 orystallographically independent half-molecules in the asymmetric

e Un:x:ishad structurs k

£ Ref. 41 therein

g No co-crdinates, or bond data pertaining to Table 6.2. avallable

b Redetermined structure

- - ) AN Y- .
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TABLE 6.« Principal geomstric characteristics

»

o
(bon? lengts (8}, bond angles (°) of (n°CHMAlCO)L complexes

1 Mn-C-ring®  Mn-CO c~ciring)® Mn—c-0 0C-Mn-CO  OC-Un-L
co® 2.1224(2) 1.780(2)%  1.388(3)  178.8(2)°  e2.02(9)® -
50, 2.08 (2} 175 (2% 136 (3) 178 ()7 0.8 {6)  92.8(5)%
PPhy 2.15 (1) 1.75 (2)%  1.42 (2) 178 (1)° 92.4 (4)  91.6(3)%
< 2 cid a,8 ) a,a
PPh,,(0C{Me) (CHC(0)He) ) 2.18 (1) 1.77 ()% 1.54 177.2 92.8 94.3
PP{0C(CH,, )CHC (e )0) N 1.77 2 e e e €
1C(03PR}~ 2.17 (4) .78 ()7 1.3 (8)  17a(3)” 20 (1)® 88 (1)
N,Clco,Me), 2.139(7) 1.797(m® 139 (1) 179.6 @9 e0.3(3) 24.8(3)%
SCU2H (e, ) ~2,6) 2.143(4) 1.777(3)®  1.385 © 180.7 &% gg.1q1) 94.1(1}*
C,CUCH, ), 2.32 (1) 1.767(7)%  1.35 (2)  179.1(8)®  87.9(3) 50.8(3)%
cate,, 2.13 (2) 17 ) r.3e 2F v ) 87.7(7) 91.5(8}
GCHPR 2.16 (2) 180 (B 143 (3 8 (2% 89 (1) 92 (1)*
ce, 2.187(7) 1.793(5) 1.7t 179.3 % sa.a2®  9n.6(3)°
cFPh 2.148(7) 1.790(6)°  1.396 ¢ 180.0 @Y g0.8(3) s1.9(3)%
C{OEt)Ph 2.17 (1) Le0 (% a2 (2) s (0° 91.1(7) 34.1(7)%
ClOMe ) (Clty (CHte ) (¥2)-2,5 2.15 (2) 1.80 (2)®  1.407 ¢ 5.7 2% se.ote) 92.4(8)%
C(Co, e )CHPPhy 2.158(5) L77o(a)®  1a18(5)  177.5(3)°  91.7(2) 90.6(1)* %
o(pmo- ° 2.16 (2) 178 (@° 1an® 17s.6 % se.2(9)®  es.a(9)?
qwoﬂcvn!..m e 1.77 2 1.36 e ° et

e S

A




- 81 —

TABLE 6.2 (cont)

L Mn-C ring®  Mn-CO c-Clring)® Mn-C-0 0C-Mn-0C  0C-Ma-L
2 a a = 2,
wECH_CHE (0)Me 2.137(8) 1.787(7%  1.3802)  177.1(6)°  88.5(8)  96.5(4)
:wq:womanomzm 2.166 “ 1966 D914 @ a9 gas PO gy K gt
wECHPRCHP(0) (0B)., 2.121(8) 1.770(7)%  1.35(1) 17s.06)* 876 >9 es.y(2)d
ECgty 2.156(2) 17872 1410 ¢ 1772 se.e(1) 934 Md
o2, ™ 2.231(3) 1.773(2)  1.364(5)  178.1(2)  Sr.4(5)  95.1(5)7
o ™ 2.143(9) 1.769(9)%  1.40(1)°  177.2(7)®  Ba.5(4)> 8, %K 139%7
a Average value
b Ref 59b
¢ Disordersd CJi, Ting; bond lengths from highest occupancy (75%) atomic positions
4 Bond data obtalned from the Cambridge Crystallographic Data Base
& Bon? gata not available o
£ Ring C-C bonds not equal (C(2)-C(3): 1.34(2), ©(3)-Cl4): 1.45(2), Cla)-Cl4): 1.28(2)R)%°
g OC-Mn—C (carbene) angles not equal (values: 85.5(1) and 95.7(1)°)7%
h :.,Mhmmmvzins n:‘,z:vo. av. values for two Mn fragments quoted.
1

ERERCR

Two e3-grdinated nZolefinig C-atoms not equidistant fron Mn-atom (1.86(2) and 2.17(2)R)7*
OC-Mn-A, A = midpoint of g% C-C double bond

av. value of OC-Mn-C for CO and pearer n2C-atom

av. value of QC-Mn—C for (7 and farther y2C-atom

Ref_83(b)

:._mam:mvsioovmunammmr av. values for the two Mn fragments quoted.

WPy

2z

s
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complexes are generally in th- range 1.35:to 1.432, of. av.
valve of 1.388(3)8 for (nS0gh, mn(co),. """ with one
exception, the C-C bond lengths within one structure are
all equal within experimental error. The exception,
(nécsﬂs)Mn(CO)a(CGMez}," has an alternating pattern of
©-C bond lengths (Fig. 6.3), indicative of some degree of
C=C bond localization. The pattern is not, howsver, similar
to that observed for (n§CSH5)Mn(CO)3. which also has non-
squivalent ring C-Cbonds {see Fig. 6.2). It is interesting,
and perhaps signu‘icant, to note that the shortest C-C bond
{C4-C4'} in (n~c Hy Mn{Ce) (CCMe } corresponds to the C-C
bond e¢lipsed by the vinylidene ligand. The non-equivalent
ring C-C bond lengths could, however, be indicative of
gome unresolved disorder of “:he [ -r‘ing. A 28% Cg-ring
disorder was observed for (n—C H, )Mn(CO)z[Pth(OC(Me)-
{CHC(O)Me))]8?
6.3.5 Mn-C-0 bond angles

The Mn~C-C bond angles are in the range 174-179°,
as expected.?®
6.3.6 Packing, and Steric Factors

Crystal packing forces are probably responsible for
(1) 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.
(i1} Angular deviations which destroy possible m molecuiar
symmetry. For L = ccmee,‘° CMeZ," ngC7Ha," crystallo~
graphic m molecular symmetry is observed.
(ii1) Small distortions and deviations from ideal geometry.
Sterlc factors could zccount foir anomalous bond
angle and bond length data. For example, for (nCiHoINA(0O);
[e(co Me CHPPR,], * the 0C-Mn-C carbene bond anglea are
85.6{1) and 95.7{1)¢, for CO{1) and CO(2) respectively cf,
the ideal value of 90°, due to the tulky COZMe substituent
directed towards the C0{2) ligand.
In the complex (nZCH Mn(CO) 1 r20(0)oPR,], 7

- b - ¥ sl

£
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&)
1.34(2)
ts (2]
145(2)

178

°
Figure 6.3 Ring C-C bond lengths (A)? in (EC_H Mn(Co),(CaMe) .

55
{Atoms C{3) and G(4) are related to C(3") and C{4') by

a crystallographic wirror plane through C(2) and the
midpoint of the C(4}-C{4')} bond.)

the two co-ordinated nfolefinic C-atoms (C1 and C2) are not
equidistant from the Mn-atom (2.17(2} and 1.96(2)3
respectively), possibly due to steric in® .actions between
the phenyl ringe on Ct and the carbonyl groups. Further,
the Mn-C0 bond lengths differ (1.73 and 1.812).

Conelusion

The overall geometry of the (n§C5H5)Mn(C0)2L complexes is
sinilar to that of (18C,H Mn(C0J,. Observed bond angle
and bond length trends can be rationalized in electranic
terms, and anomalies explained by the influence of steric
factors and/or crystal packing forces.
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THE CRYSTAL AND MOLECULAR STRUCTURE OF (n~C_H_)Mn{(cO) (CNBut)

Introduction

An X-ray crystal study of (nZC,Hy)Mn(C0),(ONB®), was under-
taken as part of an investigatl . into the anomalous IR
spectra exhibited by certain complexes of this type. It
was hoped that the X-ray study of (nécsﬂs)mn(coJe(cwaut). in
conjunction with that of (nECﬁﬂscoaMe)Cr(CO)z(CNBut) f3h.1V)
might provide a structural explanation of the anomalous IR
data c¢f these complexes. This aspect will be discussed in
ch, VIII.

(n20,H,)Hn(00) ,(CNBu®} crystallizes in the orthohombric
non-centrasymmetric space group Pnazl, 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 vespectively. Table 7.4 lists the deviacions (A) of the
atoms from the mean plane through the cyolopentadisnyl ring
Coatoms (C{13-C(5)).

Digcussion of the Strugture of (n2C H )Mn(c0) (CNEW®
the structure of (nSCyHINR(C0),(ChBu") WALl be diseussed in

terms of the siructural features analysed for the related
(10 H, M (CO) 1. comploxes (Table 6.2). The principal
geometric characteristics of (nécsns)Mn(co)z(cnaut) are
sunmarized in Table 7.5.

7.2.1 $I-Mn-CO and 00-Mn-CN angles

‘The complex has the 'piano-stool" arrangement of

ligands, with the C-Mn.C angles all close to .
¥n-CO angle 1s slightly smaller than the CO-wn-CN angles
as expecved"® since CNBu® 1s a poorer w-acceptor than CO.**
However, the difference {of 1°) is too ~light to be
significant.

7.2.2 Molecvlar confarmation

In tn20 H M (C0) ,(CNBU"), the CNBU® ligand essentially
ealipses « ring C-C bond (in projection, angle of eclipse C{4)-
Mn-C(6) - is 13,7°), but the divorder in the C-ring (yide

o
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Figur= 7.1, ORTEP'® view of the (n«scsﬂs)mn(cojz(cwaut.‘ molecule,
showing the numbering system

- ' PR
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Figure 7.2: ORTEP“® view of the unit cell of Aamom:mvzzﬁnoumanzw:dv. locking down the b-axis
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Figure 7.2:

2
s

ORTEP“* view of the unit cell of A:MOmmmvxnnacumanzmc.nr looking down the p-axis
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Mn~C(1)
Mn=0(2)
Mn~C(3)
Mn-C(4}
#n-C{5)
Mn~C(11)
Mn-C(12)
Mn-C(6)
N-C{7)
c{7}-C(8}

2.10(8)
2.09(2)
2.12(4)
2.17(2)
2.20(3)
1.82(3)
1.72(4)
1.85(2)
1.48(2)
1.30(5)
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6(1)-c(2}
c{2)-c(3)
C(3)~C{a)
cl4)-c(s)
c{5)-c(1)
c11)-0(1)
c(12)-0(2)
a(6)-N
C(7}-¢(9)
o{7)-c(20)

o i1
TABLE 7.1 Bond lengths (&) for (r;écsus)Mn(co)z(CNBu )

65(5}
23(4)
39(%)
49(8)
27(s)
13(4)
20(5)

T .

17(2)
82(4)
45(3)

[T

5
TABLE 7.2 Bond angles {°) for ("écsHslM"(co)z(CNB“ )

€{2)~#n-C{1}
C(3)-Mn-C(1)
G(3}~Mn-C{2)
C(4)-Mn-C(1)
C{4)=-Mn-C(2)
C(4)-Mn-G(3)
€(5)~Mn-Cl1)
{5} -Mn-C(2)
C{8, -Mn-C(3)
C{5)-Mn-C(4}
C(6}~Mn-C(1)
C(6)-Mn-C{2)
€{6)-Mn-C(3)
¢(6)-Mn-C{4)
C(8)-Hn-C(5)
C(2)~C(1)-c(5)
G(L)-c(2)-c(3)
c{2)-e(3)~C(4)
G(3)-C(4)~G(5)
£(4)-0{8)-C{1)
C{8)-Cl7I-N
C(9)-C{7)-N
C{10)~0(7)-N

43l1)
63(1)
34(1)
65(1)
64(1)
38(1)
34(1)
63{1)
61(1)
40(1)
133(2)
153(1)
119(2)
90(1)
101{L)
105(3)
105(4)
118(4)
99(3)
112(3)
108(3}
101(3)
108(2)

~

c{9)-c(7)-c(8)
€(10)~C(7)-c(8)
©(10)-C(7)-C(9)
C{11)-Mn-C(L}
C(11}-Mn-C(2)
©{11)-Mn-C{3)
€{11)~-Mn-C(4)
C{11)-Mn-C(5)
£(12)~Mn-C(1)}
C(12)-mn~C{2)
G{12)-Ma-C(3}
€(12)-Mn-C(4)
£(12)=Mn-C{5)
C12)=C(1}-Mn
C{5)~C(1)=bn
C{1}-C(2)-¥Mn
€(3)-C{2)-Mn
©{2)~C(3)-tn
€(4)~C{3)-4n
C{3)-C{4)~Mn
C(5)-C(4}~n
C{4)-C(5)-Mn
C{1}~C(5)-Hn

107{2)
120(3)
110(2)
137{2}
98(1)
96(2)
122(1)
158(1)
90(2)
113(2)
1a7(2})
147(1)
107(1)
68(2)
77(2)
89(2)
75(2)
72{2)
73(2)
69(2)
7L{R)
89(2)
69(2)

b,

el

e

e
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TABLE 7.2 {cont.)

0{1}~C{11)-#n 173(3)
0{2}~¢(12)=Mn 173(2)
N-0(6)-8in 177(2)
G{7}~N-C{6) 172(2)

€{11)-Mn-C(6) 91(2)
c{12)-Mn-C(6) ea{2)
€(12)-Mn-C(11) 91(1)

IABLE 7.3 Bond parameters involving hydrogen atoms for

5 t
{020 Hg Ma (00 (CNBu®)

{a) Pond angles iavolving hydrogen atoms (°)

H{1)-0{1}-Mn 93(10]
H(2)-6(2)-Mn 110(10)
H(3)-C(3)-Mn 139(11)
H(4)-C{4}-Mn 138(7)
H{5)=-C(5]-Mn 13707}
H(8AJ-C(8}-C(7)} 202{17}
H(8B)-C(8)-C(7) 201(18)
H(BC)~C(8}-C(7) 119(10)
H(BA}-C{8)-11(88) 137(23)
H{88)~C{8)-H{8C) Ba(21)
H{8C)-C{8)-H{BA) 115(18)
H{9A)-C(9)-C(7) 87(21)
H(9B)~C19)~C(7) 106(13)
B{9C)~C{9)~C(7) 94(9)

H{9A}-C{9)-H{98) 107(28)
H{9B)~C(9)-H(2C) 185(17)
H{9C)~C(9)-H{9A) 89(19)

H{1}-C{2)}-C{2)} 95{11)
R{2I-0(2)-C(5) 151{13)
H(2)-c(2)-c11) 112(11)

H(2)~C(2)-C{3) 143(11)
H(3)-C(3)-C(2) 129(13}
H(3)-C(3)-C(4) 110(32)
H{4)-C(4)-C(3) 147(7)
H{4)~C(4)-G(5) 108(7)
H{5)-C(5)~Cla} 94(7)
H(8}~C(5)-C(1) 151(7)

H(10A)-C(10}~C(7) 122(9)
1#(10B)-C(10)~C(7) 108(11)
H{10C)-C(10)~C{7) 121(i3)
H{10A)-C{10)~H(10B) 78(13)
H(10B)-G{10)~I3(10C) B3(18)
#(10C)~C(20)-H({10A)117(15)

(b) Bond lengtns involving hydrogen
o(1-#(1) 0.9(1)
o(2)-H(2) 0.7(1)
o(3)-H(3) 0.8(1)
cl4)-41(4) 1.0(2)
C{5)~H{5) 1.1(1)
Glg)-H(8A) 1.0(3)
c(8)-H(8D) .82}

a.s (3

c(@)-Heec) 152}
Cl9)-H(gA} 0.813)
c(9)-t(98) 1.0(3)
C(9)-H{9G} 1.1{2)
©(10}-H(104) 1.2(2)
C{10)-H(108) 1.0(2)
6(20)-H#(206) 0.9(2)

> R s
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[ TARLE 7.4 Deviations {A) of atoms from the plane defined by the

5 Ceatoms {C{1)-C(5)) of the cyclopentadienyl ring® of
5 t

{260, Mn{CO), (ONBu ")

(4] H
Aton- Deviation from Plane (A) S
1o
52 Mr ~1.,7789 "(
- N ~3.5564
', o(1) -3.3044 .
N ofz} -3,4878 !
c{1) ~0,0340 '
c(2) ~0.0102 I
. c(3) 0.0451 ;
: cl4) -0.0565 |
) c(5) 0.0557 i
= H(1) -0.3396 |
! H(2) ~0,0876
EE H(3) 0.2305
N H(4) 0.1822 g
H(S) ©0.4329
. c(s) -2.8395
o(7) ~4,6073 |
g ce” -5.4712
D4 H{uA) -6.3209
N H{8B) ~4.9481
H(8C} -5.8411
2 c{9) «5.,4473 .
B H(9A) -5.9892 :
HI9B) -5.7743
o B(9C) -4.9344
o c{10) ~3,9937
i H(104} ~3.9948
. H{108) -4.7604
\ H{10C) -3.6776
I c(11) ~2,815¢
. ; cliz} «2.7204 i
a f

- Equation of the plane defined by atoms C(1)-C{8):
e (17.7778)x + {~2.2178)y + (-0.0794)z = 6.5923

> T rmea
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o
TABLE 7,5 Principal geometrie characteristics {distances, A, J s
angles, ) of {n20H,in(CO} (oNBu®) ’
{

o Mn~Cp R

e av. Mn~C ring 2.14(4} b

. av. Mn~CO 1,77(4) 1

N Mo 1.85(2) v

; av. C-Clring) ° 1.39(4) L
.o av. MnmC-0 173(3) [

b MRG0 177(2) ’
T c-N-C 172(2) !

- CO-Mn-CO ai(1)
av, CO-Mn-CN s2(2) }

¢ 2 0n = centre of gravity of CS-ring

R Y Ring C-C bonds not equivalent (see Fig. 7.3) ’

£
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infra) precludes & detailed analysis of the conformation of
e W (50),1. "teipod! relative to the (o) ring, as has
boan gome Tor the (nRe . Mn(CO) precursor  (see sention
5.2.2).
7.2.8. Mn~C bond lengths

The &v. Hn=C rmg bond 1ength is 2.14(a)f, of. 2.124(2)%
for (n—c e )wxn(co) The Mn-Cp distance is 1. 7792, of.
17658 tor (n§c 5 )ano) S0 ond 1.7904, 1.77B{1)A and
1.973(3)% fo e compzexes (n~CsH§)Mn(CO) Lo L = (5(CO,Me)-
OHBPA, )7, (n20H CHO(OWe)T? and (350, ) respectlvely

The av. funCo diszance 1s 1. 77(A)A of. 1.780(2)R and
1.75(2)% for (n-csns}Mn<co)3"b and (,,—csHs)Mn(co)z(pph3
respectively. This trend is in the expected divection, since

oxBu® 15 a poorer m-scceptor tham CO, but a better -
acceptor than Ppha"’a. However, with the small range (3°),
the M~CO bond distances are effectively equal within the
limits of experimént&] error. Note that the Mn~CC bond
lengths in (n—C )MMCO) (CNBu ) are not equal within
error limits (1. 5213) and i, 72(4)A for Mn-C(11) and Mn~C{12)
respectively ) A simtlar effect was observed for
<n~c Hy MR (CO) [ngc(o)cpn ]7- (see section 6.3.5.) The
Mn-CN bond ler\gth is 1. 85(2)1\.
7.2.4 Ring plangrity and C-C bond lengths

A for (r(—C H )Mn(CD) ®, the Cs-ring in
(a3 g ntco) zcnsu§> 10 esoentislly plensr (ses Tasle 7.4).
However, the r!ng £-C bond Jengths are not equivalent
(Fig. 7.3}, indicative of some degree of disorder. A 25%
disorder of the C5-ring was observed for (nécsils)Mn(CO)EiPth-
(0C(Me ] (CHC{OMeN].®?  Unresolved CS-ring disorder could
also account for cne non-equivalent ring C-C bond lengths
{Fig. 6.3.} tn (n H )Mn(co) (C(,Me ).8%  Nan-equivalent
ring G- bond lcﬂgrhs could be & genuine electronic effect
indicative of some degree of C-C bond localizetion, in
accurately desermined struotures; eg. (n2CgH )wn(cO)
7.2.8 M-C~0Q and M-C-N bond angles

Both the Mn-C-0 bond angles dre 173{3)°. Near
linearity (ca. 175°) it expected.® Crystal packing forces
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s .. c ’
-] 1.39(5) 1.23 (@) P

e c@ @ i
4 149 155(8) &
B @ E o

o
Figure 7.3 Ring C-C bond lengths (A) in (,,§c5H5)Mn(co)2(cNBu‘)

i . could also be responsible for deviations. The isonitrile
’ ligand co-~ordinates in e linear fashion, with the Mn-C-N
bond angla 177(4)°.

; 7.2,6 Conformation of the cNpu® 1ipand -
) The isonitrile ligand is siightly bent, with a C-N-C
Lo angle of 172(2)J°. However, for terminal isonitrile ligands, -
s
0 A O-N-R angle >170° is considered linear. 4 Note that the

CNBut ligand bends inwards away from the ring, in contrast
©0 the CNBu® 1igand in (nECgH.00, Me)Cr(CO), (ENBU®) (o 1),
which bends outwards towords the arene ring.

7.2.7 Packing

. 5 s3b, 60
- As for (A=CoH IMA(CO),, '

and in particular the orientation of the ligand triped with

the overall conformation,

respest to the (CSHE‘:) ring, is probably determined largely
by crystal packing forces. Short non-bonded intermolecular
distances inelude C(11)... .H(S):Z.be, Of1)eee .H(S):E.AJ:,
GlL)ea H{2): 2:512 and 8{1)....H{100C) :EAESX.

A L IR . N
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Small distortion due to close intramc ecular non—
bonded contacts could also be due to packing rrquirements
eg. 0(12)...0(1)1 2,728 and C(12)...H(1): 2.99K.
Experimental
?7.3.,1 Data collection

The compiex ( Ny Mn(CO),(CNBL®) was prepared as
deacrihed in ch. V. Crystals of (r0gH Mn(CO),(0NBu") were
obtained from e dichlorcmethane solution as pale yellow
needles. Preliminary investigation by standard Weissenberg
photography established the space group as either the
centrogymmetric Fnma or the non-centrosymmetric PnaZl.
Refined cell congtants were obtained during data collection
on e Phillips PW1l00 four-circle diffractometer using
graphite-monochromated MoKa radiation () = 0.‘71073) at room
terperatura (20°C). During data collection, the crystal
deteriorated on long exposure to the X-ray beam, as was
evidenced by the fall-off in intensmity of certain standard
refiections which were checked at intervals. The data were
corrected for Lorentz and pelarization effects, but
absorption corrections were not made as the linear absorption
coefficient was only 9.70 cm >, Crystal data and details of
the structure gnalysis are gummarized in Table 7.6,

7.3.2 Structure Solution and Refinement

Structure enalysie and refinement were carried out
using the program SHELX 62, "*® Initial co~ordinates for
the manganese atom were derived from a Patterson synthesis,
the other fiftcen non-hydrogen atoms being located from
difference fourier syntheses. The bssic structure was
soived using the centrosymmetric Pnma, but rafineme..t was
only possibie after transforming to the non-centrosymmetric
fnaz,. The fourteen hydrogen atoms were placed from
subsaquent difference Fourler syntheses. Positional
parameters and dniscteopic vemperature factors for the non—
hy-rogen atoms were reflned by full-matrix least squares
analysis. The methyl hydrogens were assigned a common
igotropic temperature factor, which reflned to a value of
0.087(23) %

- ~ o EER SO !

i
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The cyclopentadienyl ring showed diserder, and in the
initial stages was refined as a rigid pentagon. All
regtraints were removed in the final cycles. Least-
squarea refine ..t was considered complete when all
positional shifis were less than 0.50. At vhis stage
the conveniionsl R was 0.0986. Unit weights were used.
Scattering factors for Mn were taken from "International
Tables for X-ray B allography,""h and anomalous
dispersion corrections for manganese were made. *C 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.

B P I YN AT -
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TABLE 7.8 Crystal deta end details of structural analysis for [
5 N ©
(520 IMn(50) , (GNBU") v
{
Formula HAC, ity N0, ’
e 269,18 f ‘
CrystaL dimensions {mm) 0.60 x .0% x .09 i
Space Group Pna, I
ald) 19.123(9) L
o
wid) 6.020(3)

o(41 10.942(5)
4 N
A S 1259.65 o

2 a
.3
be (& o) 1.37 i
¥ (o0 535.97 N
¥ ten” 9.70
oy MoKe (0.7207) .
fean mode w/28
e v oS .
nange i%, 3%0%es e
Foan widtn (o) 1.00 3
S sgeed (260) 0.033 )
ange LI Akl +h, +k, 4t o
seasurea {nensitles 1049
Unique refleciions 876
Internal consiei.ncy R-index ©.0000 i
Omitted reflestions 12
Observed reflection criterion F>o{F)
R {R = Rw} 0.0896
.
N
[

e e e e o Wbt kil 5 s
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TABLE 7.7 Fractional atomic co-ordinates for <n§05H5>Mn(00)2-
(cnpu®y
Atom x/a y/o sfe
o 0.4704(1)  0.6579(5)  0.7500(0)
N 0.341(1) 0,393(3) 0.745(4)
. o{1) 0.423(1) 48(6} 0.5%3(2)
: o(2) 0.416(2) 0.956(5) 9.935(3)
' ' (1) 0.769(31  0.625(6)  0.845(4)
a(z} 0.530(1) 0.707(5) 0.712(2)
c(3) 0.562{2} 0.550(7) 0.648(4)
cl4) 0.534(1) 0.363(4} 0.706{3}
o(s) 0.548(2) 0.425(5) 0.835(3)
c(8) ©.394(1} 0.491(4) 0.748(5)
o c(7) ©.270(1) 0.299(3} 0.737(3)
c(8) 0.235(2) 0.411(8) 0.655(3)
o(9) 0.235(3) 0.377(s) 0.885(4)
" c{10) ©.275(1) 0.059{4} 0.728(3)
c(11) 0.439(2) 0.841(5) 0.633(3)
o(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) 0.821(27)  0.578(13)
: 4 0.527(7)  0.197024)  0.702(11)
> H(B) 0.548(7) 0.247(23)  0.868(12)
H(BA) 0.185(18)  0.350(48)  0.667(30)
H{8B) n.264(12) 0.417(43) 0.000(23)
. H{8C) 0.240(11)  0.520(40}  ©.853(19)
2 H(9A) 0.192(18)  0.345(53)  0,883(31)
H(9B) 0.238(12)  0.536{44)  0.889(21)
H{ac) 0.238(21)  0.201(38) . 0.923(18)
" HI10A) ©.263(11)  -0.059(34)  0,814(20)
. 54 10B) 0.226¢10)  ~0.001(32)  0.708(17}
(100} 0,286(11, -0.009(36)  0.635(20}
I3
a
a3
R K'Y

il e ia i i al:

W e et e

e o
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o
TABLE 7.8 Anisotropic thermal parameters (A') for the non-

Aton

t
hydrogen® atoms of (n2CgH_JHn(CO)(CNBU®)

U, u u, u, )

U,

11 22 33 23 13 12

Ma 0.034(1}  0.071(2) 0.083(2} 0.007{4) 0.000(3) -0.002(2)
N 0.05(1) 0.08(1) 0,08(1) -0,02(2) -0.02(2) -~0.0L(%)
o(1) 0.04{1)  ©0.17(3)  0.05(1)  0.02(2)  ©0.01(1) 0.00(2)
o(2) 0.10(2}  ©.08{2)  0.06(1) -0.03(1) -0.0L(1) 0.04(2)
c{1) 0.13{3) 0.08(2) 0.07(2) -0.03(2} -0.08(2} 0.02(2}
c(2) 0.02(1)  ©.05(2)  0.07(2) -9.00{2) -0.00{1) 0.0L(1)
c{a) 0.10(3) 0.09(3) 0.07(3) -~0.04{3) -0.01(2) 0.04(2)
c(4) ©.06(1)  ©0.02(1)  0.12(3)  0.03(1)  ©.05(2) 0.01(1}
c(5)®  0.055t8)

c(6)®  0.068(6)

o1 0.0a7(5)

c(e) 0.08(1) 0.17(8} 0.05(2} -0.,00(2) -0.01{1) 0.01(2)
c{9) 0.19{8) ©.07(2} 0.09(3)  -0.03(2) 0.09(4) -0.09(3}
c(10)®  0.086(6)

o(11)®  o.04206)

c(r2) 0.08(2) n,19(4} 0,040} -0.01{2) -0.02{1) 0©.02(2)
a

The ring H-atoms {HL to H5) have isotrunic temperature factor of

040001(38)‘&'; the methyl H-atoms (HBA-C, H@A-C, H10A-C} were
g
assigned a common temperature factor which refined to 0.087{23)A%

Refined as an isotropic atom.

= s i
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ANOMALQUS INFR4 RED SPECTRA OF (nCARENE)Cr(CO),(CNR) AND
5
(26 e )Min(C0) , (CNR)_GOMPLEXES

Introduction -~ Anomalous IR deta

As mentioned previously, sertain complexes of the type
(nS#rene}0r(C0),(ONR) and (n2C H_ (GO}, (CNR} were found
%o give anomalous infra red(IR) spectra, both in solutien
and the solid state. (Chs. II an V respectively).

On the basis of group theory  1alysis, compounds of the
sbove type are predicted to given infra red spectra with
two v(C0) bands and ome v(NC) absorption band. This is
indeed observed for complexes (20 Hg}n(C0),(CNR) (R =
CHyCatls Cg
CgHyys two v{CO) and twa v(NC) bands are observed in both
the solid state and in hexane solution (see Table 5.2).
Purther. all the (n0GHoX'6r(C0),(CNR) (R = Bu®, X = Me, H,
G2, COMe; R = Cglyfe,~2,6, X = Me, H) complexes studied
also gave wwo v{CO) and twa v(NC) bands both in the soiid

HMe,~2,6, Me). However, for R = Bu® and

state and in cn2cezser hexane solution (Table 2.1), with
the exception of (a~CgH.0OMe)Cr(C0),(ONCyH Me 2,6}, which
in solution (hexane, €ce,, CHacez. cheav gives two vw(CO)
bands and only ong v(NC) vand, as expectes, but in the
solid state (KBr), gives three v{CO) bands and one v{NG)
band {Figure 8.11s); see section 8.5). A typlcal example
of the anomalous IR data is shown in Figure 8.1(b), the
8014 state spectrun of (nC H 0O e )Cr(C0),(NBU").
[IR(KBr): v(NC): 2090, 2060{sh}} v(CO): 1908, 1856
vicoome): 1700 enl. ]

Anomalous IR data of this nature is also observed for
the related complex (n§C5H5)Ru(CNBut)2IA" This complex is
expected to give two v{NC) IR adsorptions, but three w(NC}
bands are ovserves in the IR spectrum in both solution
(CH,C2y, benzene] and the solid state. [IR(KBr): w(NC}:
2130, 2098, 2060 en-].

In the cases of the related complexes, (nZC.H)Fe(cO)-
{P(oMe) 1% (X = Ce, Br, 1)'*® and (“§05H4Me)Fe(CO){P(OMe)S]I:
the v{CO} absorption band is vesolved lnto two components in
n-heptane solutions. The doubiing of the number 6¢f v(CO)

tb

1

—
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bands in these complexes has been asoribed to rotational
isomerization,®* 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), ligand.

Similar effects of observing more than the anticipated
nunber of infra red bands have been reported. For example,
the complexes trans-(n2CoHg Fe(C0),[C{O)CH = CHR] (R = Me,
Ph)®*® give three v(CO) bands in the IR spectra, (hexane
solution) antead of the expected two, and “he related
ccmplexes (n—CSHS)Pt R, [C(O}Me](R = R = Me,Eb; R = Me, By
£5)'°° have two v(C(O)R) bands in the IR spectra (haxane ar
cce,), while only one v(C(0JR) band is predicted. This
splitting has besn ascribed to conformational isomerization
about the metal-acetyl bond.?® In the former case the
resolution of the bands due to the conformers is not complete,
R e
possibility of mors than two isomers co-existing in solution
*"® No salid state IR dats of these

with anly the high frequency band showing splitting

algp cannot be excluded.
complexes has been reported, however.

In an attempt to formulate a ra.’inalization of the
anonalous TR data of the (nSArene)0r(C0J,(CNR) and
(n—c Hy Mn(CO), {CNR) complexes, IR speecral and X-ray
crystallographic structural studies or two representacive
compounds. (264,00, Me)Cr (60) ,(CNBU") and (2, )Hn(00)
CNBu }, were undertaken. Since the anomalous IR daca perstst
both in molution and in the solid state, this fact must be
taken into account by any proposed explanation or the effect.
S- CO Me)Cr(CO) (CNBU ) and
(M H, )Mn(COY (CNBL\ I in dlffert,nt Bolvents
IR spectrax studxes of the complexes (n—c H, COQMe)Cr(CO) -
(CNBu ) and (n—C H )Mh(CC) (CNBLI ) in sc]venf.s of different
polarity (Table 8 1 and 8. 2 respectively) revealed that

IR sgectral studies or (n-b:c

the relative intensity of the lower frequency hand
increases with decroasing solvent polarity. This
suggests the existence of cont‘armers with dif!‘erent dipole

moments. In the case of (n~C5H5002Me)Cr(CO) (onBu®), this
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b.R = But

KBr

; 2000 v

1

65

2000

Figure 8.1 Solid state IR spectra (KBr) of T..mo H, nON!mVOﬂAnovmanzm. {a) R=C wzmmlmim.

(5)

1600
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effect cannot be due to interaction of the RNC group with
the arene-ring substituent, since {nZCgH)or(CO),(CNB®)
also has two w(NC) stretching frequencies. Further,

unless there is fortuitous overlap of two sets of CO
stretching frequencies, the two different conformers must
have the L0 ligands in very similar environments. To test
this hypothesis and to determine the nature of the different
conformers, crystal structure determinaticns of the complexes
{nfCgHg00 e )Cn(co) ,icnBu®) and (nSo H IHn(CO), (NBu®), were
undertaken. The full crystal and molecular structures of
these two complexes ‘ire reported in chs. IV and VII

respectively. ructural features which could have
bearing o1 the R effect will be discussed.

. ©
Structural data o ti500,Me)Cr60) ,{ONBu ) ang

tndc )Mn(CO)z(CNBut) from X-rey Crystallographic Studies

5 3 5 t
The (n2CyHgCO,Me)Cr{CO),(CNBU) and (n=Cyhy JMn(CO),(CONBu")
molecules are illustrated in Figures 8.2 and 8.3 respectively

In both cases, the structural feature of note is the non-
linear isonitrile iigand (C-N-C angle of 166.8(4)° and
172(2)¢ respectively). Further, in the case of (n2C,HCOMe)~
Gr(CO),(CNBU®), the Lsunitrile ligand bends towards the
ring (Figure 6.2), while for (nécsHﬁ)Mn(CO)a(CNBut), the
isonitrile bends away from the ring (Figure B.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 curbocycle rings (11° for Cr, 4° for Mnj

(Figure 8.4(c), {d)). 1t 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 etruc-
tures shown in Figure 8.4{a) and {(bj. This could provide
ar explanation of the solution IR data. However, for both
the Or and Mn-guructures, there 13 only one molecule in the
agymmetri~ unit cell (Crystal data: PI, 2 = 2, and PnaZl
2 = 4, respectively), of the conformations -hown in Figure
8.4{a) and (b} respectively, and there is ho evidence of
digsorder of the isonitriie ligand. Hence an alternative
explanation L8 required to explain the solid state (K8r} TR
data.

i it
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TABLE 8.1! IR spectral study uf [(n%CH_CO Me)Cr(CO} (CNBu)] in different solvents® E
Solvent v(co)em™ v{CoOMe) /om 1 vine) /e Intensity
A B Ratio A:B
chloroform 1924 vs 1872 5 1708 2112 ms 2074 sh 2.5 3
dichloromethane 1920 vs 1868 s 1710 m 2100 ms 2060 sh 2.3 'ﬁ
‘toluene 1922 vs 1865 s 1700 mw 2106 m 2070 sh - E
tetrahydrofuran 1924 vs 1872 5 1718 = 2104 m 2076 sh 1.5
n-hexane 1960 vs 1880 s 1697 m 2100 m 2076 sh 1.9 "
benzene 1940 vs 1898 s 1720 m 2100 nw 2070 w 1.1
carbon tetrachioride 1930 vs 1884 s 1699 m 21z m 2070 @s 0.8
B -
® IR (KBr): v(NC}, 2090, 2060(sh); v(CO), 190B, 1856; v(COOMe), 1700 cm I
® Estimated from peak arveas {+ 16%)
&
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TABLE 6.2: IR spectral study of (CSHSEMn(CO)Z(CNBut) in
diffevent solvents®

Solvents (o) /on™t son)/on™  patio aim ®
A B

THF 1941, 1881 2106 2074{sh) 2.9 : 1
CHCQ’.:i ig4z, 1882 2114 2082(sh) 2.2 : 1
CHZC£2 1940, 1881 2116 2082{sh) 2.0 : 1
CSHSCHS . 1943, 1883 2110 2080 1.7 1
CSHB 1944, 1893 2108 2074 1.6 : 1
ccea 1948, 1897 2104 2073 1.4 : 1
C6H12 1952, 190% 2102 2070 1.2 01

a 1

IR(KBr): v(NC), 2118, 2072(sh); v(CO), 1971, 1926 cm

Estimated from peak areas (+ 18%)
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o

Figure .  s5ideways ORTEP®® view of the
B molecule

g nin(co) (cuBu®)
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L, (a)  (n%CeHsCOzMe) Cr (cO0), (CrBut)m b = 166:8(4) |

i ¥ ’ Gl i

(6)  (p*csks) Mnlco), {cnaut) — o = 1as(2) |
| M o L
. () {ne~cqhsco,Me) crco), (cnBut) — ot =11(1) |
: o
i (@) (n3-coHs) Mn (60), (cNBU) —ot =a(2) g
) Tigure 8.4 Dlagran 11lustrating the confommation of the onu®
” ligand in (n-—CbHECOEMe)Cr(GO) (eBu®) ((a) and {a})

| : and (n2C,H, Mn(co) j(oNmu®) ((b) and {d))

T FARDN T R " e




- 87 - ‘l‘

8.4 Structural data on (néc H, )RL\(CNBUt) I from an X-ray
Cryytallographic study
s mentioned in section 6.1, (néi}sHs,‘Ru(CNBut)zI gives three,
instead of two u(NC) adsorptions in the IR spectrum both in

solid state and in solution. fhe X-ray crystal and -
! molecular structure of this complex has been reported.®’
i The compound crystallizes in the .triclinic apace group PL
[ with 2 = 4, ie. there are two molecules in the asymaetric

unit. These two crystallographically independent molecules
do not have the same ligand conformation with respect to

the cyclopentadienyl ring. This suggests a possible

K explanation of the solid-state IR data. The two conformations

: probably arise from packing forces in the crystal. Further,
L‘ there is the possibility of intermolecular interactions

; bebtween the two different molecules.
RO of significance is the finding that each molecule
cortains wwo Aifferent types of RNG groups, viz. one near- |
linsar (1-R-C,178°(av.)), and one with a larger G-N-C bend :
{162°{av.)}. In both molecules the bent isonitrile points

away from the ring., This suggests the possibility of the
existence of conformers (Figure 8.4(a) and {b}) to account N
for the solution IR datae. Another possible explanation 3 i
could be the lowering of the symnetry of the molecule by J

the bending of an lsonitrile. 4 |
. g 8.5 The solid state IR spectrum and crystal structure of |

N 6, . N |
P_ ] {n=G,1igCOMe JGr{C0) , (CNC H Me -2, 6) - I}
" In hexane solution, the IR spectrum of the complex
" 8, "
° (n“CsHSCOZMe)Cr(CO)z(CNGsHSMkz—Z,G), unlike that of the
other (nArene)Cr(C0),(CNR) derivatives studied, 1s as
" expected, viz. two v(CO) bands and one v(NC) band. . {
; However, ln the solld state (KBr), three w(CO) bands and : {
one v(NG) band is observed. (Figure 8.1(a):IR (KBr): w{NG): i
. 2070; w(C0): 1904, 1855, 1840; v(COOMe): 1715 am™).
If, as suggested in sections 8.2-8.3, the observation
: of two WNC) IR bands fer(n-s-csnscozm)cr(co)z(cnsu“), arises
due to the bent isonitrile ligand {conformers in solution,
r influence of crystal packing forces in solid sbate), the ;
i |
4 it
| H
y |
j
1
i

- - S8 - Z o wd i .
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observation of only one w(NC) IR band (in both solution and i

. 5 N i
solid state) for (mCgHgCO,Me)Cr(00),(ONCH e ,~2,6) ;
suggests the isonitrile ligand should be lineer in this X |

complex. Hence & 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 . ¥

spectrun only was considered likely to be accountable in

4 H terms of crystel packing. . |

Standard Wei, i and p! on pi graphy gave

19 the monoelinic space ;. 5 FZ,/c (absences 102, ¢ = 2n + 1,
and OkO, k = 2n + 1), and the unit cell varai:: rs were
deternined as & = 30.15(6)%, b = 7.35(2/4, ¢ - . 2418,

B = 1089, V = 3560A'with Z = 8. A full data set was collected,

but attempts to solve the molecular structure, in EZI/u. and

other possible monoclinic space groups,* using heavy atom,

and direct methods, were not successful.
y 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
i carhonyl on one molecule and a group on a crystallographi-
= cally independent molecule. Therein probably lies the
N i explanation of the anomalous solid state IR spectrum.
- 8.6  Possible oxplanations for the anomalous IR date :
. 8.6.1 Conformers in solugion t
. (a) RNC bending :

5 expected in sections 8.2-8.4, the observation of
ben «..itrile ligands in the viree isonitrile derivatives
studied crystallographically suggests .ne existence of
conformers {eg. Figure 8.4{a) and (b)) could account for

N the anomalous IR solution data. The 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
P | biphenylchromiumtricarbonyl that increased inductive electron

withdrawal in chloroform than in benzene results from

interaction of the strongly polar solvent with the electron- ! N
!

rich’ chromium centre.

* The condition Ok1, k = 2n+1 was also observed; hence it was {
thought that the compound might exhibit pseudo-orthorhombic
symmetry. Lo
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(b)  Iripodal 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
euch a rotation is predicted to be very small.??

Tnis proposal receives a measure of support from
recent tow temperature G'? NMR studies on (n§CsEtﬁ)Cr(C0)2~
(cs),”*2
possess the Same symmetry as the solid state structure.
It ras been claimed that this Jemonstrates that rotation

in which the low temperature isomer was found te

resulting in isomers co-existing in solution is due to
tripedal rotation around the Cr-Arene bond, which is
Alowed down at low temperatures, However, this claim has

been disputed by other workers,’'P'®

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
batd 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.®®
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, belng of
different effective symmetry to the c¢rystallographic
unit ceil.??

(b} Ppaciing effects

The crystal lattice is governed by the principls of
dense packing’? le. the molecules pack together in such a
way as to minimize the voide between adjacent molecules and
#o make the most economic use of space, As a result of
the influence of crystal packing forces, interacticn

- AN T




~ 90 -

between groups on adjacent molecules, or the same s
molecule mey become possible owing to relatively sihort i
non-bonded distances. Hence the anomalous IR data could : :
arise from short intermoleculsr or intramolecular non- qi
bonded contacts (eg. 0(2)...H(10¢), 2,758, or 0(2)...H{8A),
2.558 respectively, in (n8C H 00 MeCr(00)y(CBID).)  + i
I 8.6.3. Lowering of molewular symmetry by bent isonitrile
5 The anomalous IR deta could also arise from a
T lowering of the molecular symmetry by the bent isonitrile
QF ligand. (C-N~C in range 162-172°). It has been shown
uging Ab Initic MO Calculstions®® that for RNC ligands, as
LR the C.N-C angle ases, the of the 9

w0 BNC ligand increases markedly. Hence a bent isonitrile
. 4 reflects an enhanced degree of back-bonding (M(3d)+{CsN)r*.)?*

Hence tie degree of bending found for a particular

) isonitrile ligand could reflect electronic rather than o

. steric factors.

! 8.7  Comglusion

. From the foregoing analysis, the most likely > tonalization
of the enomalous TR data for the (nPAvene)or(C0),(GHR) and

i (n0gH,Mn(00) (GNR) complexes appears %o be:-

{a) In solution, the existencs of conformers with the RNG

Bk ligand bending towards (fig. 8.4(a)} or away from (Fig.
. . 8.4{b}} v 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
i arising from RNC~bending (yide supra) rather than from

3 : tripodal rotation.

(b} In solid stats, & lowering of the molecular symmetry
due to the bending of the RNC ligand (one conformer only i
present in the crystal®) or intramolecular intersctiong

between groups, Alternately, the phenomenon may be due

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

# It ig possible that there could be more than one conformer in
the polycrystalline sample of (n§06u5c02Me)cr(co)Z(cusuﬁ), but
the (n2CgH,Mn(co), (NDut) sample consisted of single cvystals,

N - N - - R 7 4 i s
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IX. THE GEOMETRY OF Fel(CO). (L) (n = 1,2) STRUCTURES,AND THE CRYSTAL
AND_MOLECULAR STRUCTURE OF Fe(CQ).(CMe), L

3 9.1  Introduction

e
)

For penta co~ordinate transition metal complexes of the
type M(L)g, two basic geometries are possible, viz. the

Dy, trigonal bipsvamidel (th.), and &2 Gy, square ;
pyramidal (spy}. ihe energy difference between the two -
geometries is very small,®®'®7 with the trigonal pyramidal i
N arrangement of five valence electron pairs being slightly

: nore stable for d° and d'C transition metals, as well i
; as for non-—transition elements.®® }

e 4 However, according to Gillespie's®® valence-shell electron- L
H 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 ;

W(L)g complex. This additional interaction may result in the
t square pyramidal geometry becoming more stable than the ;
I trigonal bipyremidal structure. %

On the basis of Molecular Orbital (MO} calculations, Elian
and Hoffmann®® have shown that for d® transition metals ‘
eg. Fe°, complexes of the type M(L)y are predicted to adopt

t a trigonal bipyramidal structure. Hence Fe(L)5 complexes
i would be expected to exhibit trigonal bipyramidal geometry.
The X-ray structure of irun pentacarbonyl, Fe(co)s. was

s b first reported by Hanson®’"®in 1962, and redetermined the
B following year by Donshue and Caron.”'? The geometry of the
f Fe(CO)5 molecule is trigonal bipyramidal, with no significant
! distortions according to the redetermined structure,’’® :
The 0C-Fe-CO angles are all cloge to the ideal values

! {ax 0C-Fe-00ax : 176{2}°, av. eq OC~Fe-CDax $0(1)°, and
- eq 0C-Fe=C0sq ¢ 120(1)2**®), Within the limits of experi-
mental error, the Fe-Cax and Fe-Ceq bond lengths are egual .
(av. Fa-00 : 1.79(2)27*").

However, from a more recent (1969) slectron diffraction

; study!** of Fo(CO), the Fe-G0ax bonds {av. 1.805(6)%) ave
’ significantly shorter than the Fe-00eq bonds (av. 1.833(4)A).
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From an analysis of electronic effects in tbp da W

M(L} complexes, Rossi and Hoffmenn'®' have concluded that

strong o-donors will strengthen axial M-L bonds. A n- Ve
acceptor tends to counteract this o-bonding effect, while a
“ m-denor reinforces it. Hence for ligands that are good

n-goceptors, the o- and t-bonding effects oppose each other

although the g-bonding effect seems tc dominate, ie. lorger

equatorial M~L bonds are found. This is indeed observed

for Fa(C0lg (yige supra), since carbonyls are good r-

acceptors.*? - ¢
; Using valence-shell electron-pair repulsion theory
I Gillespie®® reached the conclusion that the oblate L

ey ellipsoidal electron clouds of o® thp W(L)y conplexes
: { favour axial bonds which are shorter than equatorial bonds.
- Howsver, Gillespie pointed out that this difference in bond
lengths is likely to be small.
When considerdng the overall geometry of M(L) compiexes
steric and electrostatic effects''' as well s electronic

factors must be taken into account. For complexes of the

type Fe(CO)_ (L), (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
i is a bulky ligand.

9.2 The Geometry of Fe(CO)dL Structures

- 9.2.1, Axial versus Equatorial Site Preference of L

Gtven that ¢® somplexes of the type M(L)y are

expected to display tbp geometry’''’’ for complexes of the
Bl typs Fe(C0) L, the relative stability of the axial (ax) or
3 ; equatorial (eq) locatlon of a ligand L vis-&-vis CO is

e B dependent on electronic factors, such as the ¢~ and f-
‘1 bonding characteristics of the ligand L reglative to CD, as
3 well am on steric considerations.’®? A ligand L which has
s large steric requirements might be driven by steric forces
" towards an equatorial position, where the number of 90°
R interactions with adjacent ligands is emaller.’'?
Based on electronic considerations, Rosei end Hoffmann'®!
have predicted that both good O-donors and good 1-donors

N o ol Py
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prefer axial sites. With a ligand that is both & good
s-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 w-bonding effects. Wevertheless,

" based on a simple n-bonding model, strong m-acceptors tend

to occupy equaetorial sites, so that back-bonding may be
optimized.!®* This results from the greater availability
of metal d-orbitals of correct symmetry to form m-bonds
with ligands in equatorial versus axial sites.’’ Hence,
for Fc\*W)AL complexes, in tte absence of overwhelming
steric repulsion,®’ a ligand L that is a weaker "-acceptor
and/er a stronger o-gdonor tisn CO (eg. isonitriles,*’

phasphines, "2+ '**

stibines, ' ' arsines;’’ sulphides,”’
anines''’) would be expected to iccupy en axlal position
Table 9.1 1ists conplexes of the type Fe(CO),L
(excluding those complexes with olefinic ligands and
complexes with bidentate ligands such as Fe(CO)d(AsCGF5)2'°'
[Fe(C0},(B,H, )17, '°® in which the iron atom is essentially
hexa co~ordihate) for which X-ray Crystal and Molecular
structures have been determined. ALl these complexes
exhibit tbp geometry (C3v symmetry), with ligend L occupying

an axial site, with the exception of L = PFh{PFkL. Be

)
2)
which occupies an equatorial position. This exzeption is
probably due to the predominance of steric factors with the
bulky phosphine ligand

9.2,2 Digtortions to the tbp geometr:

Geometric data for the gi-L—Fe(CO)A thp structures of
Table 9.1 are summarized in Table 9.2. . che majority of
cases, the thp geometry is slightly dist .ted, with a bending
of the cquatorial GO ligands towards the axial L substi-
tuent ' 11® (ie, axOC-Fe-COeq angles slightly greater than
the ideéal 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. ' '®

‘!
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., TABLE 9.11 £-Ray Crystal Structures of Fe(C0),L Complexes®
Complex Space Group,Z Geometry” Position of L Reference
5688%- P2,/c,4 thp ax 112
INCFe(c0) 17 P2 fc,4 thp ax 97
(e as)Feloe?, r3,3 ¢ thp ax 132
(e SbFe(cn) r3,3 9 thp ax 112
(Ph,Sb)Fe(CC), 1,2 tbp ax 13
(PhgPIFe(CO), PI,2 thp ax 104 a
n«msuEmmch 22,2, ,4 thp ax 114
?...mmwvmﬂoof P2, /c,4 tbp ax 1=
(0C) jFe(Phe,) FeiCo) i, ® thp T ax
M_. :mmmz.,mu:,ﬂnof P2;/c,4 thp ax
> LnPPh,CH,CH,PPh, IFe(CO) P2;/c,4 top ax » .
HEmw>mvnﬂoﬂmnmvrm#.ino: mmu\n,n thp ax 11s
:zmv.ﬁzﬁmﬁmumioe 4 P2 /c,4 thp ax 120
[(ePh,) PhPIFe(CO), Pi,2 thp eq 110
(CgHNFe(CO), P2 /n,4 thp ax 107
- ng?aovu P2 /c,4 thp ax 107
ngmﬂgv» P2, /n,4 thp ax 121
Znamxm.mgiﬁne A P2, /0,2 thp ax 122
[PhCH(CH) ;N (Me) IF2(C0) , P2)/n,4 thp ax 123
(Ph,C B)Fe(CO), 2 thp ax 124
ng?a&a Paz; a4 thp ax 106

v
N
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TABLE 9.1 (Cont.)

Complex Space Group Z Geometry” Position ot 17 Reference
{(ste)R(CH) N{me)E]re(cO), ca/c,8 thp ax 125
[6TCH, )0t IFeico),, P2,/c,4 thp ax 126
(1,0 )Fe(c0), 1™ c2/c,8 tbp ax 127
[tce si)relcn) ¥~ P2 ,2 tbp ax 128
&
2 L not an olefin or bidentate ligand
Y thp = trigonal bipyranidal
€ ax = axial, eq = equatorial
9 molecule posseses crystallographic 3-fold symmetry h
®  asymmetric unit corresponds to (W P)Fe(CO), fragment
S

co-ordination of Fe-atom




TABLE 9.2: Gecmstric data for ax-L-Fe(CO), tbp structures
. 5
(Sond angles in degrees, bond lengths in A)

L L-Fe-COax L-Fe-COeq® ax0C-Fe-0Ceq” eqOC-Fe-COeq” Fe-G-0° Fe-GDax Fe-CCeq
0 175{5} 81(5) 99.1(7) 117.6(8) 177.7(2) 1.72(2) 1.75(2) b
o~ 175.9(3) 87.4(3) 92.7(a) 119.8(4) 176.9(9) 1.723(8) 1.768(8) 4
astle,y v 180.0 © 84.0 © #6.0 © 119.5 ¢ 167 %% 2ams 173 ° i
shtie, b 180.0 © 88.a © o1.6 © 119.9 © 178 ©° 1.81(9) 1.66 ¢ 3
sbPh, 178.1(4) 88.5(2) 91.7(2) 119.9(2) 179(1)  1.765(4) 1.787(4) &
PPh. 178.3(1) 88.8(1}) 91.2(2) 119.9(2) 178.5{4) 1.795(4) 1.795(4)
vwcmw 175.7(1) 93.3(7} az(1) 119.7(2} wa.2teT 1ot 1.792(4)
PHPh,, 277.1(3) 89.2(2: 90.9(a) 120.010% ccoT.elE i 793(9)

4 Pite, & 175.4(8) 83.1(6) 91(1) 120.0(9} 17612, Loaic a.TEA)

i P(te, )y 178.1(2) 2(2) 90.9(2) 120.0(2) 177.9(5) 1.793(6) 1.787(S) .
?nmw:wommnzmvwrm_ 179.3(2) 2y 91.5(3) 120.0(3} 178.7{6)} 1.771(8) 1.790(6}
[(MeAs)C(CF) CEPH, ] 178.8(9) () 90.6(6) 120.0(6) 179(2)  1.74(2)  1.74(1)
1 0te)RCACH N Ve PP]  175.4(2) 8..1(2) 91.0(3) 120.0(3) 178.7(6) 1.803(8) 1.76(6)
CHN 176.2(2) 89.5(2) 89.8(3) 120.0(3) 178.3(6) 1.772(7) 1.805(7)
[CRCHNICH, )R] 175.8(2) 90.7(1) 89.4(2) 120.0(2) 177.8(4) 1.774(4) 1.810(4}
[dateny ] 175.6(2) £9.8(2) 90.3(3) 120.0(3) 177.7¢6) 1.765(7) 1.808{%}
[(C0,Me),CCHPRCHNR]  178.7(2) 90.7(1) 89.3(z: 120.0(2) 177.4(3) 1.773(4) 1.807(4}
[PhCH(CH) N(Me) ] 174.5(2) 91.1(2) 89.1(3) 119.3(3) 176.5(6) 1.744(6) 1.790(6)
(PR,C,5) ez © 89.0 © 91.0 ¢ 120.0 ¢ 178.6 ©  1.758(4) 1.810(4)




TABLE 9.2 {Cont.}

L L-Fe-COax L-FeCOeq® x0C-Fe-0Ceq® sq0C-Fe-COeg® Fe-C-0® Fe-COax Fe-COeq™
Mgu 179.4(3) 89.9(3) 91.7(4) 120.0(5) 175.2(8) 1.789(9) 1.764(9)
[ (M) (CH) N(HeI2] 167.6(2) 90.8(2) 80.2(3) 120.0 © 176.3(5) 1.767(6) 1.789(8)
[6te g, ,7,02] 179.26(6)  88.85(7)  91.15(7) 11v.96(7)  178.6(2) 1.795(2) 1.789(2)
(c 8,07 175.3(9) 83.9(8) 96.1(9) 118.9(9) 78(2)  1.74(2)  1.75(2)
(sice;) 178(1) 86(1) 9a(1) 119(1) 1773)  1.773)  1.75(3)
a

Average value

.97 -
o

c

a

e

g

Fe-C-O(eq}: 162.8°,
Fe-C-0{eq): 176.8°,

av. Fe-C-D(eq): 171.9{(4)°,

oc vbm.m Amzmmvmwmﬁnovb

Fe-C-0(ax): 180.0°

FewC-0(axt

: 180.0°

3-fold symmetry crystallographically imposed on molecule

Fe-C-0{ax): 177.2(4)°

Bond data obtained from ‘he Cambridge Crystallographic Data Base

¥ o sl
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2) Steric factors
..} Intramoleculer interactions, especially
repulsions between phenyl groups on L with
equatorial carbonyls!'® S '!?
b) Short intermolecular contacts!'?
3} Electronic factors
i} Rehvbridization of orbitals of Fe resulting in
a decrease in repulsions between electron pairs of
Fe and L, and a concomitant snhancement of overlap
of filled Favorbitals with acceptor-orbitals of the
equatorial CO ligands. The new hybrid orbitals
occupied by non-bonding electrons would be pointing
away from the axial position of the thp occupied
by Co. "%
ii) An electron density donation from L o, orbitals
te eqG0 2 7, orbitals. A bending of eqCD ligands
towards L would be expected to increase Fe-Cdeq
orbital overlap.'®!
iil) valence-shell electron-pair repulsions: An
increase in the angle between multiple-bond character
Fe-CO btonds, 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 molecule!®? (applies to cases
where the Fe~L bond is of single-bond charactes.}
9.2.3 Fe-C0 bond length trends
In the parent complex, F‘e(CO)s, the Fe-COax bonds
{av, 1. BOG(S)A) are signif‘lcantly shorter than the Fe-COeq
bonds (av. l.533(4)A). '8¢ The electronic raticnale for
this effect of shorter M~Lax bondg than M-lLeq bonds in da
thp M(L)5 complexes has been discussed in Section 9.1.
However, for substituted complexes of the type sx-LFe(CO),
the effect of L on the Fe-CO hond lengths must bs considered.
The nature of this effect depends on the electronic
properties of the ligand L relative ta CO. The two axial
1igands compete for the two Fe dn orbltals.''™®'’* Vhen
L is a poorer m~amuceptor than CO, metel back-bording to

7
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the axial CO will increase, resulting in & shorter Fe-COax
e 17

bong. Mt TR

binding energies and valence-orbital ionization potentials '’

It has been shown from core glectron—

that for ax-LFe(CO), comple;esé where L i8 a poorer -
acceptor than CO, the Fe dx -y, dxy orbitals do not
interact with the axial ligands, vhereas the Fe dxz, dyz
orbitals are destabilized by ca. 0.3ev (relative to
Fe(CO)G) because of the loss of the strongly back-bonding
€O ligand,

The Fe-CO bond length data in Table 9.2 for
ax-LFe{C0), complexes shows two trends:-
k8] The Fe-C bond lengths in the substituted complexes

are generally shorter than those in F’c-.‘(CO)5 itself.

This trenu is rationalized in terms of the

replacement of one CC group by a poorer w-acceptor

ligand L increasing the amount of m-bonding to the
remaining four CO groups and thus shortening the

Fe-CO bond lengths.'®®
21 For the majority of ax-LPe(CO), complexes, the Fe-COax

bend 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 eql(PPh,) PhPIFe(C0],, where no axial
trans effect operates, the Fe-COeq and Fe-COax bond lengths
are equal within experimental error {av. values of 178.0(8)
and 178.8(6)° respectively'!®}, but shorter than those
found in Fe(CO)y {vide supra).

However, Cotton et.al'®’ have pointed out that caution
must be exercized in interpreting Fo-CO bond length
differences as significent, especially where the differences
are emall, as the data have generally not been corrected for
thermal motion. For instance, a grerter thermal motion
in the axial carbonyl and correction for thermal motion,
would lengthen the Fe-COax bond more than the Fe-CDeq bonds.
9.2.4 Fe-C-0 bond angles

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

- N I T -
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co-ordinate in an essentially linsar manner, with Fe-C-0
bond angles generally in the range 175 - 179°. (Table 9.2)
Kettle'® has shoun that ca. 5° deviations from linearity
are expected for M(CO), {n = 2-4) groups, due Yo different

" occupation of the two anti-bonding z* orbitals on & carbonyl

ligand. This applies to other ligands electronically
similar to €O, eg. CN. (In [(NC)Fe(CO)A]—, ‘the Fe-C-N bond
angle is found to be 178.0(7)7'7). The reason for the
different Fe-C-0 angles within the Fe(CO74 group must lie
in erystal packing forces.’?

The larger deviations from iinearity of the eqFe-C-0
bonds (av. Fe-C-O(eq): 171.9(4)°) than the axFe-C—0 bond
(Fe-G-0lax): 177.2(4)%) in {"Bu,PIFe(00),,' 1" could be due
to steric repulsions between the eq CO ligands and the
Y5u_groups of the bulky phosphine ligend (Tolman cone angle’’
for t:BL\:{P: 182°}. A similar effect is observed with the

a

bulky AsMea and Sbiey ligands'!? {see footnotes d and e to

Table 9.2). Deviations from ideal geometry could also be
.5

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 1ittle in energy,”’’'’"'’! and the actual arrangement
may lie somewhere between the two ideal ropfigurations.'’

As mentioned previously, for d° W(L)g complexes, a tbp
T
geometry is predicted on electronic grounds. '

Table 9.3 lists complexes of the type Fe(c0)y(L),
{excluding those complaxes where “‘)2 = jiene ligand,(eg. 1,2-
bis(2}6*~di-isopropylphenyliminoethane'**) which determines
the substitution peometry) for which X-ray Crystal and
Molecular structures have been determined. With the exception
of the case where (L), is the bidentate phosphine ligand
PhZPCHzPPhZ,“" all the complexes have the expected tbp
geometry .

The exception, the complex Fe(GO)S(thFCHZFth)."'
has a geometry lnterme '*ite between tbp and spy, and can be
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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)R, a significant deviation from the ideal
90°, This is a consequence of the steric strain inherent
in the PhPOH,PPh, ligand itself. The distorted geemetry
is a consequence of the bidentate nature, and small bite
size of the PhPCH.PPh, ligand

The symmetrically substituted biphosphine complexes
Slax-[(RP)Fe(C0) ] (R = 0CH """ Mie,'""), havs essentially
undistorted tbp geometry. However, the complex disx—
([(3.5—M42CGH30)3P]Fe(CO)3(CHD))"7 has a slightly distorted
thp geometry, with av. 0C-Fe-CHO angle of 86.3(2)° and
av. 0C-Fe-P angle of 93.3(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 GO ligands, In ax-eqlMe hs(CyH,)AsMe,IFe(c0),,"
the equatorial CO ligands bend towards the ax-As atom
(axAs-Fe-COeq: 89°, ax0C-Fe-COeq: 92°). This is probably
due to electronic facters'®* (see Section 5.2.2.)

9.3.2 Ligand site preferences - ax-ax, ax-eq, eq-eq

On the basis of symmetry and overlap arguments, Rossi
and Hoffnann'®' have shown that, for d° tbp N{L)g complexes
the stronger o-donor ligand would preferentially occupy an
axial site, while the stronger n-acceptor Ligand would be
found in an equatorial position. Hence a ligand L that is
a stronger o-donor, and/or wemker n-acceptor, would bz
expected on electronie grounds to occupy an axial site in
thp Fe(CO),(L), complexes.

In Table 9.3, the sites occupied by the ligands L
and L' in the complexes Fe(CO)yLL' are given, For
diphosphine derivatives (L = L' = P(OCH)S,"‘ p(NMe)a“’)
the phosphine ligands, which are weaker m-acceptors than
oo, %

T-accepting carbonyls in the equatorial positions, where

occupy the two axial sites, with the more strongly

-y Py




TABLE 9.3: X-Ray Crystal Structures of FE(CO)sLL' Structures

e cccupied by ligand”
L L

Ligand L Ligand L' Geometry™ Space Group, 7 Reference
P(OCH,) P(OCH ) tbp ax ax c2/c, 4 136
P(NMez)a P(N'Mez)a thp ax ax 921/5,4 117
(3,5-Me,CcH,0) P (CHO) bp ax ax c2/c,8 137
e As(CH, Dasie, © . ax  eq Prma, 4 ¢ 138
PPhy cis—[cﬂacﬁzoc(u)c ig by ax eq P1,2 139
PPhy trans~{ CH35H200( o)l . top eg eq c2/¢,8 139
‘ —
8 PPl GH,,GHCO e tbp ax eq 1,2 140
B .
' ° thp ax eq P1,2 134
Ph,PCH,PPR,
Jspy € bs bs
a

tbp = trigonal bipyramidal, spy = square pyramidal

P In tbp geometry, ax = axial, eq = equatorial
In spy geometry, sp = apical, bs = basal
€ Bidentate ligand
a (Me As(GH, )AsMe, )Fe(C0), molecule posseses crystallographic mirror (m) symmetry
. B

Geometry intermediate between tbp and spy.




- 103 -

TABLE 8.4 Geometric data for M.mAGQVMHF. structures
°
{Bond angles in degrees, bond lengths in A)

Complex Te—Coax

Giax] (CH 0) ;P] Fe(CO) 4 -
afaxl(Me N} Pl Fe(CO) ~
diax[(3,5-Me O H,0) P IFe(00),(CHO) ™ -

mxumnﬁzmw>mﬁom= “>m:mwvmmﬁncvu 1.81
ax-eq(PhyP) (cis~{CHGH,0C(0)C] Fe(C0), H.qwmﬂmvm
eq-eq{PhP) (trans-[CH,CH 0C(0)C] ,)Fe(CO) 1.803(3)
ax-eq(Ph,P) (CH,GHCO Me)Fe(CO0) 1.784(2)

ax-eq(PhPCH, i, )Fe(C0)y 1.72(1)

a
average value
b Bond data obtained from the Cambridge Crystallographic Data Base
© Fe-C-0(eg): 171.6°, Fe~C-O{ax): 178.9°
4

Regarded as distorted top

Fe-COeq

1.763(6)%
1.750¢3)%
1.760(5)%
1.68
1.786(6)%
1.766(5)
1.782(2)*
L7®

F-C-¢'

179.4(a)
177.6(3)
177. Hd

174.0%¢
175.2(5)
176.0(5)
176.6(2)
17741)

a2 I B TR e T T TR

LY

il
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backbonding to the metal atom can be optimized,io
Diaxial substitution is also observed for the phosphite-
formyl complex, [(3,5-Me,Cyf1;0) PIFe(C0)(cHO)™.

The bldentate arsine ligand, (L)2 = MesAa(CéH4)~
botie,'? co-ordinates to tha Fe-atom in an sx-eq fashion.
However, this co-ordination geometry is dictated by the
steric restrains inherent in the bidentate ligand,
reflected also in the axds-Fe-Aseq angle of B4, ience
only one As-atom is able to ocoupy the electronically
favoured axial position. The subjugation of ¢lectronic
factors to the spatial limitations of bidentate ligends is
also ted by the bidentat: ligand,

(L}, = Ph,POH PPh,,,'** 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)2,
reflect the steric strain of this bidentate ligand.
The pair of related phosphine-olefin cogplegas,
L = pphy, L' = gis or trans somer of CHacHZD§C=GCOCH2CH3,"’
provides an illustration of steric va slectronic control of
the ligand site preference in tbp Fe{CO),LL! complexes
In accordance with the electronie predictions of Ressi and

'*% the olefinic ligand should occupy an equatorial

Hoffmenn,
site with the carbon-carbon double bond approximately in
“he eguatorial plane, as such a ligand arrangement provides
for optimum h-backbonding interaction. This mode of
co-ordination is indeed found for both the ghove isomeric
alefin ligands.'®?

Further, PRa, being a stronger o-donor and weaker

81" than 0, should on electronic grounds'®

7-accepter
oocupy an axial site. In the case of Fe{C0),(PPh,)(cis-
[CH,0H,0C(0)CY, ), the phosphine iigand doew indeed ocoupy
the electronically favoured axial position.''?
the case of the Fe(CO)y(PPhy)(trans-[CH,CH,0¢(0)C],

complex, the phosphine co-ordinates in the electronically

less favoured equatorial site.'’® This unexpected

Howaver, in

equatorial disposition of the phosphine ligand has been
sscribed to the steric hinderance caused by the trans-
substituents of the olefin at the axial sites of the

trigonal bipyremid,'’® fThe bulky PPhy ligand (Tolman cone

S UUMPUUPIITRTI- SRR+ )




ninimize steric repulsions in the compounds.’’®
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b
angle’® for PPh; 145¢) thus prefers to co-ordinate at an ¢
* electronically less favoured equatorial site. In this
O ingtance, steric effects dominate the electronic site P
Y . . preference in determining the final ligand arrengement, {
! Further, in both the Fe(00);(PPhy)(olefin) complexes, the
0. olefin substituents are directed towards the other side of
}e the molecule away from the bulky PPh, ligand, in order to
j
i

In the complex Fe{CO)y(PPh,}(CH,=CHOO Me),'"* the .
piosphine ligand occuples an axial site, while the olefin
co~ordinates equatorially, as expected on electronic

"*'4"** mhe go~ordination plane of the olefinic v

) grounds.
. 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-CQ bond length trends

K3

Substitution of an axial CO by a poorer wz-accepting
1
o ligand in Fe(CO)s. results in a shortening of the Fe-CO ;
¥
bonds in Fe(C0)4L relative to Fe(CO)s,”‘ and a greater }

K shortening of the axial Fe-CO bond trans to L than of the
’ Fe-COeq bonds''"® (axial trans effect). As would thus

be anticipated, upon replacement of one CO ligand by a
strangly -donating/weskly r-accepting ligand, such as PRy,
additional CO replacement becomes more difficult.'®"

Wi However, this second substitution, once achieved, would be
i expected to result in a further shortening of the remaining
:

Fe~C0eq bonds.”''® This is indeed cbserved for the diax
complexes Fe(f0),LL! (L = L' = P(OCH,),, 2% plne,) '
L = P{OC H Me, ~3,5) 5, L' = CHO™'!"} (see Table 9.4).

Rossi 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

i

5 stronger axial bonds, m-donation will weaken metal-ligand L
; bonds, but greater weakening of the equatorial bonds is
expected, while T-acceptor ligands strengthen metal-ligand

: bonding, especially when the ligand occupies an equatorial
site. Hence Lf ligands are "-donors, 9-and T- bonding
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effecty co-operate, resulting in strong axial and weak

squatorial bonds. However, for good s-acceptors, the g

and #-bonding effects oppose each other, although the o- H
effect seems to dominate, with longer equatorial honds found.

As expected, these conclusions parallel the site preference
arguments.

Table 9.4 gives Fe~CO bond length data for the
Fe(CO),LL" complexes. For the complex ax-ed(Me As(CgH,)-
Aslie,)Fs(C0) % *he short Fe-00eq bond of 1.66R reflects the

iw

i increased back-bonding to the two Temaining carbonyl ligands
! on equatorial substitution of & weakly r-accepting arsine
o ligand. A similar shortening of the sole remaining Fe-COeq
T @ bond (2.766(5)8) is observed in the complex £0-2q{PhyP)-
)
|
[

[grans-{(CH,CH,0C(0)C),1Fe{CO) . ' *? where the weakly n~
accepting phosphine 1igand occupies an equatorial site.

LR In the related comdlex, gﬁ_gg(?ﬂf)[cis-(cﬁ CH DC(D)C) 1-

I Fe(CO) ,31? the Fe-C0ax bond (1. 795(5)A) wculd be expected

o be similar to that in the mono-substituted ax-(PhyP)-

Fe{co), !0t (1. 795(2)R). The shorter Fe-COeq than Fe—COax

- bonds ln both these olefinic complexes, reflects the ﬁ
strouger bonding of the equatorial carbonyls to Fe, owing ;
to the equatorial substitution of an olefinic ligand, which

is generally a poorer T-acceptor than CO.'’° The Fe-COax .
(1.784(2)f) and Fe-COeq (1.780(2) and 1.783(2)R) bond

i lengths in the related conplex, 55:53(PhaP)BHZCHCOEMe)Fe(CD)aﬂ“

are, however, equal within experimental error. :
L 9.8.4 Fe=0-0 bond angles j
i The Fe~G-0 bond angles for the Fe(CO)L, complexes
: are given in Table 9.4, 1n accordance with Kettle's'®

‘ predictions of near-linearity of M-C-O bonde for M(CO), :
i fragments, the Fe-C-0 bond angles are in the range 175-179°

Variations of Fe-C-0 angles within an Fe(co)a group are

ascribed to the influence of crystal packing forces!® Crystal

packing forces could also account for minar deviations from

idesl tbp gaometry. Note that for axzeq(Me As(Cglt,)Aste )~
Fe(a0}, ' bhe 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 probubly arlses from steric

- = - ST WY deiracils
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arsine ligand.
9.4  The Crystal and Molecular Structure of Fe(C0),(CNie),

9.4,1 Ancmalous Infra Red Data

On the basls of the electronic predictions of Rossi ca
and Hoffmann,'*’ the diisonitrile complex Fe(CO),(GNR), :
would be expected to have tbp geometry, with the isonitrile

L repulsic g between the eq carbonyla and the bulky bidentate !
i
]
|
i
N

ligands, being stronger o-donors, but weaker n-acceptors ;
than GO, ** occupying the axial sites, Such a diax-(ﬁNc)?— L

Fe(C0), top geometry would have Dy molecular symmetry.'*'

3h
The infya red spectrum of this ligand arrangenent

i8 predicted from group theory analysis to give one V(CN) i

and one v(CO} stretching sbsorption.'®' However, complexes

of the type Fe(CO)4(CNR), (R = Me,""'™* csnu,‘“}aut ter=e
Waa o e ™ e

CHoPh,'t Ph,'t? CgHge,-2,6,""" Cgi Mey-2,4,6," " o

o Ttypieally give one WCN) and two v(CO) adsorption in

R ccea"“ ). For example,

et =

ta
)

various solvents (cncea,‘“ ‘Ties
| the compound Fe(C0),(ChMe), gave one v(CN) and more than
one (CO) adsorptions in both solution and the solid state.
[IR(t:Hr;e3 solution},!“? WCN): 2160 cm_l, vw{€o): 2000, 2 ‘
1922 on™l; IR(KEr), w(ON): 2182(s) on™l; v(CO): 2026(w), ‘
1835(sh), 1919(s), 1897(s), 1878(sh) cn™® (s = strong, v =
weak, sh = shoulder)].

A similar phenomenon of anomalous IR data has been
oo observed for the bisphosphite compiex diaxl (Me,0) Pl Fe(co)y "™
Bisphosphine complexes of the type l-‘e(cl))g(ﬂia)2 would also
be predicted to give only one W(CO} IR absorption. This is
observed for FelCO),(PRy), (R = Pn,'*' ***'% g n 17%)
complexes. (Note that the diisonitrile complex l"e(C,'O)E‘((:chl-l_,‘)2
(in n~hexadecane, ClGHuI”a) has been reported to give only
one v(CO} absorption also, in contrast to the results of
other studtes ''""? (vide supra) on this and related complexes). '
However, the complex Fe(CO);(P(OMe);), gives three vc0) '
i adsorptions: the E' band splits into two bands, and there
is also a third band assigned as All,‘“‘ which is not
expected o be infra red active in the Dy symmetry,'*' A
crystal structure determination of the F‘a((:0):,,(?{0}65)3)2
complex has been performed.''® The geometry is tbp with the ]
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phosphite ligands in axial sites, The anomalous IR data
has been ascribed to a lowering of the symmetry of the
molecule from Dy due to internal.asymmetry of the P(OMe)s
ligands.'*! The thrae P-O bonds of P(OMe), are not
equivalent, probably due to an asymmetrical configuration
of the three O-CH, groups. A fesble activation of the
A} band results from the vibration of one of the CO groups
in Fe(Cvla(P(OMe)a)z being different from that of the other
two, owing to intersction of one CO with a phosphite ligand.

A crystal structure determination of the complex
Fe(CO)s(CNMe)2 was thus undertaken in order to determine
whether “he anomalous IR date (vide supra) could be ascribed
to a deviation from idealized Dy 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 A}
band to gain a little intensity.'®'

The precedent for the above proposition was the
X-ray molecular structure of the penta-isonitrile complex,
Fe(C‘lBut)s.” which shows marked deviations from Dah symmetry
of idealized tbp geometry with substantial bending of the
isonitrile ligends 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 (~sN)r* antibonding orbitals.®® 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!*®
9.4.2. Discussion of the Structure

The peometry of the Fe’.((}!i))s(GNMe)2 molecule is
illustrated in Figure 9.1, which also shows the numbering
scheme uged in the enalysis. Fe(co)a(cnme)z crystallizes
in the monoclinic space group P21/u, with 2 = 4, A view
of the unit cell, looking « #n the b-axis, is shown in
Figure 9.2, Bond lengths and bond angles are given in
Tableg 9.5 and 9.6 respectively.

As pradicted, '*! the geometry of the Fe(Cd) (CNNe),
complex is tbp, with the methylisonltrile ligands in axial

ik P 90

wip
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positions. Jo distortions to the tbp geometry are apparent.
The C-Fe-C angles ave close to the ideal values (mean
0C-Fe-CN: 90.0(3}°. mean OC-Fe-CQ: 120.0(4}°, and NC-Fe-CN
177.1{3)°). Further, the CO and CNMe ligands are linearly
cow-ordinated to the central Fe atom. The slight deviations
from linearity are in accordance with Kettle's '® predictions
for M{CR) (R =0, N, n = 2,3) units (mean Fe-C-O and
Fe-C-N angles 178.6{8) and 177.5(6)° respectively). The
isonitrile ligends {mean C~N-C: 177.2(9)°) are alsc linear.’
Hence the anomalous IR data cennot be ascribed to

‘e

a lovering of the idealized Dy, aymmetry due to mon-~linearity
of the isonitrile ligands. However, the Dy symmetry could
conceivably bs lowersd due to an internal asymmetry in the
isonitrile ligands, similar to that observed for the phosphite
Ligands of diax(Fe(C0)(Plome);),)\ """ " For tne onh,
ligand, the uncertainty in the pasitionsof 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 '*'have
proposed that the second weak WCO} band could be a
combination or overtone band which has gained intensity

by Ferms resonance with the strong fundamental.

The Fe~CO bond lengths in diax(Fe(CO);(cNMs) ;)

(av. 1.785(8)3) are shorter than those in the parent
carbonyl, Fe(C0) (av. Fe-COax: 1.806(S)A and av. Fo-Clea:
1.833()% ), but slightly longer than the Fe-CO bonds in
diax( (He N} P] SFe(c0),"" and diax[(CHsO) Pl Fe(CO), *2¢
{av. va).ues ot 1. 759(3) and 1. 751(5)A respectively). These
trends are understandable in terms of the electronic

nature of isonitrile ligands, which aras better n-acceptors
than phosphines, but poover T-acceptors than 0. '

The Fe~CNR bond length found in the only other
structure of the type Fe(CO)_ (CNR), (n = 1-5), Fe(onBu®
(av. 1. aza(a}A). is much ahortez‘ than the mean Fe~CNMe
distance of 1.857(8) in Fe(C0),(CNMel,, consistent with the
inoreased electron density on the Fe atom in the Fe(cwsut)5
complex, [n the Iatter structure, however, the isonitrile
ligends deviate markedly from linearity, indicative of
extensive back-bonding, **

R D i MRt i
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e
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Figure 9:1: An ORTEP'® view of the Fa(CO),(ONde), moleculv,

)
i
showing the numbering system used. l
{
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Figurs 9.3: An ORTEP'® view of the unit cell of Pel{CO)(GNe},,
looking down the buaxis.

kAR 7
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i IABLE 9.5: Bond lengths (A) for Fe(CO),(CNMe),
2 2
3
i” Fa-C(1) 1.775(8) c(1)-0{1) 1.150(9)
/; Fe-0(2) 1.790(8} c(2)-0(2) 1.138(8)
T Fe-C{3) 1.791(9) 0(3)-0(3) 1.144(9)
i Fe-G(4) 1.873(8) €(4)-N{1) 1.148(8)
{ Fe-C(5) 1.860(8) c(8)-N(2) 1.150(8)
;; N{1)-G(6) 1.416{10) N(2)-C(7) 1,430(11)
) c(8)-H{1} 0.83(6) ¢(7)-H(a} 0.98(11)
1— c{6)-H(2) 0.899) G(7)-H(5) 0.93(13) :
I c(6)-H(3) 1.08(12) c(7)-H(6) 1.04{12)
| .
A
L TABLE 9.6: Bond angles (°) for Fe(CO) (CNMe), ‘
{ |
! Fe-C{1}-0{1) 179.4(8) cla)-N(1)~c{6) 176.3(8) |
. f Fe~0(2)-0(2) 178.3(7) c(B8)-N(2)=C(7) 178.1(9)
; Fe-C(3)-0{3) 179.2(8) N{1)-C(8}-H(1) 108(5)
f Fe-C(4)}-N{1) 178.0(6) N{1}~-C{6)-H(2) 109(6)
3 Fe-C(5)-N{2) 176,918} N{1}-C{6)~H(3) 117(6)
H (1)-Fe-C(4) 20.7(3) N{2)~G(7)-H(4) 103(6)
! c(2)-Fe-C(a) 89.5(3) N(2)-C(7)~H(5) 100(8)
. C(3)-1e-C(4) 89.3(3) N(2)-C(7)-H(6) 118(7)
B H ¢(1)-Fe~C(5) 92.2(3) R(1)-G(8)-H(2) 93(7)
; G{2)-Fe-C(5) 89.2(3) H(1)-C(6)-H(3) 93(8)
L C(3)-Fe-C(5) 89.5(3) H(2)-G(6)-H{3) 129(8}
B Cl4)-Fe-c(s) 177.1(3) H(4)-C(7)-H(8)  114(10) ;
/, c(1)-Fe-C(2) 119.6(4) H{4)-C(7)=H(6) 102(9)
; C(1)-Fe-C(3) 118.2(4) H{5}~C(7}-H(8) 119(10)
1 0(2)-Fe-C(3) 122.2(4)
.
|
|
] !
)
i
|
|
3 |
| 3
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EXPERIMENTAL

8.5.1 Data collection

The compound Fe(CO) ;(CNMe),, was obtained from the
CoCt,.2H,0 catalysed raaction betueen Fe(C0)g and
MeNC.'"* Since the compound was both air and light ~
sensitive, yellow crystals were grown under nitrogen in the
dark from a benzene-hexane solution at 209C.

Preliminary investigations hy standard Weissenberg
and precession photography established the monoclinic space
group P2y/c from the mbsences hO¢, ¢ = 20 + 1, and
G0, k = 2n + 1. Refined cell constants were obtained
during data collection on a Philips' PW1100 four-circle
diffractometer, using graphite monochromated MeKa
radiation (i = 0.71078) at room temperaturs (20°C).

Lorentz and polarization correcticons were applisd, but
corrections for absarption were omitted es the linear
absorpbion coefficient is only 16.32 em™>. No special
Precautions were taken during data collection, and erystal
deterioration was not observed, Grystal data and deteils
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 SHELX82"'2. Initial co-ordinates for the
iron atom were derived from a Patterson synthesis and
difference Fourier syntheses yielded positions, first for
all 13 nen-hydrogen atoms, and after least-squares
refinement of these, also for the 6 hydrogen atoms
Positional parameters for all atoms, snd anisobroplc

temperature factors for non-hydrogen atoms, were refined

by full-matrix lesst-squares anal Least~sq
refinement was consldered complete when all parameter
shifts were less than 0.5v. At this stage, the conventional
B = 0.0680. Unit weights were used. Scattering factors
for Fe(O) were taken from “Internationul Tebles for X-ray
Crystallography,""*" and snomalous dispersion corrections'‘®

for iren wére made.
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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 bo be found in Appendix D.
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TABLE 9.7: Crystal data and details of structural analysis for

Fe(CO) j(Oe), . i
LR {
N Formula FeC,HeN,0 -
Mr 221.99 :
Crystal dimensions (mm) 0.19 x 0.19 x 0.14 = ?
Space Group le,/c (No. 14) .
: a ) 12.451(8) e
' - b (8 6.564(2)
i e (R 12.087(6)
8 (°) 92.45(3) i
o, i
v (&) 986.95 i
e 2 . il
F(000) 447.96
N b -3
e (gom 1.49
v en ™) 16.32 i
* 0 i
3 A (R) ¥oKa (0.7207) ;
Scan mode /28 If
Range (°) 356523
v Scan width (°) 1.60
‘ Scan speed (° mec™) 0.053
e Range of hk¢ 1h, 4k, +£
. ’!‘ Measured intensities 1517 e
R < Unique reflections 1335 N
. Internal consistency R-index ©0.0000 :
. R (R = Rw) 0.0680 ;

.

|— . o L Y AN Y - " £
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TABLE 9.8(a): Fractional atomic co-ordinates for the non-hydrogen
atoms of Fe(CO);(CNMe),

Atom e ¥k z/e
Fe 0.2457(1) 0.3155(2) 0.5728(1)
: N(1) 0.3692(5} 0.0696(10)  0.4097(5) .
| N{(2) ©.1393(5) 0.5622(10)  0.7472(5) ’
i o(1) 0.0518(5) 0.3058(11)  0.4276(5)
{ o(2) 0.2863(6) -0.0062(10)  0.7371(5)
0(3) 0.3977(6) 0.8515{10}  0.5450(6) i
e 0.1278(7) 0.3069(12)  0.4852(6) ;
o Y c(z) 0.2693(6) 0.1199(11)  0.6743(6)
4 c(3) 0.3384(7) 0.5203(13)  0.5550(7}
c(4) 9,3206(5) 0.1614(11)  0.4710¢(5}
o(s) 0.1776(5) 0.4692(11)  0.6785(5)
- c(e) 0.4352(8) -0.0411{18)  0,3385(8)
] c(7) 0.898(11) 0.8818(20)  0.8298(10)

TABLE 9.8(b): Fractional atomic co-ordinates and isotropic
temperature factors for the hydrogen atoms of

-‘ Fel00) 4(ChMe),
. i Aton  x/a /b o/z uik)

' (1) 0.388(5) -0.137(10)  0.811(8)  0,08(2)
#(2) 0.438(7) 0.025{14) 0.274(8) 0.09(3)

o H(3) 0.492(9) «0,139(20) 0.376(9) 0.16(5)

! B(4) 0.091(8) 0.820{18)  0.799(8)  0.12(4) :
1 H(5) ©.022(10} 0.621(21)  0.829(10)  0.16(6)
; H(e) 0.132(9) 0.702(18)  0.905(10)  0.16(5)

. - SEL ) oo it dorawinicmitile
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TABLE 9.9: Anisotropic temperature factors (X'} for the non-

Btom - ULl uzz u33 u23 u13 v12

Fle)  0.0457(8) 0.0461(8) 0.0469(6) ~0.006(5) 0.0050({4) 0.0026(5)

N(1)  0.080{4) 0.066(4) 0.047(3) -0.006(3) 0.005(3) 0.014(3)

N2} 0.060(4)  0.062(4) 0.059(4) -0.008(3) 0.0089(3) 0.003(3)

o(1)  0.069(4) 0.117(6) 0.086(4) -0.021(4) -0.027(3) 0.024(4)

o(2)  0.069(4) 0.069(4) 0.082(4) 0.026(4) 0.025(4) 0.023(4)

o(3)  0.120(s) 0.073(4) 0.115(5, -0.003(4) 0.039(4) -0.038(4)

c(1)  0.069(5) ©0.056(5) 0.056(4) -0.002(4) 0.006(4) 0.008(4)

c{2)  0.065(5) 0.045(4) 0.055(4) 0.003(4) 0.015(4) 0.004(4)

C(3)  0.089(5) 0.086(5) 0.068(S) -0.004(2) 0.016(4) -0.003(4)

C(4)  0.044(4) 0.060{5) 0.040({4) 0.008(3) -0.006(3) -0.004(3)

©(5)  0.046(4) 0.051(4) 0.061(4) -0.001(4) -0,003(3) 0.001(3)

c(s) 0.071(6)  0.087(7) 0.080(5) -0.015(5) 0.010(4) 0.018{6) ‘

c(7)  0.098({8) 0.079(8) 0.085(7) ~0.024(8) 0.025(8) 0.028(7)
!
i
|
1
i
o
i

- & AT Y N

hydrogen atome of Fe(CO),(CNMe),
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X. Derivatives of dirhenium decacarbonyl — a Survey of the
Literature

10.1 Introduction

- Since the preparation of dirhenium decacarbonyl, Re,(C0),,
by Hieber and Fuchs'** in 1941, and that of dimanganese
decacarbonyl, Mny(C0),,, by Brinm, Lynch and Sesny’** in
1954, these “wo metal carbonyl dimers have been extensively
investigated. Studies of these molecules have been carried

BE Y out by IR spectroscopy!*¢ (in the solid, in solution, and

vy

in the gas phase' Raman spectroscopy,' | single-crystal

Raman sp scapy, ' *° high-p solid state Raman

spectroscopy, ' IR and Ramen spectroscopy on *°CO enriched
samples, '** polerized IR, and vistble and near ultra vielet

'*! 175 wur spestroscopy (May(cO), ),'%?

{UV) spectroscopy,
slectron spin resonance (ESR) spectroscepy, ' mass spectros-

**=" end single-

crystal X-ray diffraction at room temperature,'' "" and at
| uss
i 74K, (Mrz(co)m)

An enormous chemistry of “2(00)10("‘ = Re, Mn) has been

veported. '’ Notwithstanding the substantial numbers of

copy (3),""" ges phase electron diffraction’

chenical reactions that have been carried out on the M,(C0),
dimers, no significant sttempt has been made in the

L to ascertain factors ble for the !
| try of the p from the reaction of M,(C0),,

- with ligand L.

A review of the reastion of Re,(C0) . with ligands L,
in which the products have the stochiometry REZ(CO)LO—n(L)n
(n = 1-10) and the rheniun-rhenium bond remains intect, has
thus been undertaken, In particulsr, emphasis is placed on
[ & description of the stereochemistry of the resulting

5 Rez'nc)lo_n(un products
! The metal-metal bond in the Rey(CO} . {or Mn,(C0), )
. ¢ dimer may be cleaved by photolysis {eg. flash photolysis has
! been employed in kinetic studies of the homolysis of
¢ U,(C0) o (M = Re, Wn), to give M(CO)g redicale’*'), or by
| chemioal methods'*® such as the action of sodium metal, or |
! of halogens. The latter methods heve led to the synthesis
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of & wide range of monometallic complexes, and for example,
the area of rhenium pentacarbonyl chemistry has been the
subject of extensive investigation in its own right
Reactions leading ta monemeric rhenium species will howsver
not be discussed here. (See Ref. 160 for a comprehensive
raview of this area of rhenium carbonyl chemistry.)

The review has been restricted to Raz(co)10 derivatives,
The metal-metal bond in Re,(CO),, is stronger than that in
M“2(§°)10 (D(Re=Re): 128 kJ mol™>, of. D(Mn-#n): 67 ki
mol ";'¢3 although controversy surrounds the éxact values
of D{N-M) (see ch. XII), there is no dispute regarding the
relative order, viz. 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
Hn, (GO

Further, Re,(C0), . may also undergo reactions with itself,
in the presence of ligand,'"" or with other metal carbonyl

n(L)n derivatives will, however, be made.

complexes, vesulting in the formation of higher rhenium or
mixed-metal clusters.'®’ Such reactions, as well es those

of the higher rhenium carbonyl clusters (some of which yield
dimeric rhenium products,'®® often through decomposition
reactions), as well as reactions of monomeric rhenium species
which yield dimeric rhenium products,'®® will not be considered
here.

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 complexes. This is
due in part to the relatively few system studies reported in
this avea 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 crystallographically studied dirhenium
carbonyl complexes prepared by reaction of higher nuclear
Ves

rhenium cluaters,'®® or of rhenium monomars,'®® will be

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

substitution reactions, in vhich one or more carbonyl (C0)
ligande are replaced by donor ligand(s) L, viz.
Rez(CO)io + oL - nez(co)m_n(l.)n + nco (10.1)
Such reactions generally involve photochemical technigues,
C although there are examples of thermal reactions of He,(CO},

derivatives reacting with a ligand 1. °""'"' Such examples
are relatively few, possibly due to difficulty often

" encountered in effescting simple carvcnyl substitutlon reactions
under mild thermal conditions (8H for €O dissociation, D{Re~G0)

i
with L, or of photochemically prepared aez(co)m_n(mn 1
I
!
|
i
|

is calculated o be 195 kJ mol™l'7),

Trimethylamine-N~oxide induced reactions of Rez(CO)ID

with L have been employed to circumvent this problem!®’*'’'™'"*

\ In this method, CO is oxidize: to 002 under low temperature

conditions, viz.

{10.2) f
There have also beun studies conducted in which CO ligands !

are converted into other ligand while attached to the metal

For instance, the anionic formyl complex Li*(kez(coyg)cao)r

has been prepared by the reaction of LiBt,BH with Re,(C0},,'"*

and the reaction of REZ(CO)lo with LiR in ether, and

5 . subsequent alkylation with [Réo](BFA]/HZO yields the carbene :

3 4 camplex Re,(CO)glo(oR")R )1777" I

i Tha Re,(CO), /L systems that have been reported in the |

literature will be discussed under ligand type L.

10.2  Reactions of REE(CO)lo with phosphines tand arsines)

The reaction of Re,(C0);, with nhosphine ligend (sqn. 10.3)

{
!
|
|
!
|
Re,(CO)y o + nMe NO + nbL + Re,(C0), o (L), + aMeyd + nCO, |
|

i et e e

N

. has received considerable attention

REE(CO)?LO + nPR3 - Rez(CO) (FRs)n+ nCo{n=1,2) (10.3}

10-n
: Uncertainty as %o the mechanism of this reaction has

" resulted in extensive kinebtic studies by severasl groups. t
i Kinetic and mechanistic studies on this system will be '

- - . i i R i ¢ .
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discussed in sh XV. The various synthetic methods employed
to bring aboui reaction (10.3) are deseribed below.
10.2.1  Thermel reactions

The reaction between Rea(CD)lo and a largs excess of

179 w187 [AINY pew
phosphine, l’Ra(PR3 = PPhs, 3 PEtZPh, PMeth,

1es res 1a3 158
P(OPh)s, P(OCBH4M5-&1)3, P(OCSHACl—p)a, F‘CSHQME_p,ZS'

Ve
B{EgH g ), in refluxing xylene gives Re,(CO)y(PRy),:
Long reaction times (15 to 50 h) are required, and product
yields are generally poor (<30%), although some workers have
reported good yields (76%) for PPhy.'"'  In most cases, the
reactien ylelds more than one product, eg. mer-trans-HRe(GO) -
(PR, " T (BR, = Py, B Mep),, T RLCH, ),

3’2 s g = Phys PlGgHlepls, 6°11'3"
P(OCgH Me-oly * (the latter originally incorretly identified
as the metalated complex [Re(CO)g(PRy)}(PRy-H)] 1*9. In the
case of PRy = P(Ggi,Me=0),10* only the metalated product
Re(00) ,(PRy-H) was obtained. The reaction with P(OES), ?*
yiclded a mixture of Seven products which were not character—
ized. With PRy = P(0Ph)y,!* e trisubstituted product,

Re,(00),[PlOPR) ), was also obained. Chromatography is
rea-tne

¥ to sep the p

The resction between Re,(00);o and PMen'’’ in
refluxing petroleun ether (80-100°C, 96 h) yielded
Re, (C0)5(PHe,Ph), (46%), together with some HRe(CO),(PMe,Ph),.
If the resction is conducted in n-hexane, and stopped after
5 b, Re,(00)o(PHe Ph) is obtained.' "

The monosubstituted Re,((10}g(PPhy) has been cbtalned
(38%) from Re,(C0)g(PPhy), by passing a stresn of U0 through
a solution of Re,(C0) (PPhy), at 130°C for 30 h.'""
Re,(00)g(PPhy) has alao been cbtained as the major product
from the 1:t remction of Rey(CO),  with PPhy in refluxing
xylene. '®

Tetvasubstituted [Re(CO) (FPhy) 1,
obtained from the resction of We,(C0);, and PPhy(1:S ratio)

has been

in refluxing xylene. " However, in solution thig product
appears o exist as the momomeric HRe(GO),(PPhg),.' T D!
Heating Re,(CO},, with the bidentate phosphine ligand,
PhaPClv{zCHZE'E'h2 {1:4 ratio), in a sealed evacuated tube

(240°C, 2 h) gave the tetrasubstituted comolex, cis-

LS 2 gt
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E [Re(C0) o (Ph PR CH,PPH,) o1, (20%). "

v 10.2.2  Photochemical reactions

o Uv-irradiation of Rey(C0))y and PRy in petroleun
ether (PR, = PPhy, PEG,PR #) or cyclohexane (PRy = PPhy
gave Re,(CO)(PRy), in good yield (70-85%).

The photochemical reaction in cyclohexane between
Re,(00), o and PHeph,''" (2:1 ratio) after 12 h of UV~
irradiation, yielded Re,(00)o(PMePhy) (4%], Ke,(C0g(FHeph,), |
(74), two isomers of Re,(CO),(PMePh,), (combined yield 10%) |
and a trace amount of Re (C0), (PMePh,}e. When a 1:1 ratio 5

11,

betusen Re (€0}, and phosphine was used, only the two
FREPR iscmers ot ReZ(CO)7(PMePh2)3 (combined yield 22%) (and some
vas
B HRe(CO) ,(PMePh,, ), )was obtained. N
3 2’2 1e1

Irradiation of 992(00)10 and PMezPh (1:2 ratio)
I in petroleum ether (80-80°C) for 6 h gave Rez(CO)B(PMezPh)Z
v (a%), and an seomer of Re,(CO),(PHe,Phl; (13%), as well as
:

trace amounts of HRE(CO)S(FMezPh)z and isomers of

% RE(CO)S(PMezPh)zCl. The same reaction in cyclohexane after
; 3 h yielded only Re (0O}, (PMe,Ph), (13%) and a trace of an
i isomer of Re(CO);(PMe,Ph),Ce.""® (The chlorine compounds
arise from the addition of chlorinated solvents to the
erude reaction mixtures). The products were separated by
chromatography .
The bisphosphine em lex Ree(CO)SlPHPhZJE"’ was ™
obtained from the 10 h photochemical reaction between

RBZ(CU)lo and PHPh2 (1:2 ratioc} in benzene solution.

' The photochemical reaction under vecuum of
-} Re,(00), with & S-fold excess of PPhy, at 60°C, '’

] yielded t:;ee isomers of Re,(C0),(PPH,),, assigned on the

; bests of S spectra as 1-ax,2,2-transdieq-Re,(C0) -
0] (PPhy); (35%), 1-eq,2,2-8xeq=Re,(CO),(PPhy}, (15%), and
! 1—eq,2.2-tmnsdieq—-Re2(CD)7(PPh3)3 {5%), as well as :
. Ree(co)s(}?k’hsl2 {40%), and a trace ameunt of a rhenium i
i ! compound tentatively identified as Re,(CO)4(PPh,),

High temperature ultraviolet methods yielded

,(CO)y (PFyb. (M = #n, Rel n = 1-4) species as

unresolved mixtures of isomers.'®’ |
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There has been one report of & reaction of
Re (00}, with an arsine. A 6 h UV-irradiation of Re,(€0},
,Ph (1:2 ratio'*? ) in petroleum ether (40-60°C)
yielded the bisarsine corplex Re,(CO)g(AsMe,Ph), (8%).
10.2.3  Amine-oxide. as..sted riactions

and AsMe,

An amine~oxides assisted reaction between b

Re,(CO),, and PPhy hes been employed in the synthesis under
mild conditions (20°C, 2 h) of Re,(C0),(PPhy) and

171
o Re,(00) g (PPRL) 5.
- viz. Rey(00) . + nBGNC + aPPhy + Re,(C0)y,
n{co}, (10.4)

i
‘FPhaln + nEtSN *

10.2.4. Comment on product formulations

From the ebove it can be seen that synthetic studies
. of the seemingly simple thermal and photochemical routes
yield a wide rangé 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 quettion, especially in the absence of any X-ray

cryetallographic studies of Re (00}, (PRJ) complexes.

] Notwithstanding the uncertainty, the data suggest that in

the majority of cmses monosubstitution is axial, and
disubstitubion diaxial. This aspect will be discussed in
ch XV.

i 10.3  The reaction of Re,(c0), . with *co

¢

H iie use of acetonitrile as a donor solvent in the reactions
I of mz(co)w {¥ = Re, Mn) and MSSNO results in the complex
i

i Me(CO)S(NCMe), from which the MeCN lig i can readily be
i

'

displaced under mild thermal conditions. This method has 13
been used in the synthesis of high purity >3CO~labelled !
i Re, (001 (300, 10t viz,

Rez(CO)lo + MeaND + MeCN + ReE(CO)glNCME) + MeaN + 002 {10.5)

Hey(c0)g(home) + 1%+ e, (c0)g(M00) + mecn (10.6)

Sunlight irradiation of a hexane solution of
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Mno(C0) | tn contact with *%0o-rich (22.5%) carbon
monoxide for several hours resulted in a threefold
enrichment of the natural “%c0 content of he Mn,(CO),
1205 owever, this method is unsatisfactory, as
Lree
both Mn,(C0), an¢ Re,(CO),, exchange €0 very slowly.

Indirect methods have also been employed in the

dimer.

prepecation of “*C-enriched samples of M,(C0), ., for

example, the reaction of a LGO-enriched M(CO?ZX

(M =Re, X =02 M=Mn, X=8r) sample with Nam(ca;s."“c
(Both M(CO)SX and NaM(CO)s were themselves prepared from
the ME(CO)ID dimer. by cleavage with halogen X or sodium
amalgan respectively). Isotopioally labelled Re,(C0), has
also been prepared by reacting HRe,(CO),, with carbon
monoxide (50% 13C0-enriched) under vacuum, to give

HRe (0O}, and Re,(c0}, . """

Only the amine-oxide assisted reaction between
Re,(CO),q and %0 results in the production of high
purity Re,(C0)g(*°0), suitable for synthetic purposes
(as opposed to use in IR and Raman spectroscopic studies''').
This reaction highlights the synthetic utility of the
amine-oxide-induced route. This method has riot been
investigated {prior to this work) with ligands such as
isonitriles and arsines, the reported reactions of
ReZ(CO)1° with these ligands being entirely photochemical
(sce sections 10.4 and 10.2.(b) respectively).

Bhotochemical reaction of REZ(CO)lo with isonitriles

Methylisonitrile (MeNC) derivatives, W,(CO),o  (CNMe)

(M= Re, n=1; ¥ =Mn, n=1,3,4), have been prepared by
10 with MeNC.!®?

These complexes have been studied by Raman spectroscopy,
0 yith the

but the crystal and molecular

the photochemical reaction of Ma(CD)

And have been reported to be isostructural
parant M,(C0) o compounds, ' *°
structures have not been reported, presumably due to the
dlsorder problems encountered.'’’®

Amine-oxide assisted reaction of Re:(CD)lc with nitriles

Thi complexes Re,(G0), o (NCR). (n s 1,2 R = Mo, Ef, pr",

Pr’} were prepared via the emine-oxide assisted reaction
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o 17w
of Rez(bﬂ)lo with RCN.

Rez(CO)lo + 01 EtaND + nRCN » ReleD) (NCR)n + iiEtSN +nC02

10-n
(10.7)

The complexes Ree(CO)g(NCMa)"’ and Rea(CO)e(NCMe)Z”s

have also been obtained from the amine-oxide assisted

reacticn of Rez(CO)lo in acetonitrile, in the absence of

added donor ligand. (See also Section 10.10.1).

Pho al reactions of Re (CO)‘O with olefins

The photochemical-induced reaction of Re, (CO)lO and olefins

71g193-8

2
has been studied for several different olefins.'

The major disadvantage is that the photochemical reaction
usually results in a complex mixture of products, which
often requires sophisticated methods :-i.sh as high-pressure
liquid chromatography (HPLC'’® ) +n :t*sct separation. In
addition to the octacarbonyl-p-olefinyl-p-hydrido-dirhenium
complexes (Fig. 10.1(a}), olefinic rhenium monomers, di-
rhenium complexes in which the Re-Re tond has been clesved
with the olefin bridging th™ two Re atoms, or with the two
metals joined through an olefinic residue, and even tri-
rhenium olefinic 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-p~olefinyl-p-hydrido-dirhenium complex is
formed, due to cleavage, rearrangement or isemerization of
the olefin ligand itself. In some instances, the simple
substitution product, enneacarbonyl~n-olefin-dirhenium
(Fig. 10.1(b}), can also be isolated.'?®’
10.6.1. fhe photochemical reaction of Re,(C0), . with oleiins
in hexane solution

The photochemical reaction in hexane between

Rez(co)m and a variety of acyclic and cyclic olefins with

one to four C=C bonds has been studied.!®® Table 10.1 lists
the olefin derivatives of dirhenium carbonyl dimer in which
the rhenium-rhenium bond remains intact. The structures

of these products are shown in Fig. 10.2.

R 3 - P~

g T T e

gt
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With ethylene(I), styrol(II), 1,3-cyclopentadiene{III},
1,3-cyclohexadiena(IV), 1,3,5,7-cyclooctatetraen(V) and
8,6~dimethylfulven(VI}, the main products were octacarbonyl=
p-olefinyl-p-hydrido-dirhenium({I) complexes (Fig. 10.2, I-~V-
(A,B),(VIA)), isomerism of the olefin ligands being obeerved.
With ethylene, octacsrbonyl-k-n-1,3~butadienedirhenium(0)™
(Fig. 10.2{IC)) was also obtained. In the cases of ethylena,
1,3,5,7-cycloactatetraen and 6,6~dimethylfulven, ennea-
carbonyl-j-olefin-dirhenium was also observed (Fig. 10.2(ID),
{VC) and (VIB) respectively). For ethylene, additionel
vinyl-bridged trinuclear complexes resulted. The only
dinuclear products obtained from the reactions of Re,(C0),
with cyclohexane and with 1,3,5-cycloheptatriene, were
metai-metal bond clesved octacarbonyl-p-clefinyl-y-hydrido-
dirhenium complexes. In the case of the latter olefin,
n-cycloheptadienylrhenium tricarbonyl side products were
also obtained.

10.6.2. The 1 resctions of Re,(C0),, with 1,3~
butadiene

In tetrahydrofuren (THF) solutien photolysis of
Re,(C0),, and 1,3-butadiene or cyclooctatatraens/®" yielded
the olefinic complexes, (CO)ARe-u(D:ngCAHS)Re(CO)A(Fig. 0.3,
(VIIA)) and (CO)ARe—u(n2:n204H6)Re(Co)4 (Fig. 10.3(ViIB)).
The latter complex has also been obtained from the photolysis
of Re,(C0),, with 1,3-butadiene in pentane solution.'®® fThe
structure of this dimer (VIIB) has been determined oy X-ray
erystallography'®® (see ch XIII). In these reactinns,
trinuclear, and metal-metal bond-cleaved dinuclear rhenium
compounds were also obtained,'®'”*

The photochenical reaction between Re,(C0),  and
1,3-butadiene in hexane'®* 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-
p=[1,2=n~dng-{1,3~butadlen~1-y ] p-hydrido-airhenium
(Fig. 10.3(VIIN)). ({VIID) rearranges in soluticn to

iy lepen=L,3-butadienedirhenium{0) , (co)aae-u
tn?in?,H,)Re(€0), (Fig. 10.3 (VIIE)), the product mentioned
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TABLE 10.1: Re-Re bonded dimeric pi

in hexane solution '°*

Dlefin

(I) ethylene

{II} styrol

(III) 1,3-cyclopentadiene

{1V} 1,3-cyclohexadiene

(V) 1,3,5,7-cyclooctatetraen

{VI) 6,6-dimethylfulven

from the ical of wmmpno;o and olefins

Re-Re bonded dimeric product{s}

(1A) octacarbonyl-p-hydrido-p-{1~2-n-l-o-vinyl)-dirheniun
(IB) p-[1~2-n-1-o—(1~buten-i-y£)]

y1-p~hydrido-dirhenium
(IC) p-1-2:3-4-n~{1,3 butadiene)-octacarbonyl-dirhenium

(ID) enneacarbonyl-n-ethylen-dirhenium

(118} ny)-p-hydrido-u-[1 2-g—(E~styryl)}-dirhenium
(II8) octacarbonyl-u~hydrido-u—[1-2-n-2-0-{2~styryl)]-dirhenium

(IT1A} octacezrbonyl-y-{i-2-n-1-o~(1,3-cyclopentadien—1-y£)]-p-hydrido-dirhenium

{111B) octacarbonyl-p-{1-2-n-2-6-(1,3-cyclopentadien-2-y£}]-p-hydrido-dirhenium

{1va) nylep-[1-2-a-1-0~(3,3 ten-i-y€) ]-u-hygdrido-dirhenium
{1vB) oct y §? 2-0-{1,3~cyclc exadi .y} ]-g-hydrido-dirhsnivm
(va} a ¥l 1-2-0-1 (1,3,5,7 1-ye}J-p-

nhydrido-dirhenium

{VB) p~[7-8-n-7-0-{bicycio-[4~2-0]octa-2,4,7-trien-7-y¢)Joctacarbonyi—p—

hydri do-dirhenium

(ve) ¥1-121,3,5, 7-cyel dirhenium
(via) y1-p-[1 -2-0-{8,6-di ul -y£) J-p~hydrido-di
(viB) y1-1 {6,6~dimethylfulven)-dirhenium

<
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previously as obtained from the photochemical reaction of
Re,(00), and 1,3-butadiene in THF,!** or in pentane
solution, '?S and from that of Reztco)lo and ethylene in
hexane solution (Fig, 10.2.(IC}'*?),

At a reaction temperaturs of 188K, however, the
photochemical resction between Rez(CD)lo and 1,3-butadiene
in hexane'®® yislded, apart from the abave Re-Re bond
cleaved cdimeric side preducts, in addition to the product
(vII3), (COB)Re(nnl\ﬂ—butadiene)ﬂe(CO)s {Fig. 10.3{ViIC)}
in comparable amounts. .

10.6.3  The photoshemical reaction of Ke,(CO) o with
1,3,5-cycloheptatriene

Photolysis of RBQ(CO)10 and excess 1,3,5-cycle~
heptatriene in petroleum ether (60-80°C}!°7 yielded two
Re~Re bonded dimeric products {Fig. 10.4}, (C7”B)RSE(CO)7
(VIITA) and (C7HB)Ra2(colsl(VIIIB) (the structures of which
have been deduced from FT “H NMR spectra), as well as
monomeric and tetra-nuclear rhenium sideproducts. This is

“in contrast to the photochemical reaction of Re,(C0),, with
this olefin in hexane solution,!?! which gave only Re~Re
bond~cleaved dimeric and n~cycloheptadienyl rheniwn
tricarbonyl monomeric products.

10.6.4  The 1 _resctions of Re {COJ,. with 1
alkenes and 2-slkenss and further resctions of the
products
Photolysis of & hexane'’! or toluens solution

of Rez(Ca)10 in the presence of excess l-alkene ((A} pro-

pylene,l“"" {8) l-butene’’*”" Pty
resulsed dn the formation of (-H)Re,(CO)y{u-(nSCH = GHR))

(Fig, 10.8¢ R = ¥e (I%A1), B¢ {IXB1) or Bu"(IXC) in high

yields. **""'Mention hes been mede'’’ of an X-ray crystal

structure investigation of (u—H)Rez\co)a(p-nch =°CHMe)

(IXA), revealing an Re-Re bond length of ca, 3,208, but the

full structure has not been reported to date
The photolysis in toluene of REE(CO)XD with (A) or

{8) alse ylelds, in addikien to tite trans-isomers (IXAl) or

{1%B1), the cis-ismomers (IKA2) or (IXB2).'’" In the case of

Vit

or (C) l-hexene

[ 2 £ Y <Y
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(B), & furtner isomer, (IXE),!7¢ is also obtained, The cis-

producss, (IXA2) and (IXB2), isomerize spontanvously to the

trans-products, (IXAL) and (IXB1).'79
Photolysis of REZ(CO)IO with ethylene :

in addttion to (IXD), (k-H)Re,(0O)y(u-(nZCH=CH,)), (IXB) and

(IXE), (w=H)Re,(00)y(u=(n2EEC = GH,}), formed from subsequent {

] photochomical reactions of (IXD).

R

yields,

[ETE

the

photelysis oo Re,(C0), with cls-2-butene resultsd in the

production, in low yield,of (u—H)Rez(CO)B(p—(ngMeC = CHMe)J,

(IXF}. Extended photolysis resulted in isomerization of l
I
|
¢

related study of internal olefins

(IXF) to (IXB). This later complex (IXB) was w2 only

1' - organometallic product to be obtained from the photolysis of
Re,(C0), with tra?s~2—butsne,‘7”_l and probably resulted

from the observed  slow isomerization of trans-2-butene

. to l-butene during reaction. :
Compounds ‘IXA-C) sll react with ethylene at 25°C,' "

o give (IXD). Similarly, (IXD) undergoes alkene-exchange

with 1-hexene' ' to give (IXC). Treatment of a heptane

L solution of {IXC) with excess vinyl-nwbutyl ether' ' gives
(1X6), (n-H) (u-trens-CH=OHO-Bu"Re, (COJg. Dissalution of

(1XD) fn neat styrene' ° yields (IXH), (u-H)(u-trans CH = CHPh)-
. Re,(CO}, in quantitative yield (5-6 h). Compounds {IXA-F

! react with excess olefin at room temperature to give the

alkenyl-exchanged (p-~hydride)ip-alkenyl)dirhenium—octa~ o

capbonyl complex,'”?

. Compounds (IXA)~{IXH) all react with excess py'

] in the dark to yield free olefin and 1,2-eq,eq-Re,(C0)4(py),
Roam temperature resctions of (IXA}-{IXF) with c0' '~
result in the formation of Re, (0D}, , with liberation of
olefin, Hotiever, the photolysis of (IXE1) in the presence of
ey'"! yields (u-H)Rea(co)7\u-(ngcu = OH Et))py a8 the major
product,
: 4 toluene solutfon of (IXD) reacts with Hy(1 atm)!’®
% over 3 days to initially generate HQRsz(CO)a, which is
| subsequently slowly converted to H@Rea(co)lz. The reaction
} of (IXB1) with H, is similar

ﬂ a~ . ks - AT WS " wilia
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Dissolution of (IXD) in neat acetonitrile (MeoN)'’®
results in complete conversion to 1,E—eq.zq—Rez(CO)B(NCMe)Z
{5 h, room temperature). The major product of the reaction
in toluene solution of (IXD) with H,S'7* (1 atm, 6 1), is
Re,,(cola(sH)2~ {IXBl) reacts with excess acrylonitrila’’®
in toluene solution %o yield Re,(C0) (NCCH = CH,),.

Compounds (IXA)~(IXH) all react with excess FPhy'7®
2(l::('))a-
(Pehajg, which isomerizes t? 1,z—diax-Rez(Cﬂfe(PFha)z. The
reaction of (IXD) with PBuj follows the same pattern.'?®
However, the reaction of (IXD) with P(OR), (R = Me, Ph) yields
1,2-eq,eq-Re ,\C0)4(P(OR) ), which is steble to isomerization.!”

in hexane at 25°C tvo give free olefin and 1,2-ax,eq-Re

1[:“/ —s

Treatment of {IXD) with excess PMe!’! in hexane or toluene
solution rapidly geaerates the dipolar addition product
(=H}u=CH = CH;)Re, (00} (PHey) (X) (Fig. 10.6). This
product (X) slowlv decomposes in koluens solution to give
1,2-eq, 0q-Re, {00}
Reaction of (IXA1) ' th excess PMe

(PMeajz, which is stable to isomerization.'?’®

in hexane at room

WA e 7 2 7

3
temperaturz gives only l.z—eq,En;—Rez(CO)e(PMea)z in near-

FEN

aquantitative yield {2-3 h). These bisphosphine dirhenium

S,

scarbonyl products are of impor , as they are rare
examples of equatorially substituted phosphine derivatives
7 Be,{C0) . The geometry of phosphine substitution in
#6,100), 0 (PRJ) (0 = 1-4) complexes will be discussed in
el KV,

10wn

Similerly, (IKC) reacts with a variety of bidentate
phioiphino-ligands L-L {L-L = bis(diphenylphosphino)methane
(appr1, 00 e e
(atwethylphosphine)ethane (dnpe)
'*%) to give the bridging ligand substituted

bis{dimethylphosphinolmethane{dnpm),
'*2 and bis{diphenylphosphing )=
etn wn{dppe)
dicteniun octacarhonyl compounds, 1,2-eq,ea-Re, (C0) glu-L-L),
4. tiph yields (90%).

The major products of tne photochemical reaction of
1,2~eq, 9G-Ne, (G0} g(u-L-L) (L-L = dppm, dmpm) with K0 or
HeOR 2=s {u-H) (4-0H)Re, (00 (u~Lml) and (u-OR),Rey(00) (umimL)
(R =HooMe) '™ The structure of (k=H) (u~OH)Re, (60, u-dppm )
has been determined by X-ray crystallography'®" (see ch. XIIT).
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Reactions of {p-H){u~O0R)Re,(CO} (u-L-L) and (k-OR),Re,(CO)q-

(u=L-L} with dry HC¢ lead to the formation of (w-H){u-C2)~

Re,(C0) g (u-L-L) and (u-Ce) Re,(CO) (n-L-L) respectively)®*
Treatment of a solution of (IXB1) with an excess of

3,3-dimothyleycloprobene ' at roon temperature leads to the

formation (2 days, 80%) of dirhenium~cctacarbonyl-(u~carbene)

complex, Re,(C, | fu-toTn30H.CH.Glle,)) (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
2

formaticn of Rez(CO)g(u-(n}nch.CH.CMeZ) (XIB), which is

unusual in that it contains a p-carbene system not supported

by a metal-metal bond.!?® On irradiation of (XIB) (2 h,

T

roon tesperature), the n7nbutadienyl hydride, (h-H)Re,(CO)gn

(R-CH=CH.CMe=CH,) (X1G) results.'®?
Treatment of (IXA1)169 or (IXBL)’! with excess : 'éﬁ
phenylacetylene at room temperature gives the p-hydrid

{KIIA} {Fig. 10.8] ~z the major groduct (85%, 5-10 h)}.
Similarly, reaction of {IXAl) with (p-methoxyphenyl) acetylene !
yields (u—H)Rea(CD)sly—p—CZCCEHADMe) (XIIB) (Fig. 10.8}.
i Treatment of a hexane solution of (XITA) with excess py'®
L yields a single isomer of (u-H)(u~CICPR)Re,(CO) (py), in near
. quantitative yleld (1-2 h, room temperature). This mono~
e gy

aliynyl-cctacarbonyl-dirheniun complex, (i-H)Re,(00)g(w Ph) i

substituted compound reacts siowly with excess py
yleld a single isomer of 4 disubstituted species, (u-H)-

) (k-G2CPh)Re, (CO} (py),. (XIIB) also undergoes CO substitution ;
by py,'¢7 yielding {ueH) (iu=p-CsCCH,ONeIRe,(CO), (py) . ‘

with excess FPhs‘" results in essentially quantitative
production of the dimubstituted complex, (M-H)(M-CECFh)Rez—
(CO)G(PFhl!)E (2 h)., Dpuring monitoring of the veaction {in

Xy

i
]

|

|

i

i

{ Treatmant of a GH,CE, or hexane solution of (XITA)
j

i

]

Ty

€D,Ct,) by Ly wur spectroscopy, the monosubstiiuted complex, :
(U=H) (u~C=CPh e, COJ, (PPh) 5, was ouserved as the initis}

product, The reaction of{XIIA) with PBu; is analogous.'®?

However, treatment of a hexane solution of (XIIA) with excess

Pitey results in the Immediate formation of a dupolar addition
product, (u-H} (u-0sCPh)Rey(C0)g(PHey) (Fig. 10.9(XITIA) or (XIIIB)).
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10.7 Pha 1 reaction of Re (CD)IC with R,8iH

The first report of a dirhenium carbonyl derivative with a
bridging StRz ligand was the formation of the complex
Re,(00) H,(n-51Ph,} in the photochemical reaction of
Re,(C0),; and Ph,SiH, in benzene solution. R he X-ray
erystal structure of this complex has been dotermined. **®
The crystal structures of the related derivatives, )
Re,(€0) i, tu-81Br,), "' F ane e, (00) H, (u-51Et, ), * have

also since been reported. Nu details of the synthesis of N
these compounds were given, but presumedly the method wag
siniler to that for the synthesis of Re,(C0) i, (u-8iPay) ***2
{vide sugra). The molecular structures of these three

complexes will be considered in ch. XIIL.

The room temperature reaction of Reg(co)aﬂz(u-Sith) with
stlicic acid tn chlovoform solution resulted in the formation
of the dihydride der,vative, Re,(C0) (u-H),, **’ the structure
of which has beer determined by X-ray crystallography (see

oh. XXID). .

i

10.8  The photoctemical reaction of Re,(00), . with H, {
UW~irrediation of Re,(00);, with H, in THF gives Re,(CC) (u-H),, I

together with monomeric and triméric rhenium products.’’®

This complex has also been obtalned from UV~irradiation of
Re (00, 3, *** from the thermul reaction of Re,(C0)gH,-
(p=51Ph,) with 510,.nH,0""" (yide supra), and from the
thermal reaction of (u-H){u-CHOH,)Re,(CO}g with H,' "’
(see section 10.6.4).
0.9 Photochenical resstion of Re,(CO) . with water .

RaZ(CO)lO is stable towards water even under drastic
condltions; '" it is alwmo not attacked by dilute acids or

bases.'"" A “base reaction“ can only be achieved with

i

methanolic potassium hydroxide, whereupon a dinuclesr
complex K(Re,(00)y0,H] is formed.***

The photolysis of Re,(CO) . in wet THF leads to the
formation of eq-fe,(COJy(OH,). "* This product has been
ahown'’® to be formed via primary photoshemical homolysis
of the Re-Re bond, followed by thermal substitution of the

Re(CO)s-tadical by HZO, and then recombination with RE(C0)5-,

N
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to give Rey(C0),(0H,).

Under 366nm irradiation, Rez(CD)g(Oﬂz) decomposes via
the proposed unstable intermediate Rez(co)a(OHz)z. which
looses HZO and undergoes oxidative addition o an Q-H bond to
form (u-H)Re, (C0)g{u~0H), which decomposss to HRe(GO)y and
Re4lCO)12lDH)4, the d tion pi W

In THF solution, the co~ordinated water in Eq-Re2(CO)9~
(OH,) 1s readily displaced by stronger nucleophilic ligands
e.g. CO, MeCN, PPhs, to give Re2(cu)10' ﬂ—REE(CO)Q(NCMe)
and ax-Re,(60) PPhy respectively.'’® Hence eq-Re,(C0)g(OH,)
can be regarded as & lightly stabilized form of the co-

ordinately unsaturated Re,(C0)g.'"* However, in non-
coordinating solvents (e.g. toluene), only rhenium cluster
compounds are obtained.'’® The rols of the THF is probably
to stabilize the Re,{COl, intermeciate.

Under photolytic conditions, Re,(Cd),, reacts with Hy0
in agueous ether, yielding initially Rey(CZ)  Hy and
Re, (C0),,(0H),, and after extended irradiation, exclusively
Re,(CO), ,(0H) . 207

Irradiation of Re,(C0)g (1,10-phenanthroline), (indirectly
prepared®®?) in wet THF yields Re,(C0),, &rd Re,(CO)z
(1,10-phenanthroline) . !7* Howe.er, only Re,(C0), ,(OH), and
some eq-Re,(G0) (NGMe) are formed from the reaction of dieq-
Re, (00} (NOMe), with 1,0 in refluxing THF.!’® The unstsble
Fe,(00), 0, ), may be formed as an intermediate in the
reaction of (u~H)(u-CHCH, )Re,(CO), with Hy0 (wet THF), which
eventually yields Re (00}, ,(0H),.' "
N-donor 1igand derivatives of Re,(C0], o

10.10.1 Trimethylamine-N-oxide~induced reastions of Re, (CO)XO
with N-donor ligands
the thermal reactions of ReZ(CO)lo with trimethyi-

amine-N-oxide, MssNO, in tne presence of N-denor ligands L

lead to subscituted derivatives, Rez(CO).w_n(L)n {n = 1,2},

eccording to eqn, (10.8).
ReZ(CD)lo + nMBBND + nL'Rez(CO)lo_“(L)n + nMeaN + nvil()2 (10.8)

The reaction is usually performed in acetonitrile

i
g
|
;

i
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{#2CN) solvent, and in tho absence of added donor ligand L,
aestonitrile derivatives, ea-Re,(CO) (NCMe)!”* and dseq-
2e,(C0)(NCHe) ,!7* are formed (sec also section 10.5).

In the presence of N~donor ligand L, the reaction
results in the formation of substituted derivatives
Re,(00) o (L), {n = 1,2). This method has been employed
in the syntheais of the complexes eq-Re,(C0)gL (L = py,'™’
2-Mepy. 7Y MeMil,, ' EtNH,'C7) and dieq-Rez(CO)a(py)z."
These derivatives have been shown to undergo photolysis
reactions'®’ resulting in the formation of new dirhenium
carbony] complexes (vide infra).

10.10.2 Photolytic resehions of Re,(60),, b (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-Re,(C0)y(NCHe)
and of eq-Re,(CO)y(py) or 1,2-dieq-Re,C0)g(py}y, yields
the products 1,2-dieq-Re,(C0) (NCMe), and 1,1{n-H)Re,(CO) -
(py)(NC5H4) respectively.'*’ Photolysis of eq—Raa(CO)g-
(RNH,) (R = Me, Et) in heptane yields 1,1~Re,(CO)g{RNH,' 5. '%7
In these reactions, other photolysis products usually include
Re,(CO), , monomeric rheniun carbonyl derivatives, and
rhenium carbonyl cluster compounds.'®’
10.10.3 Preparation of (u-H)Re,({CO) (4-NC.H ), and subsequent
reactions with dopor 1igands

The compound (u-N)ReZ(CO)B(uxNCSHq) is formed by
heating 1.2-dieu-ﬂe?(00)a(py)2 in refluxing benzene,'&?
This complex has been characterized by X-ray crystallog: shy!:?
{see ch. XIII), and itself undergoes further CO-substitution

reactions with other donor ligand . ' ="
(a) Thermal reactions with }igand L
In bengens solution, (k-H)Re,(C0)y(K-NCGH,) reacts

slowly with py to give 1,1‘1n~H)Re2(co)7(py)(N05H4),“’ and
with PPhy to yield (n-H)Re, (GO}, (u-NGgH, 1 {PPh,) and (n—)Re~
(Co)e(u—NCEHA)(Pth)z."' Refluxing (u—H)Rez(CD)E(u-NCSHA)

in acetonitrile solution gave (u—HJRez(col,,(u-WBHAJ(NCMe). 16e
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the structure of which has been determined by X-ray
crystallography!®® (see ch. XIII). All these thermal
substitution reactions required very long resction times
(10-20 h).

(b) Reaction with Me ,NO in the presence of ligand L

When a solution of (u-H)Re,(C0)y(u-NCH,} was treated
with e NO, in the presence of donor ligand L (L = py, PPhy)iee
mona- and disubstitution of CO resulted. Initially formed
was the complex (u-H)Re,(CO),(k-NCxH,) (L), which over a 24 n
period slowly converted to (p-H)Re,(CO)y (-NCgH,) (L),.! 4"

With L = l-octene, 't howevar, only the mono-substituted

complex (u ")w(u-NCSH4)(ngl—octene) resulted, which
did not v .ar reaction %o the .i-substituted
product a. “erature.

(e} 1 reactions with ligand L

Photolysis of toluene solutions of (u-H)Re,(G0)g~
{u=NOgH,) and L (L = py, PPhy)!¢® resulted in the formation
of mono~substituted (u-HRe,(00),(u-NCgH,) (L), which over
a period of 10-15 h was convertd to di~substituted
(u=H)Re, (001 (k-NCGH, )L}, AfSer a fupther 10-15 h
photolysis, tri-substituted (u-#)Re,(C0), (4-NCgl,)(L)y could
be obtained. However, with L = P(OPh)j, l-nstene,'®* only
mono-substituted products, (u-H)Re,(C0),(n-NCH,) (L), could
be isolated even after prolonged perlods of photolysia.
10.10.4 Preparaion of bis-N-donor-ligand derivatives of Re,(CO), .

Although an(L’O)a {1,10-phenanthroline) is synthesised
by the photolysis reaciion of antco)m &nd 1,10-phenanthro-
Lne, """ the syntheats of the rhensun anologue, Re,(u0)giLy!
((LZJ = 1,10-phenanthroline, 2,2'~biguinoline, 2,2'~bipy and
4,7-diphenyl-1.10-phenanthroline), was achieved by airless
agddition (in the dark) of a THF solution of Nal?e(CO)5 to a
deoiygenated cene(co)su.z) soiution.*** The displacement of
0e” by Re(cojs’ oceurs rapidly at 298 K to yield a highly
caloured solution of Re,(CO)gil,), and NaCE previpitate

Irradiation of Rea(cflja(].,10-phenanthrolihe) in wet

THE yields Re,(00); ) and Re,(G0), (i, 10-phenanthroline),. ' *
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(eqn. 10.9(aj. This latter complex has alsc been obtained
from the photolysis of (0C)gMnfe(C0},(1,10-phenanthroline)
in THF?'® (eqn. 10.9{b)}.

200 e(@)(1,10phenanthroline) 2o 1,(60) 0 + Rey(00) -
(1,10phenanthroline),
(8) M=Rei (b) M=tn (10.9)

Dirhenium carbonyl carbene complexeg
Reaction af Re (CO) with LiR in ether, (to give ReZ(CO)9~

[C(OLi)R]) H‘, and aubsequent alkylation with [R'OHBFA]/

H,0 yields the carbene complex eg-Re,{CO)(C(OR* IR}
o
(R=we," "% en,""" chmep, 0 k! ~ oy R = siph,
Rt = e "® Et'’"). Similarly, the reaction of “ea‘°°’1o

with LiSiPh in THF, followed by treatment with MeFS[)3

glves eq-Re,(CO) [C(OMe)Sikh,] or eq-Re,(00)g [c(oc HgOMe )-
siph,], dspenexng on the reacticn conditxcns. v

addition, the reaction of Rezlco) with excess l.!-SiPh3

and subsequent aliylation vith [Et D1[BF,1/H,0 yislds not
(00)4[C(0Rs)S1Phy 1 “‘“uu: 1 2-ax,eq e,(00)
[

only eq—Re2
(G{0E*)S1Ph, ) and dirhenium products characterized by
X~ray crysta]logrnphy T (gee ch. XIII) as (2O, Relp-c(sien,)-
COl0EL} JFE(00){C(OEY)S1Ph,] and Re,(CO)g (u-C[sipn ]CO!(#-H)‘
The structures ar eg-Re, (co: GLetor! )Sth 1 (R = Me

B8 %) and 1,242, 60m Rez(CO)a[ClOEn151Ph3) *** have also
been determined crystaliographically (see eh. Xu[I}. Further
treatnent of the carbene compley eq-Re, CO)g(C{OMa)R]

(R = Ph, Cgif Me-p) with LiR /ether, Followed by |Mey01lBF, 1:Yb
Ay0, yields the p-methy idine complex Rez(LOIB[u-C(OMe)?J

The molecular structure of ong Buch complex, Re, (Co)afu-c-
(OMe)C H Mewpla‘ has been determined by ¥-ray arystallo-
grapny’ | (see ch. XILI)

The isomeric carbene complex, ax-Re,[C0),[G(OR')SLPA,]
(R'= Mg, Et), can be obtaified by reaction of eq-Re, (CQ) -
[GLOR')54Phy) with Ak, (X = C¢, Br) to give [ax—Re?(CO) -
(esiph, )t [A!X 17, which is then treated with alcohol
ROHL ' The somers, ax-or-ea-Re, (C0)4[C ONe)$iPhy],
react with dialkylamine, HNRY (R' = Me, Et) in pentane to

S E o iy
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form ax- or eq-[Re,(C0) C(NRY)S1PN,] respectively.’"®

Treatment of the ax-~ or-eq-isomers of Rez(CO)g[C(OEt)~
SiPh, ] with Li(C H Me) and subsequent alkylation with J ‘
i
!

{Et, Ol[BF ] yields the two isomers of 1, 2-ax,eq-Re, (60) g~
Vrep

‘ [C(OEt)SiPhal[C(OEt)CsHAMe] (see Fig, 10.10 (XIVA)
i and {XIVB}).

The reaction of the cationic silyl carbyne complexes
of dirhenium carbonyl, [ax~Re {(D)g(CSiPhy n* (Aex, ]
b (X = C¢, Br) with alecohols, R''OH (R'' = Me, Et, Pr Bu ), \
has also been reported to yleld alkoxy-carbene complexes,
ax-Re, (€O} [C(OR™ )5iPh, ) and eq—Rez(CU)JC(OR'UH]?‘xHalogen-

A silylearbene complexes, ax—«Rez(CO)s[C(X)SiPhS) {X = ©¢, Br),
att

: can be isolated as intermediates.
(co)g(csiPh3))*[Aear4]' with dimethylamine HNMe,, gives -
ax-Re,{C0)g[C(NHe)SiPh,], and eq-Re,(CO)glC(NMe)H]. " i
. The latter compound can also be obtained by treating
eq-Re,(C0)g[C(OMe)H] with Hhme,. ™"
structure or €q-Re, (€0}, [C(OMe)H] has been reported
(see ch. Xir1),

-7 10.12 Thermal reaction of Re (CO) o with acetylenes

Reaction of {ax-Re,~

The X-ray crystal
211

. The reaction of Re,(C0),, with PhCCPh at 180°C gives i
i [Re,(C0),, (PheCPh, )]v [Re,(€0) s (PhCCPh) ], and
[Re (co) (Phccph) [ This latter cumplex reacts
. instantaneously with excess of isonitrile ANC (R = Bu®, 4 4
84", p-HeOCyH, or p-MeCgH S0,0H,) to give [Re,(CO),(PhCCPR) -
(cNR),J. """ An X-vay crystal structure analysis of one such
. isonttrile derivative, [Re,(€0),(PhCCPh) (CNCH,S0,C ot Mep),]
ias been performed”'? (see ch. XIII).

Complexes of the type p-hydrido-p-alkynyl-dirhenium-

octacarbonyl are obtained from the reaction of p-hydrido-p-
ves

olefinyl dirhenium octacarbonyl with ecetylenes {sea
section 10.6.4). Y

10.13 PFormation of [cis-Re,(CO).(CHO)]™ from Re {co), o

The enionic formyl complex of dirhenium carbonyl, Li*[eis-

i Re,(00)o(CHO) ™ was prepared by the resction of LiEt BH

f with Rey(C0).  in THF solutien.'”®  Analogous products were )
| obtaine? for Mny(Ca) . and for the mixed-metal decacarbonyl
|
4
]
i
i

1% i
dimer, neMn(co)w‘
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! Ph,Si \
(co),Re—pe~ a5 \,C-—-—-Ré—Re(co)s
3 VAN
& JERQO
Ph;Si”
ax-isomer
eq-isomer
H,Cs. PhySi N |
A N C—R&ERE~
A SN Eto~" SN
EtO :
N O
Phsst” “OEt MeH,CE  OEt
XiV A Xivs

Figure 10.10: The two isomere af 1,2~2%,eq-Re,{f0)g[CIOBT)SIRR,)-
[C(OEt)CsHAMnI, {XIVA) and {XTVR)

Treatment of the eq~- or ax~ isomers of Rez(co)g-
[C(GEE)StPhal with LS(CEHAMe) ang subssquent
alkylation with (Eta(?][BFA] yislds the two isomers
of 1,2-8%,eq-Re,(CO) [C(OELISIPH][CIOBL)OH Me],

2 'g ey 5'¢
{XIVA} and (XIVB) respectively.
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't ot BN [trans-

In the tranformylation reaction’
[(PRO};P1{C0)  FeCtO]™ with Re, (00}, 1 THF, Et4N+[E£5—1
Ree(co)g(cno)}‘ was formed (82% yield as determined by “H
MR integration) together with a co-product, (C0) Fe -
[F(DFh)al»

B,N" (ais-Re,(G0) (CHO)]™ was also synthesized (32%
yield) by the reaction of K*Hs(o-pr*); with Re,(C0),, in
THF at 0°C, followed by aqueous basic workup and cation

exchange with Etdu'ar.
Format.un of Et,N'lcis-Re,(C0) H]” from Re,(00);

The reaction of K*HB(O—Pri); with R82(00)1° under fluerescent
leboratory lighting (45-50°C, 3 h), followed by agueous
basic workup end cation exchange with Etdn*sr‘ gave the

TN
N [oig-Re,(CC) i)™ This metal

hydrido anion Et,

hydride can also be obtained from the photolysis of a THF

solution of Tt [eie-Re,{c0)gicho)) ™.
E6,N'[HRe, (€01 1™ has also . en detected, though not

teolated, in the TEABH reduction of Re,(CO),, in MeCN

{see s20tion 10.15).

Quaternary Ammoniun Borshydride reductlons ef Re,(c0) .

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
Re,(€0) 1, in HeG (80°C, 1 h) yialded the hydrido anton
Bt N [HRe , (00) )7 On stirring the crude product from
this reaction with OH,CE, (room temperature, 1% h), the
ehloro anion, Et,N'[Re,(C0),Ce1” (50%) was formed.
Thie product was also obtained in high yield (89%) from the
TEABH redustion of Re,(C0);, in CH,CE, (voom temperasure, 2 me
Conclusion

From the foregoing review of veactions of Re,(C0),, with

ligand{s) L to give dimeric products Rez(co)w_n(l..)n

{n = 1-4) in which the Re-Re bond remaing intact, several

points bevcome apparent,

(1) The use of synthetic methods involving the direct
vaction of the Re,(C0), dimer give products Rey(CO)yq (L),

.

|

i
k
!
I

il
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where ngd, (except for the acetylene complex [Re,(C0),-
{PhCCPh),] and the isonitrile dervatives, [Re,(00),(PhCCPh) ;-
(CNR)2] (see section 10.12). In the majority of reactions,
only mono- and di-=ubstituted products, Rez(CO)lo_n(L)n

(n = 1-2), result. In a few instances tri- and tetra-
cubstituted complexes, Rez(co)lo_n(b)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,[B(OMe),],,
[Tolman cone angle®® for P{OMe) ;1 107°].

(11)  Apart from routine characterization, there has been

o+ has been prepared by indirect methods.?'®

very little comment on the position of ligand attack in
REZ(CO)IO' and the resultant stergochemistry of the
Re,(C0), (L) (n = 1-4) complexes. Even whare X-ray
crystal structurss of the product have been undertaken, little
attempt has been made to rationalize the observed structurs
in terms of electronic and steric factors, The structures

N Rez(co)lo_n(h)n {n = 1-4) complexes which have been
se.eriined 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 faciors,

(1i1)  There have been no comprehsnsive systematic studies
(ehemical, structural, mechanistice) on ReZ(CO)IO/L systems,
apart from the kinetic-mechanistic studies on the REZ(C°)10/
PR3 system, which will be discussed in ch XV, Such a
study was thus undertaken on the RezﬁCO)m/RNC Bystem,
which has received very tittle prior attention (see saction
10.4). The results of this chemical and structural study
will be presented in chs. XI and XIV respectively,

ki, Eomooveton S

i
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CATALYTIC SYNTHESIS AND CHARACTERIZATION OF ISONITRILE
DERIVATIVES OF DIRHENTUM DECACARBONYL

Introduction

Pacile synthetic routes are continually being sought %o
substituted metal carbonyl complexes. Until recently,
phosochenical or (vigorous) thermal techniques have been
employed to achieve substitution of CO by o ligend L, as
shown in eqn. (11.1).

M(CO)n + L —'M(CO)H_}.(L) + CO (11.1)

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

The only report to date of the reaction between ReZ(CO)lo
and isonitriles has been a mention of the synthesis (and a
Raman stidy) o the csaplex RBE(CO)Q(CNME),‘”b which was

synthesized by pho.cshemical methods. '™ 2

However, the
analogous reaction of Mn,(CO), with isenitrile ligands
(RNC) has received more atbention. The derivatives

(e2 216 toae
Hn,(G0), o (GNR), (R = Me or Bu®, ' n = 1-4) have

.
been synthesized by thermal = (refluxing toluene) and/or

16,192
' Indirect methods have also

photochemical methods. :
been employed in the synthesis of these complexes. For
instance, a series of complexss, Mn,(C0),, (CNR),
(n=1,2,4,5 R = Me, Ph, p-GICyH,), vas prepared by
nucleophilic astack of ¥n(C0);" on Mn{CO)g_ (ONR) X
(x=ce, br, on).""" The complex Mny(CO).  (CNPRL(n = 1,2)
has been obtained in low yield from the reaction of HHR(CO)
(R = Me, Ph) with PhNC in THF. '’ 1In a systematic study by
Betirenis gt al,” '’ the complaxes Mny(COlG(ONR) (R = Bt, 8-
Mey, GeMey, StMey, PPhy, COMe) were prepared by reaction of
Nen,(00)ON] with B 08¢, or G,

Recently, Albers and Coville’ ~ have reported that
P4/C or PA/CaCO; catalyses the reaction between {60}y an

isonitriles, to give Mn,(00),  (CNR) (n = 1-3, R = Bu',
CGHSGHZ' CBHJ.J.’ Me; n = 1-4, R = CEHaMez—z,G). As a
logical extension of this study, an investigation of the
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transition metal catalysed thermal reaction between
Re,(00), ; end 1sonitrile ligands was undertaken.

Wha' studies there have been of the properties of
10-n(CNR) | (M = Mn, n = 1-4; ¥ = Re, n= 1, R = Me)
nave employed Raman, *® IR?*® ana ln nup'PEAIE P2
spectroscopy. No X-ray crystal structures of My(C0),.  (ONR),
compounts bave been reported prior bo this work. Hence a
systematic study vas wderiaken of the Re,(C0), /RNC system,
in order to obtain chemical, ma..nistic and structursl
information. Techniques employed in this investigation
include IR, Raman, 'H NMR and mass spectroscopy, and %

crystal X-ray diffraction (ch, XIV),
Cstalyst Testing
In sunlight, the thermal reaction (11.2) in benzene at §5°C
between Re,(C0), ) and Bu™NC (1:1 ratio)
¢ ¢
Be,(C0) o + Bu'NC — Rey(cO)g(oNBu®) + cO  (11.2)

yields predoninately Re,(COlo(GNBu®) (210 min). However, in
the dark {complete exclusion of all iight) or in artificial
Jaboratory light (no sunlight), no reaction ocours between
REQ(CO}ID and ButNC at 65°C (210 min). If after several
hours of no reaction in the dark,the reaction vessel was
exposed to sunlight, the reaction to ReszO)Q(CNBut)
proceeded at the above rate. Hence the thermal reaccion
betwegen ReZ(CO)LO ang ButNC is dependent on sunlight. No
attempts have been made to elucidate the mechanism of this

thermal unc - ed reaction, but sunlight-initiated

221
fission of the Ke-Re or of a Re-CO bond ctuld be implicated.

Reaction (11.2) between Re,(00} o and BuNG (1:1 rasio)
in benzene at 55°C was used to screen potential catalysts
(Table 11.1}. Where catalysis was observed, the reaction
time was taken as the complete conversion of Rez(co)lo Lo
Re,(€0)o(GNBU") (as detected by TLC). Pd-metal, Pd0 and
supported Pd-species wers found to be exceptionally active
catalysts, with reaction times ranging from leus then I min
for PdO and Pd/CBCOa. to ca. 1 h for Pd-metal, and 2 h for
P&/C (5% Pd). (The supports, CHCD3 and activated carbon,
were found to be iactive). The corresponding P-species

¥ owmd

!
[
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wera much less active (e.g. PH/AL,0,(8% Pt): 70 min, of.
Pa/At,0,(5% Pd): 6 min), or inactive (no catalyais with Pt0,,
Pt/C (5 or 10% Pt)). Other activated carbon-supported species

(5% Bh, Ru, Re) were also inactive, as were the transition

netal salts investigated (e.g. CoCl,-2H,0, which is known to
catalyse the reaction between Fe(co)5 and isonitriles )

The iron carbonyl dimer, [(n2CgHg)Fe(C0),1,, wes tested
for its catalytic abillty, since this dimer has been found
o be an active catalyst for related carbonyl substitution
reactions, when used alone’ ' or in combination with a co-
catalyst such as Pd0.'' However, it was found that with
LinZe i )re(50),1, (4 mg) and P40 {4 ng), the reaction tine
was 1 min, the same es that for PdO (4 mg) alome, while that
for [(n20 4 IFe(C0],1, (4 mg) alone was40min. Hence in the
case of this reaction, PA0 would seem to be the active
satalyst.

When catalysis was observed with a given species, the
reaction proceeded at the same vate irrespective of whether
the catalytic reaction was conducted in sunlight, in artificial
light only, or in the dark. If, in the inctance of the blank
reaction in the dark, after several hours during which no
reaction wes observed, catalyst was added to the solution of
Re,(C0, o and Bu®NG, the reaction ta Rez(CD)g(CNBut) proceeded
at the normal rate for that catalyst. Hence the catalysed
reaction is not dependent on sunlight, as in the blank
reaction.

It was thought that a reducang egent such as LLAGH, might
catalyze reaction {11,2)}. Howaver, when a few mgs of
LiAH, were added o u solution of Re,(C0), and Bu'NC in the
gark, no reaction was chserved (S§°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-spesies (e.g. PL/C, Ptd,) suggested that Pt might
play a role in removing traces of oxygen from the solution.
Hence the combination of PL/C and LiAtH, was investigated as
a potential catalyst for reaotion (11.2),

It was found thet if & small smount of Lik¢H, wae added
%0 @ reaction mixture of Re,(C0), (0.2 mmol), Bu’Na (0.22 mmol)

|
b
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TABLE 11.1: Effect of potential cacalysts on the reaction
t t
Re2(00)10 + Bu NG —— REZ(CU)Q(CNBU )+ CO

Potential catalyst®

Pa0
PO,
P3{0)
Pd-impregnated polymer (%40 mesh)
Pd/C (10%)
Pa/C (5%}
PE/C (10%}
P£/C {5%)
R/C (5%)
Ru/C {5%)
Re/C (5%)
Pd/CaC0, (10%)
Pd/BaC0, (5%)
Pd/Bas0, (5%}
Pd/AL,0, (5%)
Pt/AL 0, (5%)
Activated carbon, "Bergswerksverband"
CaC0,
Platinous Bromide
Potassium tetrachloropiatinate(II)
CoCt ,+2H,0
IrGéy ni 0
zn(0)
5
t
[{n2CgHy)Fe(C0) 51,y

Reaction time (min} i
i

(1.2}

e a 0 0 o

Sources of chemicals used in this study given in Appendix A

P 1 sunlight; no reaction in the dark

® No catalysis

»

PRETN S

S



- 153 -

and Pt/C (5% Pt} lmg) in benzene, which had been heated at
§59C for 4 h in the dark (with no reaction being observed),
reaction to Rsa(CO)Q(CNBut) was complete in less than 15 mins
{the time depending on the mount of LiAgH, added). On
addition of a further equivalent of Bu’NC, the reaction to
Rez(CO)a(CNButJE was complste in lese thas 5 mins. However
1€ PY/C and LiAtH, were added %ogether to a solution of
Re,(00), , and BuNC (in the de'k) with no pre-heating, no
reaction was cbserved (for several hours). If more LiAH,
was then added after a few hours, a sluggish reaction was
observed which proceeded very slowly over a pericd of

several hours. If a solubion of Rey(C0), ), Bu'NG and Pt/C
was heated at §5°C for 4 h (in the dark), oxygen bubbled
through the solution, and LiAfH, then added, no resction was
observed (for ssveral hours). If more LiAfH, was added after
2 h, 2 sluggish reaction was observed (of. above). (The
addition of oxygen has no effect on the reaction rate of the
thermal uncatalysed reaction (in sunlight)). Hence the role
of P/C in the Pt/C ~ LiAtH, catalytic aystem appears to be
the removal from the solution of traces of 0,, which if present
presumably prevent the catalysis of the reaction by LiAeH, by
oxidizing the active catalytic species. No attempts have
been made to further elucidate the mechanism by which the
LiACH ~catslysed reaction operates. Other reducing agents
such as zinc-metal do not catalyse reactjon (11.2), hence
the LiAtH ~catalysed reaction could involve a mechanism
invoiving 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 ln
thy synthesis of Rey(00)y,  (GNK)  derivatives (vide jnfra).
Pd0-catalysed reaction of Re,(CO), with isonitriles

Using PdO as catalyst, a serles of isonitrile derivatives,

=t ;
Re,(C0) ) o(ONR) | (n w 143, B = Bu”, CgH.GHys CeHyyi n = 1-4,
Fe = 2,6-Me CgHy, Mel, were prepared (reaction (11.3)) in
generally high isolated yields, under moderate reaction
conditions (Table 11.2}.

Re,(C0)y 5 + nRNC ——Re, (00},  (CNR)  + nCO (11.3)

",
‘;
|
i
i
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The power of this catalytic method is seen whun
comparing the reaction times at 55°C for the uncatalysed
and the Pd0-catalysed reaction (11.4)

Rez(co)w + RNC s Rez(CO)Q(CNR) + CO (11.4)

There is a substantisl improvement in all cases (Table 11.3).

Owing to the facile nature of the PdO-catalssed
synthasis of Re,(C0), (CNR) (n = 1,2}, some Re,(CONos o (CNRY,
is also generally formed, accountirg for the less than
quantitative yleld obtained. The products are readily
purified by column chromatography.

For Re,(C0) o (CNR)  {n = 1,2) derivatives, reaction
times are of the order of 1 to 5 min, but the synthesis of
Re,(C0), (CNR) , requires longer times (ca. 45 min). Tetra-
substitution to give Re,(C0)g(CHR), could anly be achieved
in poor yields (20-40%) for R = Ms and 2,6-Me,Cgllyi the
other isonitriles gave no tetra-substifuted product after
3 h reaction. This could reflect the better t-acceptor
ability of aromatic(2,6-Me,CgHANC) than of aliphatic isonitrile
ligands.'’® In the case of MeNC, this could be due to the
small size of the MeNC ligand ~ and its electronic similarity
to 0. "*® Higher substitution could not be achieved for
any of the isonitriles even after 24 h, except possibly for
RNC = CNCH Me,~2,6. In this case a marcon solid was obtained
with a conplex 'H NHR spectrun and IR (CHGE,): 2085(sh),
2060(s), 1995(sh), 1975(na), 1895(sh), 1890(m} om™", but the
elemental anslysis of this compound did not correspond to
that calculated for Rez(CD)5(CNCsH3Mez—2.6)5, and {ts
identity was not pursued. Hence the limit for this catalytic
synthetic method, involving direct substitution of RNC on
Re,(00); , is reached at the tetra-substituted step.

The reasons for this are thought to be electronic rather
than sterie, since Rey[P(OMa)yly, (Tolman cone angle®® for
P(OMe); 107°) is known®'? (prepared by indirect methods).

An X-ray crystal structure determination of the tetra-
substituted Re,(CO)g(ONC H Me,-2,6), (oh. XIV) has shown
that there are two cis-squatorial isonitrile ligands on each
Re-atom. Since lsonitriles are weaker m-acceptors than

it
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TABLE 11.2: Reaction conditions and product yields for the
PdO catalysed syntheses of the complexes Re,(C0) o =

(CNR), | r
R o 1{°C) t{min)  Isolated yield (%)
2 Ba® 1 55 1 98 ! ]
] 2 55 5 80 i |
7 3 55 45 80 |
CgHglH, 1 55 1 75 §
B 2 80 5 75
3 80 45 a5
SN CgHlyy 1 55 1 ©) i :
. 2 110 15 70 i
: 3 e 80 75 H
L 2,6-Me, Oy 1 55 5 70 ;
2 80 20 70 M
"G 3 110 40 98 i
: 4 110 150 0 il
. the 1 ss 10 a0 }
2 o 15 80 I
3 110 30 80 it
: a 110 180 20 :
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IABLE 11.3: Remsct.on times at §5°C for the uncatelysed and Pd0-
catalysed reaction

Re,(00) o + BNC === Re,(CO)gGNR) + CO (11.4)

Reaction Time (min)

R Uncatalyseq® PdO_catalysed
Bu® 210 <
b
CghgOH, 360 <
Cethy, 10 <
2,6-He,CgH, 360 5
Me 120 10
8 Under laboratory light conditions
® Reaction incamplete
CNBu!
t
Re. [COly —frge.——— ReCOliCNBu'}
t=8min [CNCeHzMe;26 t=2min [CNCgH,Me;2,6

t
Re 4COl{CNC H,Me268} Somt - R, COLICNBUHCNC,H;Me,;26}

t=2min

Figure 11.1: Synthetic routes to the mixed-isoritrile derivative,
t
Rez(cc)atcnsu )(CNCSHGMEZ—Z,B)
(T = 86°C).
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carbonyls,®’ the CO-group trans to an isonitrile ligand is
less labile than that trans to another carbonyl ligana.’®
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. Mn,(CO) (CNR)g (R = Me, Ph, p-CECH,) has
been prepared by nucleophilic attack of Mn(CO)S- on Mn(CNR)SX
(X = C¢, Br, CN).

Since the catalytic resction of Re,(C0),, 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, snd on complete conversion of Re,(CO}
ta Rez(cc)g(CNR). & second equivalent of a different
isonitrile, R'NC, to give the mixed-isonitrile derivative,
Re,(CO)g(CNR) (CNR' ), e.g. Rez(CO)s(CNEut)(CNCGH3M92—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: been obtained for
211 the Re,(CO) o (GNR) {n = 1-4) complexes. (Table 11.4)
These complexes have been charac'c~ized by IR (Table 11.5)
and M4 WMR (Table 11.6) spectrv . (vide infra), and an
X~ray crystallographic study of a series of representative
complexes has been undertaken (ch LIV).
Characterization of the dirhenium ¢ rbonyl isonitrile

derivatives

11.4.1. Infra Red Spectroscopy
IR data for the Re,(CO),,
glven in Table 11.5. These compounds have complex IR

(CNR) (n = 1~4) complexss are

spectra.
In the case of the mono-substituted M,(C0)4lL)

(M = Re, Mn} complex, ax-M,(CO}g(L) (point group C4v) ie

predicted to have & v((0) IR bands, while gg-Mz(CO)Q(L) (poirt

group Os) should have 9 v(CO; IR bands. However, many

vy R | S




'
o
1
-
1

IABLE 11.4: Analytical data for the Re,{C0),o {CNR) {n = 1-4) complexes

Elemental apalysis (%)%
Complex Colour np(*C} c H N
mwmﬂcovw"ozmcf white 104-106 23.6(23.8) 1.2(1.2} 1.9(2.0}
mmmAgvmanznanmxmv yellow 86-67 27.9(27.5) 0.98(0.25} 2.0(1.9)
xmmSSoSznmmE, white 60-61 26.4{26.2) 1-4(1.5) 2.0(1.9)
Re, (COY4(ONC R Me -2, 6) cream 108-110 28.4(28.6) 1.2(1.2) 1.9(1.9)
Re,, (€O} 5(CNtte ) yellow 104-106 20.1{13.9) R ¥
Re,(C0) gtomBa®T, white sa-97 28.6(28.3) LA
mmwﬁoovmﬁnznmmx.m:mvm yel 73-75 34.9(32.4) 3.5(3.4)
Re, (CO},{CNCH, , ), yel® 42-44 32.8(32.4) 3.4(3.4)
Re,{C0) g (CNC H be -2,6), yeliow 173-174 36.2(36.4) i.9(2.1) 3.3(3.3)
Re, (CO}g(ClMe) , yellow 121-124 21.6(21.2) 0.92(0.89) 4.3(4.1)
xmm?ovmﬂnzwcnvSznmxuzmmum.ov yellow 106-108 32.4{32.8) 2.2(2.2) 3.5(3.5)
mmmﬁnovqnnzwcwuw white 150-152 33.5(32.3) 3.5(3.3} 5.2(5.1)
xmmaoowinznxmnmx Hu yellow 115-116 40.3(40.5) 2.3(2.3) 4.8{4.56)
Re,, (€O, (CNCH, | )4 yellow 4346 3°.4137.5) 3.7(3.7) 4.7(4.7)
Re (€O}, (CNC H He ,~2,6) yellow 164166 ~{42.3) 4.2{4.4) 2.8{3.1}
Re,(C0)_,(Chite) yellow 143144 22.5(22.6) 1.2(1.3} 5.9(6.0)
Re, (CO) g (CNC H Me-2,6) , vellow 201-202 42.2(42.2) 3.4(3.4) 5.3(5.3)
Re, (CO) (Che) yellow 201204 24.3(23.9) 1.5{1.7) 7.8{8.0)
a .

Found, calculated in parentheses

4
4
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TABLE 11.5: Tnfra Red data of the complexes Re,(CO) (CNR) (0 = 1-4)

io-n
R Complex (e (en1)® vico) _ (enly

Re, Ancvwﬁazm:nvm 2173(m) 2101(m) 2050{m) 2018fsh) 1996(vs) 1979(w) 1970(m) 1952(s}
Re. Anovwﬁnznzmnm: )@ 2180(m) 2100(m} 2050({m} 2018(sh} 1997(vs) 1971(m) 1954(s)
Re,(c0) annmswpv 2180(m) 2102(m} 2076(w) 2050{m) 2018(m; 1997(vs) 1970{m) 1952(s)
mm 5 (C0) g (N H. Smmrm.mum 2148(m) 2090(m} 2048(m) 2019(sh} 2000(vs) 1974(m) 1955(s)
Re, Ano_ anxmu 2197(m) 210S(m} 2076(w) 2053(m) 2018(m} 1998(vs) 1972(m) 1955(s)
xm Anovmﬂnzw: ,m 2154{m) 2060(w) 2028(m) 1978(vs} 1945(sh) 1935(s)
Re, ﬂnovmﬂnznxmnmmmym 2164(m) 2066{w) 2031(m) 1982(vs) 1939(s}
Re, Anovmﬁnznmzyp.m 2160{m) 2084(m} 2028(s) 1979(vs} 1945(sh} 1922(w}
»mmanovmﬁnzwo:wzmmnm m_ 2166(m),2124(m) 2055(m) 2027(s) 1984(vs) 1949(sh} 1240(m)

' Re, .novmﬁnzsmu 2190{(m) 2072(w} 2032(m) 1980(vs} 1947(sh} 1922(m}

5 Re,, (€0} 5 (CNBu :o:nm_._wzmmlm.am 2170(w),2136(m) 2059{m) 2030(s) 1982(ve} 1939(s)

1 Re, Anov (cnBa® vu 2154{m),2140(sh} 2030(w) 1987{vs) 1967(vs) 1924(w} 1910(s)
mo (co} Anzq:mammmuu 2160{m) 2039(m) 1992(vs} 1963(vs) 13900(s)
mm (co) ﬁnznmmwpvw 2156(m),2138(sh} 2032(m) 1990(vs} 1960{vs} 1927(m) 1912(s)
:m (co) ﬁoaom:wsmmuw 6), b 2122(m),2105(sh) 2060(w) 2033(m) 1990(vs) 1968{vs) 1929(sh) 1908(m)
wm (CO) (CNMel 2180{m} 2040(w)  2032(sh}1980{vs) 1959(vs) 1919(sh) 1898(m)

- Re, Hoavmnn‘ummuzmmcm mv 2112(s),2095(sh) 1978(vs} 1944(m) 18%1{m}

Re,(C0) Hﬁzzm_ 2168(m) 1971(vs) 1928(m} 1880(m}

a :
Recorded in hexane

b Recorded in chloroform

c

sh = shoulder, w = weak, m = medium, s = strong, vs = very strong

R - S Y T " T
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29-M,(00) (L) complexes reported in the literature?

have fewer u(C0) IR bands - usually 6, owing to band overlap.
Axtal complexes such as ax-Mn,(C0) (PR;), " """ do have 5 v{c0)
IR bands. but there is also a weak band due to the prasence

of the % isotope (e.g. ax-n,(CO)g(PhMe,Ph), IRlhexane),
v(ao): 2094<m), 2018(s), 1981(va), 1971(ms), 1958(w) ~ (-3¢ peak),
1937{s} cm ). Hence the two isomers may both have IR spectra
with the same number (6) of v(CO) bands, the difference

being in the relative intensitles of the bands. The Re,(C0)g-

(CNR) complexes are found to have one vw(CN) and 6 or 7 u(CO)
bands, not inconsistent thh an gg-Re, (C0)(CNR) geometry.
The complex Re,(CO}g (cnau®) has been shown by X-ray
cr,stallograpny to have e BuNC 11gand in the equatorial
position (ch. XIV). Fig. 11.2 shows the IR spectra {v(CO)
region} of (a) gg-Rez(CO)g(CNBut) and (b) ax-Mn,(CO), (PHe Ph)2?
{substitution geometry established by X-ray crystallography??*),
The intensity patterns (v(CO' bands) are superficially
similar ((a) m,m-s,sh,vs,m-5,55 (b) m,s,vs,m-5,#,8). 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
assignnent of substitution geometry for M,(CO)y(L) complexes.
For di-substituted M,(CO)g(L), complexes, there are three
possible geometry-types, viz. diax, ax,eq and dieg, Di-
axial is ruled out for Re,(CO)g(ONR}, derivatives, because for
this geometry (point group D4d) 2 v{CO) IR bands are
predicted, as is indeed observed for glax-Mm,(C0)g(PRy),
complexes?®'The Re,(C0)o(CNR), complexes have complex IR
spectra with 4 or 5 v(C0) bands. For ax,eq, and for dieq
geometry, the two ligands may be on the same ((CO)M-M(CO) g~
(L)) or different ({L}(CO} Re-Re(CO}, (L)} metal atoms
However, B v(CO) IR bends are expected for all four cases
(assuming staggered conformations), Fewer bands {usually 6)
are generally exhibited by x,eq-M,(CO)q(L), complexes,®®*
owing to band overlap. I+ 45 thus impossible to determine
the substitution geometry from the IR spectrum, without a
prior knowledge of the intensity patterns characteristic of

LY o s Py

j

J;
¢
i
]
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g1l 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 ussful in this regard (see section

11.4.2).

X-ray crystallographic studies {ch. XIV) have shown the
substitution if both ReE(Co)a(CNCGHAMeZ-Z.S)Z and
an(‘ B(CNBU )2 to be diequatorial. However, in the former
complex, the two isonitrile ligands are on different rhenium
atoms, ie. 1,E-CAS—dieg—Rez(Co)e(?NCSHaMsz-E,G)z [FTIR(hexane),
u(NC}: 2150(m}, 2122(sh); v(C0): 2053(m), 2028(s}. 1985(vs),
1952(m), 1943(s) cm_1]‘ while the latter complex has both
isonitrile ligands on the same manganese atom, ie J,l-cis—
gm-nana(co)a(cwsut)z [FTIR(hexane), (NC): 2174(w), 2154(w};
w(€0): 2055(m), 1999(vs), 1872(vs), 1963(w), 1952(n}), 1935(m)
en']. The 1,2-dieq-#n, (00} (CNBu®], tsomer is however also
known [FTIR(hexane), V(NC): 2144(w); v(CO): 2049(w), 2006(s),
1977(vs), 1943(sh), 1939{w) e }??* (see section 11.4.2.
and lll:cis-dieg—ﬁez(co)s(CNEut)z hes been prepared indirsetly
{(FTIR{hexane}, V(NC); 2183(m}, 2187(w); v(CO): 2065(m)
2032(s), 1967(vs), 1952(n), 1938(s) cm™ 11, %3¢

It is interesting to note that the IR spectrum of a
polycrystalline sanple of Hny(COl(cNBu®), {IR(nexane}, vINC):
2172{w), 2152(m); v(CO): 2057(m), 1996(m}, 1976(vs), 1949(w),
1936(m) on"117%9 1s clearly a supposition of the akove two
spectrum types, indicative of the presence of both isomers,
vis. 3 2-dieg-Hn,(00)(oNBu®), and 1,1-cis-dieq-Hn,(CO)g-
(cNBu®),, the former predominating. The other Mnf(CDJB(CNRIZ
complexes raported have similar spectra.??® The “H NMR spectra
of these anlco)achR)z complexes also provide evi ence for
the presence of two isomers, in contrast to the Re,(CO)4(CNR),
complexes {see section 11.4.2).

The FTIR spectra (hexane) of single-crystal samples of
_1_.2_—2?3—%2(00)B(CNCEHdMeZ-Z,G)Z and 1,1-cie-dieg~Mn,(C0) -
(CNBu jz are shown (v{CO} region) in Fig, 11.3{(a) and (b}
respectively. In both cases there ére 6 +(CO) bands, but the
relative intensitiec of the bands differ significantly.

Hence IR spectra could be ust o assign the substitution

~ ¥ ot

i
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Figure 11.3(a): FTIR spectrum of 1 2-dleg-Rea(CO)B(CNCSHaMeZ—Z,E)2
(recorded in hexane}
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Figure 11.3(b): FTIR spectrum of l,1~—c15~dieg-Mn2(CD)B(CNBut)Z
{récorded in hexane)
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geomatry of such complexes. (This aspect of establishing

a correlation between IR spectral data and substitution
geometry for My(CO)g(L), complexes will be further

elaborated in oh. XVj. ALL the Re,{CO)(CNR), complexes
prepared have IR spectra similer to that of 1,2-dieg-Re,(CO),-
(CNGH Ma,~2,6),. The Ra,(CO),(CNR), complexes all have one

\J(NC? ?R sand, with the exception of Rez(CO)S(CNCGHSMea—Z,E)a,
which has two. As expected, the mi> { isonitrile derivative,
Re, (003 (0N ") (ONCGH Hie,-2,6), Das two v(NG) absorpiions.
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 {axiaml substitution is
1000y
(n = 1,2) isomers are known). The Re,(C0),(CNR), complexes
have 4 to 6 v(CO)}, and 1 or 2 v(NC) bands in their IR spectra.
The structure of Re2(00)7(CNMe)3 hag been determined by X-ray
crystallography {ch XIV), and was found to be a l-eq,l,2-cis-

electronically disfavoured,'*® and no ﬁ-MZ(CO)

dieg-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
MZ(UO)S(CNR}A compound is expected to have & v(C0) bands for
both the sbaggered and eclipsed forms. The Re,(CO)q(ONR),

(R = CSHSMEZ—Z,G; Me) complexes have 3 or 4 v(CO) bands, and
1 (R = Me) ar 2 (R = Cgi,Me,-2,6) V(NC) bands. The complex
Ra,(C0)(CNGGH Me,~2,6), hes been shown erystallographically
(ch. XIV) o have a staggered geometry, with two isonitrile
ligands occupying cis-equatorial positions on each rhenium
atom. [FTIR {benzene}, v(NC): 2108(m}, 2089(m); v(CO)
1978(vs), 1942{m}, 1528(w), 1898(m) om >]. The analogous M-
(CO)E(CN 06H3M82—2,5)4, however, has 1 v(NC) and § v{C0)
bands, 22¢

From the above discussion it is apparent that the number
aof v(C0} bands observed in an IR spectrum of a metal carbonyl
complex of the type Mz(co)lo_"(L)n {n .. 1-4) is often less
“aan the number predicted by the application of Group Theory,
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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 far 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 dleq-M,(CO) (ONR), (M = Re, #n). This correlation is
extendud to other isomers of MZ(CO)B(L)2 in ¢h. XV. (Section
15B).

11.4.2 Proton Nuclear Magnetic Resonsnce Spectroscopy

the ' NHR spectra of the Re, (0O}, (ONR) (n = 1-4)
complexes sre given in Table 11.6. The monosubstituted
Re,(G0)g{CNR), disubstituted Re,(CO}(ENR), (with the
exception of R = Me, vide infra) and tetra-substituted
Re,(C0)¢(ONR) , complexes give the expected L wur spectra
(single §(CH ) (x = 2,3) resonances). The simple spestrun
ohaerved for Re, (00} (GNCGH e,~2,4], is in contrass to the
complex spectrum reported for the analogous an(co)s-
(CHCgH Me,=2,6),.72¢  The signal for the CH, or CH, protons
of the trisubstituted Re,(CO},(CNR), complexes consists of
two resonances in & 1:2 ratlo. Thiz was also observed for
the Mn,(00) (ONR), complexes.?!* The three isonitriles are
expectsd to arrenge themsslves in equatorial positions around
the dimer in a 2:1 ratio, as indicated in Fig. 11.5. Such
a structure (€) is found in the solid state for Re,(C0},(CiMe)
(ch. x1V3,

The ' MR spoctra for the Re,(0),( (GNR)_ (n = 1-4)
conplexes show a trend of the CH_ (x = 2,3) resonance to lower
field with increasing » (Flg. 11.4}, The trend o lower
fleld ie expected (consequence of increased electron lensity
on the metal’"'®), but the remarksble feature is the Linear
shift with similar slopes for all the isonitriles studied
Thig provides strong evidence for the dimer being treated an
a gingle unit and not as two poorly interacting halves

An interesting observation in the case of Rez(CO))O_nv
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(GNCRCRHZ), (n = 1-3) 1s that the CiHi-signal, which is
a complex multiplet for momo-and di-substituted derivatives,
becones a sharp singlet for Re,(CO),(CNCH,Ocfi);. For the
Re,(Q0), o (ONCGHoMe,~2,6) (n = i-d) derivatives, there
are enly o CgHy-resonances when n= 4, as opposed to the
three for n = 1,2,3.

In the case of the disubstituted derivatives,
Re,(C0),(CNR) ,, the 14 NMR spectra are as expected for
R = Bub, CHLCH,, Cyy . 2,6-He,C oy (ie. a single resonance
for GH_(x = 2,3), but for R = Ne, the CH,-group has two
vesonances in a ca. 1:5 ratio. This phenomenon is obsepved
for the O, or Offy pretons of al' the related Mn,(CO)g(CNR),
(R = Bu®, CHCHy, CJHy), 2,6-He,0,Hy and He) complexes. et
This suggests that two isomers ave present in solution. For
W, (CO)g(CNBU®),, these isomers have been shown to be
1,1-cis-dieq-tn,(CO} (ONBU®) (Fig. 11.6(4)) and 1,2-dieq~
M, (C0) g (CNBU®) ) (Fig. 11.6(8)), with the latter predominating
{see section 11.5.2). There also appear to be two isomers
in solution for the mixed isonitrile derivative, Re,(CO)y~
(CNBut)(CNCSHSMez-Z,G).
11.4.3 Reman Spestroscopy 71¢

Raman studies were undertaken #2¢ on the Rea(CO)lo_n-

t
(CNR)n {n = 1.3, R= Bu, CEHSCHE‘ n=1-4, A= Z,G—MezcsHs,

Me) complexes. For Hea(CO) (CNRJ“.as the value of n

increases, the peak frequeni?e: in the CO-stretching region
decrease regularly, while the peak frequencies in the M~C-0
bending region increase. !lwwever, 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 en ", essigned to the
C-Re-C bending mode. As & function of n, this peak
frequency increases (n = 0-2), reaches a maximum at n = 2,
then decreases n = 3,4; R = But¢ C6H50H2, Z.GrMeZCSHH)A
Thie 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

A E R Y T WP B N,
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TABLE 11.6: 'H MMR data of the complexes Re,(C0); (CNR)

(n = 1-4)
R n &/ppn®
LXR oy or oy
Bu® 1 - 0.75
2 - 0.87
3 1.02,0.98°
C
CgHeCH, B 6.74-6.08° 3.77
2 6.82-7.00 3.87
3 6.95 4.05,4.00°
o <
Cghyy 1 1.26-1.0%.0.97-0.82° -
2 1.26,1.09%,0.90,0.85 -
3 1.40%,0.93,0.89° -
2,6-Me 0ty 1 5.69,6.63,6.58 2.00
2 6.68,6.6,5.58 2.10
3 6.67,6.64,6.59 2.23,2.18°
N 4 6.64,6.60 2.34
Me 1 - 1.94
2 - 2.16,2.10¢
a - 2.31,2.25°
4 - 2.48
Rez(CO)B(CNBut)- 5.69,6.64,6.60°  0.86:2.14,2.10" (au‘k(ceua-
(oNC H e =2, 6) Hey-2,6)
® Recorded in Cgbg, relative to TS
b gatio 1:2
¢ Multiplet
9 Ratio 115
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Figure 11.5: Newman projection of possible cis-equatorial

conformational isomers of M2(00)7(GNE)3 {M = Re, Mn),

as viewed down the M-M bond { e = RNC)

CNBut  Bu'NC
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4

. t
Figure 11.6: Isomers of an(CO)B(CNBu )2
(4) 1,1-cis~dieq, and (B) 1,2-dieq

N P N

CNBut
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ButNC ana 2,6-Ne, . ;g respectively: 707, 68°; 106°, 53] ¢ #
and the capacity of the isonitriles to bend. i
gt " §
In the UV spectzat?S of the Re,(CO),, - (CNR), i
complexes, the o+o* band of the Re-Re bond undergses a red i
shift as & function of ircreasing n, indicative of an K g

increase in electron density on the metal atoms, a result 1
of replacing CO ligands with ths poorer n-acceptor RNC
ligands.** However, the intensity of this band remaina
reiatively constant, indicating that increasing degree of
isonitrile substitution does not cause any significant
defornations of the complex in solution. This has been
supported by X-ray data {see ch.XIV).

11.4.4 Mass Spectroscopy

\a) Mass spectrun of Re,(CO} (CNBu®)

The mass spectral data for Rez(CD)Q(CNBut) is given
in Table 11.7. Since there are two naturally occuring
ta0topes of rhenium, 'SoRe and *SRe, 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 oceur, corresponding to the possible
185“)2 L (185p,187; ) (187,
ratio ca.1:3.%: 2.79. Where peak overlap occurs for two
different fragments, the ideal isotope ratio will be
digturbed.

Figs, 11.7(a) and 11.7(b} respectively stow the : +

isotope combinations ( Re),, in the

dimeric (where Re, unit remains intact) and monomeric
(Re fragnent) fragmentation paths for Re,(C0)g(ONBU®).
Obviously cross-over from the dimeric to the monomeric paths

is possible at any Stage. The ragrentation pattern is as j
expected. (Noke that the Bu® group is lost before the ON
fraguent, which is the last to be lost. This behaviour is
typical for the CNBu® ligand, and reflects the stability

of the Mesc* ionT ) Mo one path appeers to predominabe.
It ig not possible to deduce from the MS data whether the .
Bu®NC substitution is axial or equatorial. i
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‘W ABLE 11.7: Mass spectral data for Re,(C0)g(CNBu®)
: w/z® Belative intensities(%) Fragnent !
. 185,187 1, 2 Re* :
211,21 a, 1 Re(oN}*
; 212,214 <1,< Re(CNH)* :
L 213,215 1,41 Re(c0)* i
oo 241,249 1,41 Re(c0),”
‘ 268,270 i, 2 RelcnBu®)* :
Aﬁ 269,271 2,3 Re(C0),"
¢ 296,208 8, 13 Re(00) (oNBu®)*
\ Dy l 297,299 <, 3 Re(c0),"
b ? 324,326 61, 100 Re{cO}, (oNBL")*
Lo 325,327 a6 Re(CO)*
B 352,350 2, 4 Re(CO}(onBu®y*
},‘,‘ : 370,372,374 4,13, 1 Re,”
i ; 380,382 1, 18 Re(Co) j(onBu®)¥
“ ! 396,398,400 16, 29, 25 Rez(CNl+
)i o 397,399,401 5, 16, 12 Re,(onH)*
v):"' . 398, 400, 402 29, 25, 2 Re,(C0)*
‘j 426,428,430 8, 20, 16 Rsz(co)z+
o 453,485,457 18, 21, 18 Rez(cmsu")+
: 454,456,458 8, 23, 20 Re,(00) "
/j 481,483,485 3, 13, 11 Rez(co)(cmau")'r
i 482,484,466 11, 29, 23 892(00)4+
509,511,513 5, 16, 15 Rez(CO)Z(CNBut)+
. 510,512,514 13, 36, 11 Rez(co)s+
537,539, 541 3, 18, 15 Re, (00}, (cnBu®)*
538, 540, 542 13, 84, 11 Re,(c0) st
565,567,569 3, 13, 13 Re,(00] , (GNBU™)*
568,568, 570 18, 47, a1 Raz(co)7*
593,595, 597 28, 84, 70 Re,,(00) ; (cnBu®)*
594,508,588 1,17, 8 Re,(C0)*
621,623,625 3, 8 & Reé(CD)E(CNBut)+
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TABLE 11.7: Mass spectral data for REEICO)Q(CNBue) {Contd)
a/z Relative intensities{%) Fregment
622,624,626 2, 3, 1 Re,(C0}y"
. 649,651,653 2, 6 4 Rezfco)7(cmau")"
TE 677,679,681 1, 2 2 e (00) g (oNEu®)
= 708,707,709 11, 36, 3 Re,(€0)(oNBU")*
e a Fragments with m/z <185 are not reported.
B o For monomeric fragments, lssRe, 187Re, and for dimeric fragments
N " (IBSRs)a' (185}?8 15782), l157R5)2
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PIGURE 11.7(a}: Dimeriu fragmentation pattern for Rez(CO)Q(CNnSut?
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FIGURE 11.7(b): Monomeric fragmentation pattern for Rez(co)g(maut)
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(6) s spectrum of M, (co) (o),

Mass spectra were recorded of (I) a polycrystalline
sanple of Mn,(CO),{CNBu®),, containing both isomers,
fi(G0) ,(CNBU®) ], and (CO)ghin-¥n(CO} ONBU®Y, (sce section
11.4,2.}, and of {II) single crystals of one isomer,
(CO)BMn-Mn(CO)S(Cﬁa\lr‘)d, uged in the X-ray diffraction study
{Ch.XIV}, The mass spectral data for (I} and (II) are
given in Table 3 .B.

The possible fragmentation paths for an((3())6((:\““!\‘!‘:)2
are shown in Fig. 11.8ta) (dimeric frogmentation path, ie.
Mna unit remains intact), and Fi3. 11.8(b) (monomeric
fragmentation path, ie, Mn fragment}, together with the
metastable peaks. The possible ¢rosg-overs between the
dimerac ond mopomeric fragmentation pathe tep. Mn?(CNBur‘)
(1931 ar =99, Mr‘.((.‘rmut) £138)} have not been she\:m. In the
case of (1), the monemeric path commencing with the half-
dimer frogment Mn(t‘f‘)q!CNBu') (”iu - 260) would be expected
tn be obgent.

Examanation of Table 11.8 roveuls that the most
dramatic relative infensity changes in going frem spectrun
(1) %o spectrum (11} mccur for m/" 2 M0 {((1): 76%,cf.

{113 3%) ond m/,v = 30% (eI A’S%:’ ety {If): 10081, The
dimunition of th; mlz = 250 peak for (I1) 13 au expected,
indicating the absence of the Mn(l:()\du‘NBut)" fragment,
This peak still oceurs dur to the Mn(,(cul,_“ fragmert. The

effect 18 less pronounced for penks lower dewn in the direct
n
/

fragmentation path {e.g. » 104}, becoause these frogmente
may be reached by crosswover from other monomseric and
dimerie paths, and pesk overlap nf monoseric and dimeric
fragments frequently oteurs for thio system. The enhancement
of the m/z 305 peak for (IT) ig also expected, since this
peak represents the Mn(C()):’(CNBut)E fragment, the precursor
in the only monomeric fragmentation route now available,

The mass spectra data further bear out the conclusion
from the IR and 1H NMR spectra {(yvide supra), in conjunction
with the X-ray diffraction atudy (ch. XIV) on the nature of
the isonitrile substitution in the two isomers of

P o Y LY .
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N

TABLE 11.8: Mass spectral data for ==m32m8zm=a.~

Relative intensity(%)

(1) #n,(c0) (onBu®)® (11) (cOJ a-wn(co), (oumu®),®

55 100 25
57 3t 54
a1 10 43
82 95 42
83 10 22
110 37 B
111 8 6
136 33 32
137 20 9
138 100 67
139 ] 8
166 36 32
167 3 7
193 54 3
194 49 13
195 4 1

34 a6

10 13

55 20

76 3

.‘

Fr gment(s) 1
n*
wcﬂar B
Mn(cN)* m
o’ p
neco)*; owae®
“:N.f . .|
n(CO1,
s:m:“zﬂ !
tany (one)* .
zn (c0)”; Mn(cxBu®)*
sotco) * 3

3 t &
2=Nﬁnovm 3 Mn{CO)(CNBu u.
#ntco),”

n, Szw_mﬂ
#o, R.E f siaowwaz?oﬁ

z:SSm
Hn,y Aoo:ozmz 1N Binzm: u
z: nos Snﬁnou Anzm: g

Ma, 88 Aozmc 1 xin& mnzws v
Mn,(CO) +. zuSSaSzm: )T




TABLE 11.8: Mass spectral data for s:mﬂoovm,nzmcnuuaona;

* Relative intensity(%) Fragments
- (1) (o0l (onmu®)® (11) (€0} pm-sn(co), (oBu®),®
278 1 7 i, (ONBu®),,*
277 7% 16 in, (c0),, (CnBu®)*; mn(co),, (enmu®y,
278 1 1 #n, (€0}
304 1 12 1, (CO) (")
305 25 100 i, (C0) ,(ENBa™Y*; Hn(CO) ;(oNBu®
306 6 13 wa,(c0),,"
332 a ES n,,(C0) ,(cmBu®)
333 4 24 i, (C0) {onu®)
i 334 < 2 LORCY My .
53 360 <1 13 ¥, (€0}, (CNBu ),
t 361 <1 3 ¥, (co) (CNmu")
388 < 7 (€0}, fenBu ),
389 <t 6 wn (Ca), (enBu )
416 < <1 a4 (€0}, (CaBu "y,
217 <t <1 §m~aovm~nzucav+
444 18 <a #n,,(60) {TNBL©), "
472 <1 <1 EN.nStQ?MVN
500 <1 6 M, (CO) g(ONBY")

2 Fragments with ;\n <55 are not reported. © {I) Polycrystailine sample of s:mhaovmﬂnzmcwv. containing a
mixture of isomers ([Mn(C0),(CNBu®)1; and [(CO)gMn-Ma(c)g(cNBU®)5)) © (II) Single crystals of isomer
[(c0)n-tn(co)gloneu®™),] @ Mot applicable for (00)Gn-Mn{CO) (CNBu®),(II) (see text)

"

A

oy
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o Figure 11.8(a): Dimeric fregnentation pattern for Mny(cOlg(onBu®),
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Figure 11.8(b}:
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Monomeric fragmentation pattern for an(CO)B(CNBut)2
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an(CO)B(CNBut)e and suggest & method for detecting isomers '
and of assigning the substitution geometry of rtlz(co)e(cwm2
complexes.

() Mass spectrum of Re,(CQ) (CNC.H Me, -2 6),

The mass spectral data for “Bz(fgéa“"ce" 1;52-2.5)2
is given in Table 11.9. The isotopes 75Re and 75Re
give rise to two peaks for monomeric fragments, and three
peaks for dimeric fragments {see section 11.4.4(a))

A single erystal sample of [Re(c0)4’.CNCaH3Me—2,6)12
(used in the X-ray diffraction study (ch.XIV)) was used.
Figs. 11.8{a) and (b) show the dimeric (Re,
intact} and monomeric (Re fragment) fragmentation paths

unit remains

respectively. Cross-over from dimeric to monomeric paths
is of course possible.

As expected, the peaks corresponding to the monomeric
fragments Re(CO)3_n(CNCGH3Mez—2.6)2 (n = 0-3) with twe
igonitrije ligands on one Re-atom, are not present in the
spectrum. (The pesk corresponding to the fragment Re(co),;
(m/z: 325, 327) is likewise absent}.

At low temperatures (1359C}, the fragmentation pattern
of [Rt)(CO)A(CNCGHSMeE-Z,('S))E is dominated by the monomeric
fragmentation path(s). However, as the temperature is
increased, {probe heated to 1759C),the intensity of the
peaks of the monomeric precursor fragment, [Re(CO)A-‘
(CNCSHSMGZ—Z,S)]* (m/z: 428, 430} and of [Re(CO)a(CNCSH3~—
Me,~2,6)1° ("/, 1 400, 402), decrease drastically, while
peaks corresponding to Rez-f‘rngments previously absent
appear, or increase in intensity il previously weakly present.
Hence 1% would appear that for [Re(Ct))A(CNCGHHMeZ—E.G)]2
the monomeric fragmentation path predominates at low
temperatures, and the dimeric fragmentation path (le. ligend
loss before metal-metal bond clemvage) is favoured at elevated
temperatures.

It is interesting to note that the peaks correspohding
to the dirhenium carbonyl fragments, ReZ(CU)E-—n (n = 0-4)
are entirely sbsent from the spectrum of [Re(C0),(CNC HMe, -

632
2,6‘]2. This indicates that for this complex, dimeric

PR S Y.
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TABLE 11.9: Mass spectral data for the complex [Re(CO),(CNCgH

n/2®

185,187
211,213
213,215
241,243
269,271
297,299
316,318
344,348
372,374
370,372,374
396,398,400
398,400,402
400,402
428,430
425,428,430
454,456,458
482,484,486
501,503,505
510,512,514
529,531,533
538,540, 542
557,559,561
566,568,670
585,587, 589
594,596,598
613,615,617
627,634,636
641,643,645
660,662,664
669,671,673
688,690,692
§97,699,701

Me,-2,611,
Relative Intensitz(%)b
a
3,5
5, 5
11,24
19,24
15,27
<l
7,13
14,11
10,14,11
6, 9,53
9,53,82
53,82 ©
50,100°
5,860,100
<1

15,17,16
d

11,18,14

_d

5,10, B
d

11,33,27
_de
af
_de
_ e

Fragment
Re*
Re(CN)*
Re{co)y*

+
Re(00)2+
Fa{C0),
Refco),*

-

Re(CNCgH Me -2,6) .
Re{CO)({CNC_H Me _~2,6)

§a"02 .
Re(CO}, (CNC,H Me,~2,6)
+
Re,
Re, (o)
Rle, (C0O)*

.
we(co):,(cnvcsuanaez-z‘5)+
Re(C0) , (CNCHighe,~2,6]

+
Ree(co)e*
nez(cma*
Re,{60), .
nez(cwc§u3Mez-2,s)
Re(C0)
Rea(cm(cjwcﬁuamz-z.s}
Re,(C0)s .
aez(cmzicncsﬁanez-z,s)
Re, (€01, .
nee(cmaicwcsuanez-a,m
Re,(C0) X
fie ,(CO0) dtcwcb.HaMez-f. 8)
Re,, (CNGH Me,~2,6), .
Re, (C0) (CNCgH Me,~2,6)
+
Rez(CO](CNCEHEMeE—2,6)2+
Re, (C0) 5 (CNCeHoMe,-2,6)
+
Re,(C0) ,(ENCeH Me,2,8),)

+
Re, (C0), {ONCHMe,~2,6)
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I
H
!
TABLE 11,8: Mass sp' ’tral data for the complex [Re‘(CO)A(CNCSHS- \
i
Me,-2,6}1, (Contd) i
b H
; n/z? Relative intensity(%) Fragment lg
St 716,718,720 _ a8 Rsa(CO)q(GNC‘.SHSMeZ-Z,6); |
e 725,727,729 o e Re, (00 (ONC H Ma,~2,6)" {
"o 744,746,748 _de Re,(C0), (CNC H Me,-2,6)," 1"’
o 772,774,776 . Gie Re, (00 (ONC H e 2,60, I
T 800,802,504 - oe Re, (00) (ONC H te,-2,6)," |
L 828,830,832 _d.e Rez(CD)7(CNC6H3M62—2,S)2+
d,e +
856,858,860 - Re, (00}, (GNC H e, ~2,6) °
1 ?  pregments of m/z <180 are not reported .,
S
: ® At an ion chamber temperature of 1359C; probe then heated to .
P 175°C (see c,e,f} F
¢ Intenaity o ases as tempera is i
d Peak absent L
e ? peak appears as temperature i increased : o
s
£ Intensity increases ss temperature is Increased °
s g
et ®
5 .
R Q4
e w“‘“" 2
o i
o .
G
o

- - [ N . N
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Figure 11.9(a): Dimeric fragmentation pattern for (Re(COJ,-
(CNCgH Me,~2,6)],

Re,{CO}, (NG H Me -2,6),

Re,(00),,(CHC HoMe ,-2,8),
Re, (C0) (CNCgH e 1-2,8),,
Re,(CO) {CNCH Me,-2,6),,
Re, (C0) ,(CNCgH “ie,-2,6),
Re,{C0) 5 (CNCeH Me,-2, 61,
Re,,(€0),,(CNCeH Me -2, 83,
Re,{0D)(CNCgH te,-2,6),

Rez(CNCEHSMe2_2'G )2

\‘ Re, (€0} (CNCfiytfe,,~2,6)
\) ¥ \ Ri’z(co)

Rez( CO)BI CNCsHaMEZ—Z +6)

Re2(00)7(CNCsH3M92-2,S) REE(CO)s

Re, (C0) g (CNCgH Me,-2,6) R, (CO),)

Re, (00} (CNCH Me -2, 6) RéLz(m)6
£y

Re, (€O}, (CNCH e -2, 6) Rd,{C0)g

2,{C0)., (ONC H, Me,-2,6) ™ pg (co)

Tattigt Vg e 2t

Re,(COl,

Rez(CO)E(CECsHSMe2~2.5)\

Re,{C0J,

Re2(CNCGH3N02-2 6)

—
ne, (o) RE,

R ad




- 183 -

Figure 11.9(b}: Monomeric fragmentation path for [Re(CO)A-
(CNG H Me,-2,6)],

[Re(CO) , (ONCgHi Me,-2,6) ],

e Re{t0) 4( CNCaHaMez-E ,8)

Re(io);‘j/,. “"‘io'a‘c”ce”g’“z'z'“

ﬁeico)a/Re(io)e(cncsusnee—z.a)

¢ Re{C0) (CNC e ~2,6)
H

Re(C0), oilgtey

N4
Re{C0} Re(CNCshaldez-Z, &)

Re e Re(CN)
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fragmentation routes involving loss of both isonitrile

ligands before the loss of at leaat five carbonyls is

strongly disfavoured.

Mechanism of the reaction of M,(CO), L'( = Re,Mn) with fsonitriles

11.5.1 Mechanism of the PdO-catalysed reaccmn between Re, (CO)
and Bu NC to give Re,{C0} fCNBu )— CD labelling studl

The reaction of Mna(CO)lo and Bu NC {thermal, at
80°C, or in the presence of PJ/C (5% Pd) catalyst, at 25°C)
to give the monosubstituted Mna(co)g(CNEut). has been
demonstrated te proceed without Mn-Mn bond scission.??’ In
13,
the experiment, Mng(cu)m and isotopically labelled Mne( co)m

{1:1 ratio) was used, and the product analysed by mass

spectmscopy. ’l‘he product consisted of Mn, (c0) (CNBu J and
l~m2( CO) (cwpu®) (121 ratie), with less than 1% mixed-
isotope (xeA Mn=Mn bond cleavage) product.

To investipate the mechanism 6f the PdO-catalysed
reaction between Re \CO) and RNC, the Pd0- casalysed
reaction of Rea(co)1 ana ne?_( 1360 with Bu'NG (1i1: i2 ratio)
at 50°C was performed. The reaction to Re. (LO) (CNBu ) 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 bong
cleavage had not occured. For instance, pavent ion peaks
{equal intensities) appeared at '"Ie values of 707 end 716,
corresponding to "57)19 185Re(00)9(0NEut)+ and 187Rew°Re—-
(lch)Q(CNEut)+ respoctively, but there wex-e no peaks at
711 or 712 for “""ne’af’ne(col o0)  tonee®*
;57RewsRe(CO) (UCO) (CNBu ) , the expected bond~cleavage
prod.)cts. Henca the Pdn-— catalysed reaction of Rs (CO)
with BuNc. 1ike that of Mo, (co) 101 Broceeds without

metal-metal bond cleavage.
11.8.2 Kinetic scuzies of the reaction of M,(C0),, (M = Mn,
Re) with Bu NO¥?°
The reaction of Mn,(00},, with BuNC has been studied
kinetically. The PdO-catalysed reaction of Illnz(c())l0 with
2-equivalents of Bu NC in benzene at 509C (2 h) yields crude
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3. . i

e an(CO)B(CNBut)Z. Recrystellization from hexane (-5°C) i o
. 1N
o yielded a first crop of material which consisted only of ; .

e 1,2-010g-Hn, (00)g (NBu®), isomer A (Fig. 11.6). Repeated Lo

recrystallization (-5°C, n2xane) yielded 1.2-dieg—-Mn2(CO)E- |
{owsu®),, 1aomer B (Fig. 11.8) (£ifth crop). :

Kinetic studies have shown that iscmer B is initially 1
formed, and is converted to isomer A on heating. Kinetic ;
investigation «f the isomerization reaction B+A have shown I

that at 50°C, equilibrium is established with the r=3io [
of A:B either 1:3 (benzene) or 1:1 {hexane). i
T However, with Re,(CO)g(chBu®),, only isomer B is |

i forned at 25°C, and the attempted thermal i ton of ‘

e e Bea was unsuccessful even at 125°C. For the Re,(C0),(ONR),

ER complexes prepared (see section 11." .. since isomer A was
. oniy observed {in the 4 wuR spect~ .’ for Rez(co)s((}\‘lwﬂz)2
R (see section 11.4.2.), the small size of the MeNC ligend

R ("fan~shaped" angle*" : 52° {wideness) and 52° (thicknesa}) i
and its electronic similarity to €0'°*® may facilitate the

interconversion of isomer B to isomer A. The results

j

suggest that for Re,(CO)4{CNR),, Isomer A is separated from ‘3
N isomer B by a high ehergy barrier. This is supported by i
the inability to convert isomer A, ((:0)SRe—Re(Cf:))a(C’NBv.\t")2 }
e (prepared indirectly from the reaction of NaRe(CO)g with 1
L [K Re(00) ,(eNBu®) 17 "), to teomer B, (Re(CO),(oNBu®)], "
11.6  Experimental
a0 11.6.1 Catalyst testing

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

[ Lt
Re,(00), + Bu'NG * Re,(CO)gLCNEu") + CO (1.2

wt Rez,(fn))l0 (0,20 mmol) and potential catalyst (4 mg; see
Table 11.1) were sbirred in benzene (4 me) at 55°C. EutNC
(0,22 mmol} was then added to the solution, and the progress
- of the resction was monltored by TLC (Silica; eluent:
hexans! benzene (20%)). Reaction times for the substitution
reaction (11.2) corresponded to the complete conversion of
Ro, (00}, o to Re,{00),(CNBU®), as detected by TLC.
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11.6.2 PO~ catalysed sxtnthssis» of Re,(C0),, (CNR)
(n=1-3, B =Bu’, CH.CH, GH o in=1-d,

5Ctlne Me)
aeztco)m {1.0 mmol) and the catalyst, PdO (20 mg)
were stirred in toluene (10 mé), RNC (n mmol) was then

~Me,

added to the golution and the reaction was monitored by TLC
(Silica: eluent: hexane: benzene (20% or 30%)). The
reaction was terminated when complete conversion of
Re,(00),, to Re,(C0),,  (CNR), had occured, or when no
fyrther reaction could be detected (by TLC). Column
chromatography (Silica; 20em x lem column; eluent: hexane:
benzene (20%)) gave the required products in the indicated
yields (Table 11.2). Recrystallization under nitrogen from

solutions of dichlorome h , or b he 1 gave
the products as white or yellow crystalline solids. In the
case of the CGHJ.LNC derivatives (n = 1-3), yellow oils were
obtained, which on standing solidified over a period of
several months.

; t
11.6.3. PdO-catalysed synthesis of Re,(CO} (CNBu )(CN06§3M__E_2~2,6)

REZ(O.'})IO (1.6 amol) and P40 {20 ng) were stirred in
benzene (10 me) at 55°C, RNC (1 mmol, R = l;ut or 2,6—Me2-
CSHS) wag then added to the solution, and the reaction
menitored by TLC {Silica: eluent: hexane: benzene (30%)}.
After conversion of the Re2100)10 0 Re, {C0)o{CNR) was
Jjudged (by TLC) to be complete, R'NC {1 mmol, R' = 2.5-—Me2-
Cgty or Bu®) was added. The reaction was terminsted once
all the Re,{CO) (CNR) had been converted to Re,(U0)g(CNR)-
(CNR'}. The product, Reelco)alcmiut)(CNCGHsMez—E,G), was
isulated using the same procedure as that for the Rez(co)w_n-
(cN.\‘Pn derivates (vide supra), and recrystsllized from
dichloromethane~hexane selution to give o yellow erystalline
solid. {70% isolated yield).

13.6.4. Pao-catalysed reaction of Roa(C0) o and Re,(tc0), o wish

Bu'NG_(1:0:2 ravio)

13,
Re,(C0),, (0.015 mmol) and Re,( CO)IO“’ (0,015 mmol),
with catalyst PdO {10 mg), were stirred in benzene at 50°C,




i
- 187 - ¥
|

{The reaction vessel was foil-wrapped to exclude all light). ;
BubNC {0.031 mmol) was then added to the solution and the
reaction monitored by TLC {Silica; eluent: hexaneibenzene o g
(10%)}. The reaction to Rez(ct))g(CNBut) was complete in ; &
less than 1 min, and the heating waes stopped after 5 min, 4
“ The product was isolated by plate thin layer chromatography ;
{Silica gel TLC plate {Whatman Chemical Separation Inc., {
vt K6F ailica gel, 20 x 20 cm, layer thickness 250); eluent: i N
H
i

” hexane: benzene {10%)), extracted with dichloromethane,
e and recrystallized from dichloromethane-pentane solution, N
- to give a white material, Rea{CD)g(CNBut) {90% isolated
S yield}.
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THE MODIFICATION OF RBZ(CO)IC BY LIGANDS L

Introduction

Dirhenium decacarbonyl, Rez(cn) together with its

'
analogue, dimanganese decacerbuigl, M"Z(CO)lc’ is an
example of a simple metal carbunyl 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. ' **7"**

Substituted derivatives of the type Rez(CO)m_n(L)

{n = 1-4), have been less extensively investigated,

a

possibly due to synthetic difficulties encountered in such
carponyl substitution reactions (ch. X). Substitution of
ane or more carbonyls for ligand(s) L .n result iv
extensive structural changes, relative to the parent
carbonyl, Rez(m)m' In the extreme case, under suitable
chamical conditions, the reaction between Re,(r0),, and
1igand L may result in the cleavage of the Re~Re bond, and
the formation of mononuclear products of the type Re(co)s_n—
@, 180

dinuclear products in which the Re-Re bond has been

Reaction between Rez(CO)m and L may also yield

cleaved:'>'" the two huives of the dimer being held
together by bridging ligand(s} L. In cases where the Re~Re
bond remaing intact (or acquires scme multiple bond
character) in the Re,(00),, (L) dimer, the structural
echanges in the produet usn be rationalized in terms of the
steric and electronic properties of the ligand L. An

nding of the s 1 features of Re,(00) . is
fundamental to an analysis of the structural modifications
of the molecule by ligands L.

The Structure of Re,(C0), ,

The (partial) X-ray erystal structures of the isomorphous
Rez(co)m and an(co)10 were first determined by Dahl,

Ishishi end Rundle in 1857,''’® and a vefined structure
Of #a,(C0}, , was published by Dahl and Rundla in 1963.'%7®
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Both structures were redetermined by Churchill, Amoh and
Wasserman in 1981,1'%¢ the main changes being in the M-¥
bond length distances. An X-ray crystal structure study at
74K of Mha(co)lo has also been published by Martin, Rees and
Mitschler in 1882.°%% Prior to the full X~ray crystal
structure of REZ(CO)].O by Churchill et al in 1981, the orly
full structural determination of this molecule was an
electron diftraction study in the gas phase by Gapotchenko
et al in 1972.'%* Similar studies have been reported for
i, (C0), o) by)(“:?potchenko ot a1 (19683 P
ot al (1e69). 7

nez(cu)lo erystallizes in the meneclinic space group,

and Almenningen

I2/a, witit 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 molscule are discussed below, in terms of
the underlying electronic and/or steric factors determining
the observed geometry.
12.2.1 The Re-Re hond length
The Realco)lo molocule is diamagnetic, and obeys
the 18-Electron Rule.’'’ The rhenium atoms are connected
by a single bond, the Re-Re bond langth”l in the erystal
being 3.0413Q1R . I #n,(C0), . the An-Mn bond length'®"
is 2.9036(6)% .
Bond length is generally taken as & reflection of
bond strength. Weasurements of bond strengthe (where
reported] arg often subject to large experimental uncsrtain-
ties. The earliest thormochemicial measurement of the
Mn-Mn bong enthalpy for an(CD)m pgave n AH value of 142kJ
moLt, Subsequent calorimetric measurements®? for ¥, (€0) , and
Rez(co)lo have given valuss for D{Mn-Mn) and D(Re~Re) of
67 and 128 ki mo1 ™t
Estimabes of metal-metel bond ehergies of MZ\’CO)
(M = Re, Mn), have been made using indivect methods.

reaspectively.

10




- 180 -
Several groups have cerried out mase spectral studies'®’
of an(CO)lo
potentials, the average metal-metal bond dissociation
energy may be calculated for the process

M,(00}, - 2'M{CO}_ (M = Mn, Re). A range of D(M-¥)
z%%'10 5 Tanb

and Rez(CO}m. From appearance and ionization

s
values have been reported. (D(Mn-¥n): 79.0, = 87.9,
ishg $sug -1 tive
92.5, 104.1 ®wJ mol”"; D{Re-Re): 213.9, 186.9
K mol ™.

A correlation between metal-metal stretching force

138g

constants and metal-metal dissociation energies (derived
from electron impact measurements), has been found for
MQ(CO)U) {1 = Wn, Re). Ve From Raman spectra, metal-
metal bond stretching force constants have been calculated
using the methad of normal co-ordinate analysis.'®’
(#(n-dn: 0.58 ndyn/R,""7® #Re-Re): 0.82 miyn/B;' 120
another study'”c gave values of 1.4 and 1.6 mdyn/‘!’\
respectively).

From kinetic studies of the decomposition of MZ(CO)m
{M = Mn, Re}, the energy of activation ¥ for M- bond
homolysis has been calculated. (Far ,(Co), [/ **" " 't
o#* = 15 Ky mor™t, and for Rey(co) ,,t't oHF = 162 Ky mol™h).
However, the estimates of the Mn-Mn bond strength have
subsequently been relt’’" to be too low, in the light of the
recent result’’’ that the thermal reaction between Hn, (50},
and PR3 to give an(CO)g(PRal proceeds without Mn-dMn bond
scinsion (see Section 18C).

Metal-metal bond energies have baen calculated from
bond length {d) « Enthalpy (E} relatisuship of the form
E= A" (aa constant).'’ Using bond lengths of 3.04%
and 2.92% for Re~Re and Mn-Mn respectively, E(M-M] was
enleulated as 80 and 35 kJ mul"l respectively for !!ez(cojm
and M"Z(CO)IO' However, it should be noted that the M-M
bond lengths used are those from the electron diffraction
gae phase study of Re2(00)1 ,I” and from the eaprly X-ray

oryatal study of Hn{00) 0. *  These values, especially
for MhZ(CO)lo’ differ significantly from the refined values
of the redetermined structures, ree end, as acknowledged by
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the authors, the use of incorrect band length data could
affect the accuracy of the results. Using &H (digrupt)
values of 2028 and 1068 kJ mul"l for Rez(co)10 and
an(co)m respectively, where 4&H {diarupt) represents the
enthalpy change for the process Mz(co)lo -~ 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 k! mol™? for Re,(C0),,
Hence the percentage 8H (disrupt) due to M-M bonding
{ie. 100 (E{M-M}))/4H (disrupt)} was calculated 1§ 4% and
3% respectively for nez(co)w and an(m)lo, ie. less than
5% of the total disruption enthalpy is due to metal-metal

and an(cojm respectively.

btond cleavage.

As is apparent from the foregoing analysis, controversy
surrounds the exact values of D(Re-Re) and D{Mn-Mn) in
Re,(C0),, and Mn,(C0) . However, there is no doubt as to
the relative order of the M-¥ bond strengths, viz. D(Re-Re)>
DiMn—Hn) .

On the basis of their MO calculationas, Brown gt al®’®
have suggested that the term "unsupported" metal-metal bond
applied to dirhenium decacarbonyl snd dimanganes deca-
carbonyl requires modification, since an important
contribution to the metal-metsl bond energy in these dimers
arises by interaction of metal orbitals with ligand
orbitals on the opposite metal. However, this conclusion
has been guestioned'®® as other theoreticians?'® find no
evidence of this cross~interaction from the resultis of
thedr MO calculntions, This effect is nevertheless
evoked by some authors in explalning certain structural
effecte (vide infra).

12.2.2 The Re-~GC bond lenpths

From the X-roy crystal atrumure of Re (Co)m, tee
the Re-COax bond length is 1. 929(7)!\, compared to an average
value for Re-COeq of 1‘957(15):&‘ The shorter M-COax than

M~COeq bond length, also observed in the X-ray crystal

i
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structure of Mn (00, '°™" is asoribed to competition for

2 10’
dr ~electron density between mutually trans pairs of
oegquatorial CO ligands. Low temperature electron density
studies of Mn,(CO) o
deficiency in the axial than the equatorial carbonyls, again
indicative of a stronger bonding to the metal of the axial

!3° have shown a greater electron

than the ¢quatorial carbonyl ligands.

As 2 result of the above electronic effect, CO has a
larger trans influence that M(CO)B.“’ Consequently, in
reactions of M2(C0)lo with ligand L, equatorial substitution
is expected, unless steric factors dominate with bulky
ligands, eg. phosphines, to give products of the type
ax=M,{COlgL eg. ax-Mn,(CO)y(PHe Ph).*2*

12.2.3 Molecular Conformation

In the crystal, the Ruz(cc)m molecule adopts a
staggered configuration, of molecular symmetry D4d, with
0C~Re-Re~C0 torsional angles close to the ideal 450.'$?
Repulsive interactlons between equatorial GO groups might be
expected to be less in the staggered than in the eclipsed
conformation. !!?

The results of an electron diffraction study of Re,-
(Ca),, in the gas phase'*t 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 caleulations have shown that the difference
in values of the en-eq' interaction constants influenced by
the change in molecular geometry from the staggered D4d, to
the eclipsed D4h conformation, is small, tesb Further,
electron diffraction studies of Mn,(C0),, in the gas phase'®
have indicated a staggered conformation, of molecular
gymmetry Ddd, with the barrier to internal rotation estimated
at ca. 8.4 K7 mol™t or more.'* "
experimental and theoretical curves for ““2“’0)10 does not
differ substantially for models with D4h and DAd symmetry,
suggestive of an error of interpretation in the cage of the
Re,{co), , study.' "

s

The agreement between

- TR AT L




- 193 ~

In high pressure solid state Kusan spectroscopic
studies, '** at ca. 8 Kbar for Rea(CO)m, and ca. 5§ Kbar
for M"Z(CO)lo' changes were observed in the spectra
indicetive of a phase change and a repacking of the molecules,
consistent with a transition from the staggered D4d I

conformation to the eclipsed D4h form. For ReZ(CU)lo, §
observation of spectral shifts at the phase transition :

§ provides evidence that in becoming eclipsed, the back-
H bonding from Re to axial-CO is sharply increased.
e 12,2,4 0C-Re-CO bong angles

A feature of the structure of Re,(C0),, (and Mn, (C0)
is the obtuse ax0C-¥-COeq, and the acute eqOC-M-COeq bond
angles. This is also reflected in M~M-COeg angles of iess

10 ©

than 80°, and is apparent in both the gas phase (Mn,y(C0),0) """ “
and the crystalline state) ' ~’ :

This bending in of the M-COeq bonds towards the M-M ff
i
3
¢
i
|
¢
i

bond has been variously ascribed to electronic and/or steric
factora:-

(a)  steric

(i) C...C repulsions between equatorial carbonyls of the

two halves of the dimer, ‘'™ « s

{i1)  Repulsive interactions between axia) and equatorial
137b,18%

B carbonyla in one half of the molecule.

Lo {In terms of non-bonding interaccions, C...C repulsions
L of type (11) are stronger than those of type (1).}'°™ .
2o "' (i1i) In.luence of nelghbouring molecules which increases s
. V"‘) 1 0...0 distances. a7 (e, crystal pt  ing effects). i f
’ However, this could not account for the gas phase \"\
observations (for Mn,(C0) e

(b) Electronic

BLSCEronie o

10)'

ﬂ o ) Bonding interactions between a metal atom and the
equatorial carbonyls on the opposite metal atom, ie., a
i ) L back-bonding interaction of the ‘ype M (filled d
.o orbital) —— CO{v* orbital), where M, CO are not -
bonded directy. 't " ;
{iL} Rehybridization which decresses repulsions between the S
non-bonding d-elsctrons on the two metals, by mixing of .

o) p-characier into the ton-bonding orbitals dxz and dyz.®*" !

- . 1 Y T o Wil . - :
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(1ii) An increase in the angle between the multiple-bonded
#M-UC bonds and a decrease in the angle between the
single M-M bond and the equatorial bonds would
de e8¢ repulsions between the bonding electrons.!??

(iv)  Molccular orbital energy level diagrams (Elien and
Hoffmann, 1975°° } have shown that for §-co-ordinate
metal carbonyl fragments, the energetically most
Favar + geometry corresponds to an eqC-M-Cax
angle of slightly greater than 90°, at whick point
z-interaction is maximized and anti-bonding
interaction minimized,

This latter explanation roceives further eaperimental
support: from the X-rey crystal structure of HMa(co)g,?’?
which also showed a bending of the equatorial carbonyls
towards the axial H-atom. Here the acute ax0¢ .Mn-COeq
angles cannot be ascribed to metal-carbonyl cross interaction
{1}, Further, it has been ihown by a combination of 13CO
enrichment and IR spectroscopy,’’? that ax0C-Mn~COeq bond
angle in-Mn(CO)S (molecular syndetry Cdvi {s 96(3)°.
Explanations such as (i), {ii) would also not be applicable
here. Clearly, if tli. effect were (partly) steric in
origin, repulsive interactions of the type (1) wuuld alsc be
eliminated.

12.2.5 Re~C-0 bond angles
In Rez(co)m, (and an\co)m) the carbonyl ligands are

close fo linear, with M~C-G bond angles in the rangs 176 -

180°, 199
Non-linearity of M-C-0 fragments in M(CO)n {n = 2-4)

groups has been examined, *® and 1 a conssquence of bonding

and not solely a result of erystal poacking forces. The

M-C-0 fragments are bent (ca. 9° deviation from linearity}

due to different occupstion of the two antibonding w*

arbitals on a carbonyl ligend. (Hence linearity is expected

for M(CO) only).

The reason for the different M«C-0 angles within one
NI(CQ)h group (often equal within experimental error} must
lie in crystal packing forces?!® (eg. for Rez(co)w,
repulsive non~bonded 0...0 interactions between neighbouring

- ) k- AP 7 Y n
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molecules which increases 0...0 distances '*’ ), or in the
influence of other groups within the molacule wh:ch may lower
the symmetry of the MLn group. ”
12.2.8 Pagking

Rez(co)w crystallizes in the monoclinic space group
I2/a. Tune Re-Re distances in the dimeric molecules are
required by crystallegraphic symmetry to be parallel to one
another. "*'® Hence repuluive mon-bonding interactions
betwean O-atoms of carbonyls on neighbouring molecules could
be in part responsible for small devistions observed from the
molecular DA% symmetry. e

Jonason’*® has preposed 2 medel for the rationalization
of the structures of simple binary carbonyls by considering
ths M. unit as surrounded by a close-packed array of €O
groups, with the M-atoms occupying the interstices., Thus
anomalous bond lengths and distortions could be due to
packing forces.
Ringing the changes: the effect of ligand gibstitution on
mojecular geonetry
In derivatives of the type ReaiCO)lo_“(L)n (n = 1-10), where
a motal-meta. bond is retained in the dimsr, the substitution

of carbpnyl group(s) for ligand(s) L may nevertheless
drastically affect the structure of the molenule relative to
the parent carbonyl, Rez(co)m, Buch changes can be
rationalized in terms of the steric and electronic properties
of the ligend L relative to GO,
12.3.1 The Re-Re bond lenpth

The Re~Re bond length is sensitive to changes in the
metal cu-ordination sphere. However, sueh variations should
pe interpreved with caution, ag the metal-metal bond length
is governed by an often complex set of factors, which may
give rise to opposing trends.
Fagtors affecting the Re-fe bond length
(a) Bond Order

Problems arige ms it is by no means slways apparent
whether a metal-metal bond exists, or what the bond order
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is. In general, the possibility of a meval-metal bond is
considered when the metal-metal distance iz of the same
order as in the bulk metal,®"} but variability of metal-
metal distances due to other factors (y_lge__&_n_f‘ﬁ_a_) precludes
& conclusion based solely on bond length, The metal-metal
bond defines a relatively flat energy minimum as a function
of int 1itomic distance.?“' Experimental data, such as
metal-metal distances and megnetic propertles, provide
information, butnot 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 conatants, reflecting
relative metal-metal bond strengths, with the view to the
aeventual establishment of a quantitative scale of metal-
metal bond orders. The relation between force consiants
and bond strengths is a general, though not necessary
one,?*? For M,{C0), 5 (M = Re, Wn), a correlation betwaen
M-M str: tehing force constahte derived from Raman spectra,
and metal-metal dissoviation energies obtained from mass-
spectral studies, is founa'*"® {see section 12.2.1).

Recently Bm:yens”l 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 dueg to electronic screening. Since the electron
density in the region betwesn atomic cores is senaitive to
the nature of the ligands attached to the bonded atoms, in
a saries of compounds, metal-metal bond orders are expected
over the whole range irom 1 to 4, including non-integral
bond orders, which in practise are of'ten obtained.

In Organometal?ic chemistry, the matal-metal bond
ordur nas been bascd largely on Talman's “18~-Electron® or
VEffective Atomic Number" (FaN) Rule.’’’ In metal conplexes,
there is o tendency to achieve an lH-glectron configuration,
often by metal-metal bondin,., Metal-metal bonding may be

a compromise in ths absence of other bonding partners. “




- 187 -

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, especially where
the metal-metal distance is shorter than that in related
compounds containing s metal-metal bond. However, structural
constraines 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’'®’®*"

Although i% 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, "’

reliable sstimates of the metal-metal bond order, especially

metal-metal bond distances do not provide

shen bridging ligands are present,’’’ as metal-metal bond
order is dependent on other geometric, steric andfor
electronic factors (vide infra)., Cotton’'® has pointed out
that with multiple metal-metal bonds, bond length is no
indy -ition of bond order, especially in the cases of triple

and quadrupile bands.

At best, in u geries of c¢lnsely 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.fferentes are not significant.
Hence X-ray analysis data alone cannot provide unequivoeal
information on the nature of the metal-metal bond, but
electron density studlies Qauld prove useful in this regord.
{b) Electronic nature of 1igands

The ¢~ or w- donor/acceptor properties of the ligand
L in Rez(co)m_nl,n, relative to 00, affect the bondiag of the
ligand L to the Re-atoms, and hence the Re~Re bend length,
With ligands such as isonltriles, phosphines, hydrides,
‘NI an tnorease in
192h, 262

which are wenker s-amcceptors thanh CO,

the Re-Re bu ol length can be expected, since more
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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 strusture according to the 18-
electron rule without a metal-metal bond, esp cially where
the metel-metal di “ance is shorter than that in related
compounds containi, 2 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’'*'?**"

Although it is true in gensral that when two atoms
are directly bonded to each other, the shorter the inter-
nuclear disvance, the stronger the bond and the lower the
bond order, 7 netal-metal bond distances do nhot provide
reliable estimates of the metal-metal bend order, especially
when bridging lipands are present,“s as metal-metal bond
order is dependen® on other geometric, steric and/or
electronic factors (vide infra). Cotton '° has pointed out
that with multiple metat-metal 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 int a shorter metal-metal bond
length, where other structural differences are not significant.
Hence X-ray mnalysis data alone cannot provide unequivoenl
information on the nature of the metal-metal bond, but
electron density studies could prove useful in this regard.

(b) Electronic nature of ligatds

The o~ or - donor/acceptor properties of the llgand
L in Rez(CO)lo_nL". relative to C0, affect the Londing of the
ligend L to the Re-atoms, and hence the Re-Re bond length.
With ligands such as isonitriles, phosphines, hydrides,

w1, 20
' an increase in

o2, 2t

which are weaker n-acceptors than CO,

the Re-Re bohd length can be expected, since more
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negative relectron charge becomes localized on the metal,
increasing the s-electron repulsions which weaken the metal-
metal bond.

{e) Steric factors

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

Where the molecule is forced into an eclipsed
conformation by bridging ligands, repulsive interactions
between eclipsed equatorial carponyls might give rise toa

longer Re~Re bond length. foeb, 202

{a) Bridping ligands

In ligand-bridred R\az(CO)m_n(l.)n complexes, the
metal-metal bond length is dependent on the particular
ligand-bridged geometry, viz. tbe metal-to-bridging atom
*9 7 (B = bridging
ligand). In general, in bridged dimeric systems, the M-B-M

distance, and the M-B-M angle sizel

angle is sharply acute {ca. 70-75°) where a M~M bond exists,
and obtuse (ca. 9G-100°} where 1o direst 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 M,B, bridged systen is
governed not only by the minimization of all non-bonded
repulsions between atoms, but alse by interorbital electron-
pelr interactions, which for a more electroregative bridging
atom favours a wider bridging angle.“.

with bridging ligands, two opposing factors may operate
4n determining the Re-Re hond length cbserved, viz. the "bite®
of the bridging ligand, a ligand with & small bite size
forcing the metal atoms cloger together, and G...0
repulsions between eclipsed carbonyl groups, which favour

a longer Re-Re bond diet‘,unc:m“”b'”z

The number of bridging
ligands also plays a role in determining the Re-Re bond
length. In similer complexes, the one with more bridging
groups usually has a shorter metal-metal bcnd‘z“ However,
this could in part be due to the reduced number of eclipsed

00 groups in the more highly bridged spacies..”

Ll Ll .
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22.3.2 The Re-CO bond lengths

The stronger bonding of Re-{0ax than Re-COeq
observed in Rea(co)w (section 12.2.2), might be expected
also in Rey(C0) o (L}, derivatives. However, in
substituted derivatives, bonding effects due to the
electranic nature of the ligand L must also be considered,
and these may alter or obscure the above effect.

Since w~acepetor ligands must compete for the two
metal dw arbitals,'®? the m-bonding between the metal atom
and a CO trans to a ligand L, which is a weaker r-acceptor
than €O, is sreater than that to a €O cis to L.'*? Hernce a
shortening of the Re-CO (trans to L) relative co the n
{cis to L) bond length is expected with peor n-accepto.
ligands L.'°* This is also the origin of the cis-labili-
zation effects observed with poor m-acceptors L, resulting
in initial cis-eq substitution for Rez(m)s(bl2 compleses, ®?

Final substitution geometry is thus to cis-dieg-
Rez(co)s(l.)z, unless steric factors predominate, as in the

case of bulky phosphine ligands, to give M—Rez(co)a\'bla
complexes (vide infra).

Isonitrile {RNC) ligends are better g-donors, but
weaker n-accoptors than €0,%? but stronger w-acceptors than
phosphines (PRS)A“" With isonitrile ligands, one would
expect to obmerve the above affects. Phosphines however,
have a larger cone ang).e“ than isonxtrilea,“ and steric
effects may domlnate. In the resttion of Mna(CO)10 with
PRy, to give diax-Mn,(C0)g(FRJ),, the cis-labilization
effect accounte for the observation that tb  rate constant
for the second substitrtion is larger than that for the
first"“ According Lo the proposed mechanism, the firrt
step is mono-substitution to give Q-Mna(co)sl. {steric
factors governing axiel substitution), then loss of & 0
¢is to the PRS group on the same Mn-mtom, followe:. by
exchange of CO via a bridging mechanism, and PRS substitution
on the other Mn~atom, sterlc consideration nscessitating
diaxial substitution.

g

e
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12.3.3 Molecular Conformation

On steric ground, staggered molecular conformation
is favoured, as this minimizes repulsive interactions,!?’
However, bridging ligands necessitate an eclipsed
configuretion, where 0...0 repulsions between eclipsed
equatorial carbonyls may resuit in distortions from the
ideal molesulze geometry, '

12.3.4 0C-Be-C0 bond anples

As discussed above (section 12,2.4.} the bending in
towards the Re—Re Lond of the equatorial carbonyls in
Re ~ould be due to steric and/or electronic factors.

teric In origin {c.e to attempts to minimize

re, ‘nteractions), a more pronounced effect might be
expected with buiky ligands more sterically demanding than
relatively small CO ligand {Tolman cone angle estimated at
ca, 95°).°°% If the origin of this effect is predominately
electronic ir nature, however, for lipgunds electronically
similar to GO, eg. the isoelectron{c RNC,'’ similar trends
might be expected to be olog ved as with Rez(to)w,
eapecially 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
Re,{C0), o (L), derivative.
12.3.5 fe~C-@ bond angles i

The analysis of nun-iineacity of M-0-0 fragments in
M(EO) | (n e 2et) groups’*
eg. R = CN, NO. Henne pear-linear co-ordilnation nf those
ligands (M<C-N ca. 175°} ig predicted.

12.3.6 packing

app’ies to other MRn aroups also,

The packirg of the moleeules in the crystal is
determined by the molecular geometry, crystallogrephic
symmetry demands, and the p> tnciple of dense pncking." The
molecules pack in guch a way as to make the most efficient
use of gpace ie. maximum closeness, without causing
repulsive intermolecular interasctions. Hence structural
changes in the molecule may result in differences in
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erystullographic space group and packing order. Further,
interactions between groups on nsighbouring molecules may
cause anomalous Btructural features. Deviations from ideal
geometry could reflect packing requirements in the erystul
lattice.?*?
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XIII  X-RAY CRYSTALLOGRAPHIC 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
e carbonyl groups for ligand{s) L. These structural effects
LN can be rationalized Ln terms of the steric and/or electranic

properties of ligand L relative te 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 i B
in the preparation of such substituted derivatives of
Re,(C0),q (ch. X).

oot i This review brieflly deseribes the derivatives of .
o g dirhenium decacarbonyl for which an X-ray crystal and I’ Q,
e molecular has been reported in the Li . "
. :,“ * Only those complexes with a direct Re-Re bond will be . vn
PR considered. The majority of these complexes were synthesized “‘
° '( ® from the direct reaction of Re,(C0},, with ligand L (ch. X), E

but some were prepared from the reaction of higher rheni.
clusters, eg. [E\eS(H),(CO)l,lA‘” The purpose of this
review is to assesm the effect of ligand substitution on

molecular conformation and bond paramsters, for a wide o
. variety of ligands L. [

T - Dirhenium carbonyl complexes whith contaln bridging !
’ 3 bidentate ligands and/or bridging halogen atoms, but no !
L] direct Re-Re bond, will not be included in this review. ol

For example, dirhonium complexes of the type ¢

e (u-X),Rep(CO)s (L), (og, X = Br, L o THF' "% X = Br, '
1% 2690 2u9d 1%y
E (L), = u=SpPhy, u-sznez.mh p=Se,Phy, §-B,Phy,
- X = ce, ll)2 - p-thAscHZAaPh? }, prepared indirectly
. from monomeric rhenium halocarbonyl t:omm:un:la.“’a'““E s
Ju9 286
(Re...Re distances range rom 3.81 to 3.978). """ ;

s Further, dirhenium complexea formed from reactions of f
!

c 5"

h - R A s i b
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Rez(co)lo (or derival.ves thereof) with ligand L, buk which
lack a direct Re-Re bond, will also not be included in this
raview (eg. (CO), Re-y~{ na:r;%ceﬂﬁ)—ae(cors,l” formed from
the photolysis uf Rez(CO;w with cyclooctatetraene; {p-Br)-
Re,p(C0)g[u-CPR), **! formed from the reaction of Re,(CO)g~
[c{oMe}PR] with Mears). The so-called "metal-ring" compounds,
eg, (Rez(co)a(sr\(I)Re(CO)4(PPh3))]‘" (formed from reactior
of Rey(C0),(PPR4), wéth Snl,), with a non-ponded Re-Re
distance of 3.176(L)A across the metal ring, are likewise
excluded.

Those derivatives of Reg(t‘d)lo, 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 rhenium-rhenium bonded structures
listed in Table 13.1, the basic dimeric unit has been
retained, although a change in the metal-metal bond order
may have resulted. The Re-Re bond length distances f r
each structure are aiso given in Table 13.1. A brief
deseription of the salient features of these complexes, in
terms of the electronic and steric effects of the ligend(s}
L, will be given.

Literature Structures

13.2.1 Struetures without bridging ligands

{a) Hono-substitution: aq-Re,{C0)o(L), {L = CH(OMe);
C(OR)(SiPhS). R = Me, Bt

To date, the only mono-substituted derivatives
of ReZ(CO)“\ reported are e —-Rea(co)g[CH(OMe)] 2
(1), gg=Re, (C1),[C{OMe) (8iPh,}] 237 (ii) and gg-Re, (COl -
2{ g AR 24riey (Pl
[Re, (00}, (CLuke) ($ihy)] 'L ALl three molecules
|
are equatorially substituted, as expected;”' " and
adopt a staggered conformation, like the parent carbonyl,
ity
Ree(co)w, "
equatorial CO groups,
The Re-Re bond lengths for compounds (i), {i1) and
(i11), (See Tahla 13.2) are the same within error limits
9
(ca. 3,054} and slightly longer (ca. 0.00BX) than that for

to minimize repulsive interactions between

Rep(00)y5 (3.0413(11)0%),  Although significance cannot be
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TABLE 13.1: X-ray crystal structures of dirhenium carbonyl derivatives, with a direct Re-Re bond

Complex

Re,(CO),
2g-Re,, (C0) [CH(OMe)]
£9-Re,{C0)g[ClONe) (51Ph,))

£9-Re, (CO)[CORL) {51Ph,) ]
w.wlex.maémmwgwmmﬂcmimwvsuv 1,
Re,(G0)lu—(n",n2C 4 1

Re,y (COYgli-( s».:mnm.nm.nzmm:

Re, {C0) [ p-NC R ) {u-H}
mmmSSuSzamuv :Tznm:% {n-H)

Re, (€O} [p-SiPh,

2 o)z

mnmnnovmﬁum?umw?mu

Re, (€0}, (H) ,[w-5idt, ],

Re (001 (H)  [1-51Et 1,

xmmaooym?liozqu } Aamznsm‘vv wm

(D) jRelp~C{53Ph, COLOEE) elco) -
[C(OEE)(SiPhy)}

mquSmFLSmGJu {€0) Hp-H)

Rep(00) 5 (n-H),

Re,(€0); (u-H) ,[u-2h B PPh, ]

Re,(C0) ¢ () (-NChMte ) [p-Ph PCH, PP}

Space_group, 2 Re~Re bond 1ength(R) Reference
12/a,4 ® 3.0413(11) 158
ce,8 ® 3.047, 3.051 211 ©
vmﬂ\nmn 3.052(1) 253
cc,8 3.:50(3), 3.052(4) 1752253
Pe,2 3.001(2) 253
P2 /n.4 3,114(1) 195
M.m»\n..w 3.058(1} 193
Pl,a 3.2088(4). 3.1956(5) 168
Pbca,8 3.2324(5) 168

4 3.001(1) 202-3
i~~n,8 3.121(2) 200
P, 2 3.052(1} 202
pi,1 ¢ 3.084(1) 200
c/e,4 2 2.81(3) 177
P2 /c,4 2.937(1) 178c
P2, /c,4 3.036(2) 178¢
P2, /e,4 2.90 20%
Pbca,8 2.893(2) 244a,b
P2, /n,4 . 3.035(3) 2443,c

nl
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TABLE 33.1: X-ray crystal structures of dirhenium carbonyl derivatives, wtih a direct Re-Re pond

(Conta)

Complex Space group, Z Re—Re bond length(A) Reference
Re,(C0) g (u-BHu—OH) [u-Ph PCH_PPh,] ?1,2 2.030(1) 198
ReZ(CO)A(PhCCPh)B(CNCHZSOZCSHAMS_p)Z P_,Z N 2-785;1] 212
Rez(C[))A(Pl'u:(:Ph)4 2.78 212
2 Holecule possesses crystallographic C, symmetry

® Jwo crystallographically independent molecules in the asymmetric unit

€ Data obtained from the Cambridge Crystallographic Data Hase

2 Unpublished structure; data not quoted in reference

© lolecule possesses crystallographic 1 symmetry

£

Unrefined bond length valve

g
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atfached to such a small difference, the slight increasse
could reflect the weaker n-acceptor ability of the carbene
ligands relative to CO.?®*

w Of note sre the acute Re-Re-C0 angles, and the obtuse
T Re-Re~C {carbene) angles observed for all three complexes
(see Table 13.2). The bending in of the carbonyl ligands,

° refiected by the acute Re-fe-CO angles, is in accord with

s electronic predictions®® (see section 12.2.4}. The reversal
v of this trend for the carbene ligands could be due to steric
interaction between the phenyl rings and eg-carbonyls for

(1) and (ii), or, since steric crowding would not be expected
to be severe with the (C{OMe)H] ligand in (1), a result of
the electronic nature of the carbene ligand and its bonding

to the Re-centre.
(b) Di-substitution: 1,2-ax,eq-Re,(C0},1C(OR)(SiPh }]

The only di-substituted derivative of Rez(co)w
without a br.ig.ng ligand reported to date is 1,2-ax,eq-
v Re,(CO)[CIOEL) (SiPny}],.#*1 This complex, like that of the
gg—Rez(CO)g (carbene) complexes (i), (ii} and (iii) {vide
supra) is staggered. One [C(OEt)(SiPha)] ligand occupies an
equatorial position of Re{l), while the second carbene
occupies the axial site on Re(2). The overall electronic
. stabilizatiovn of the cvoiplex goverhs this 1,2-ax,eq-substitution

% geometry, 2%?

Tn an axial position, the carbene ligand is a
o astronger n-donor than in an equatorial position. The resultant
increased electron density on the Re-atom is reflected in

the lengtheaing of the Re-Re bond Jength in.1,d-ax,eq-l Rs (co) [C(DEt)—
e (sipng) ], (3. 091(2)8) relative to thab in eq-Rey(C0)g lcarbene)
{see Tabla 13.1), eg. av. 3. 051.(3)% for o 29-Re,(C0) [C(OEc)—
(SiPh .
The effect of acute Re-Re~{Q and obtuse Re-Re~CO-
. (carbene) angles observed for £9-Re,(00) (carbene) complexes
(1)-(ii), (Table 1J.2), is also found for lﬁ-ax,eg—Rez(CO)B-
[C(UEtHSiPha)]a,’s’ viz. av. Rell)~Re(2)-00: 83%; av, Re{2)=
Re{1)-C0: 86° and Re(2)}-Re(l)-C{eq carbene):96.9(8)° {Re(l)~
’ Re(2)-Clax carbene): 178.7(9}°).

pad




TABLE 13.2: Average values of the Re-Re-C bond angles(°®) for the eq-—REZ(CO)Q( carbene) structures (i)-{iii)

" . . o T, b
Conplex (3% en-Re,{€0) fCH(OMe)]* (i1) eq-Re,(CO) [C(OMe) (5iPh ,)1° (133) eg-Re,(€0) [C(0EE) (S3PR,)T
av. Re(2)-Re(1)-CO 82.8, 83.9 © 84 83, 84
av. Re(1)-Re(2)-CO 86.5, 84.2 © 87 8s, 85 ©
Re(2)-Re(1)~C(carbene) 94.5, 97.9 ¢ 98.1(8) 9a(1), 98(1)°
' 2 Data obtained from .ne Cambridge Crystallographic Data Base
o
] Ref. 253
)
€ Two crystallograrrically i lecules in the jc unit

»
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18.2.2 Structures with bridging ligands

(a) A bridgiug olefin - Rezﬂze[g-(nz.ngg_‘,ﬂs)_]'

In Reyi00)glu=(n%,1RC 8,)1, 1% the Re,(CO)y fragment,
in which the curbonyl groups are eclipsed {as necassitated
by the bridging olefin), is co-ordinated to the bridging 1,3~
butadicaz ligand in the trans-configuration. With the alkyl
ligend acting as a 2-electron donor to each Re-atom, the
compound obeys the 18-Electron Rule,??® the Re-Re single bond
being 3.114(1)3. ‘93 Re~COax and Re-CO{trans to alkyl ligand)
tond lengths are approximately the same, and ca. o.1A shorter
than the Re-CO{trans to CO) bonds, in accordance with
electronic expectations.''’™""'*? Further, Re-Re~COeq bond
angles are lesw than or equal o 90°, le. the carbonyl ligands
bend in towards the Re-Re bond, as noted for Re,(c0), 1***"’
As expected,'’ the carbonyl ligands are slightly bent, with
Re-C-0 bond angles in the range 173 - 179°, averaging 177°.

(6) A bridglag carbene - Re,(Go) fu=n’, i CH-CH.CHs,]

In Rey(Co)glu=n, nZoH CH-CHe, 1, 77 the two Re(C0),
fragments, which are eclipsed with respect to each other, are
bridged by 2 p-allylidine ligand formed by ring opening of
the cyclopropene. The u—(CH-CH-CMeZ) molety is nlbended to
Re{l) and ngbonded to Re(2), resulting in the carbene ligand
bridging the dirhenium unit in a highly asymmetric fashion.

In accordance with the l8-Electron Ruls, *?® a formal Be-Re
single bond i¢ required by the total of 34 valence electrons
around the dirhenium unit. The Re-Re bond length of S.OSB(l)?\
ig comparable to that of other Re-Re single bonded complexes
(Table 13.1).

(o) Rep(COLo(uoNCyft,) {p-H) and Re,(CO),(ONMe

=N iH)

The complex Rez(CO)s(R~NCSH4)(u-H), and its derivative,
Rez(CO)7(ONMea)(u—NcsHA)(u-H). are closely related structurally.
In the case of Re,(C0) {k-NCH, ) (u-), ' the two
crystallographically independent molecules (PI, Z = 4) are
structurally very similar, with small differences attributable
to crystal packing forces. An eclipsed conformation is
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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. ReCO {trams to €O) (1.79(1) and 2.00(2)&) are
greater than the av. Re~CO {not trans to €O) {1.84{3) and
1.95(2)%) bond lengtns, as predicied on electrontc grounds. ??
GOf 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 Re,(CO)g-
(u~NCgH, ) (p=H), is that of the ReZ(CO)7(0NM33)(u-NC5Hd)(u~H)
moleculs,'®® in which one of the gquatorial carbonyl ligands
trans to another CO-group, has been substituted with the
-ONMe3 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) Meaﬂo-group. The Re-HeRe angle is  ightly
larger at 131{17)°. Re-Re-C angles range from 83-110 . It
is noteworthy that the Re-Re-O bond angle is ecute (83.7/2}°}.
The remalning pair of trans carbonyls have the longest
Re~CO bonds, with the shorter Re-CC bond being than trans
to the ONMsa liga:d.  Again the Re-C-~O bond angles range
from 176 - 179°,

The Re~Re bond length of 3.2324(5}2 in REZ(CO).]-
!oumea)(u-NcsHa)lu—H) is longer than thge for Rea(co)a-
(U‘NCSHA)(I“‘H) (3,2088(4) and 3,1054(5}A). This is ascribed
to the larger steric requirements of the Me N0 ligand. res
Both the Re-Re bonds ere single (in accordance with the
18~Electron Rule}.

() Re,(C0)o(n-81Ph, ], Re,(G0),(H),[u-8iPh,],

Re,{CO} (H)ttu-smt 1, and Re,(C0) (W) fu-5iBY,],

The above four complexes form a series of chemically
end structurally related compounds. In all four molecules,
an eclipsed conforma%ion is necessitated by the bridging
silane ligand{s), although molecular symmetry differs
(Raz(Co)e[p—sithjz,'“-"Dzh; Rep(CO)gH) 5 lu-81Phy], 200 Cyv
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Rez(co)7(H)2[n-smc212,‘“ ca; Réz(CO)s(H)4[u—SJ,nt2]2,“‘
Czh {molecule possesses crystallographic I symmetryl}. The
non-bridging hydrogen atoms were not located directly, their
positions being inferred from vacancles ir the (distorted)
octahedral metal co-ordination sphere; spectroscopic
evidence indi~ated that the hydride licands 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-8i-Re bond angles
in the range 74 - 76°, There are, huwever, significant
variations in the Re-Re single bond length, which has values
of 3,001(1), 3.052(1), 3.084(1} anad 3.121(2)3 for the
complexes Rez(CO)B[u—Sisl;xz]z,!“ Re,(€0),, (), lu-siEt, 1, "
Re,(CO) {H),[u-8iEt,)," and Re,(CO)g(H),[n-81Ph,], 21"
respectively. Considering the first three cases, this
increase in Re-fle bend length is due to the progressive
replacement of a carbonyl by hydride ligands, which are
weaker m-acceptors than £0.7°? 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 paira respectively}. In the case of
Reg{CO)B(H)Z(u—SiFhZ], with only one silane bridge, the
longer bond is ascribed to 0...0 repulsions between the
twn extra pairs of eclipsed carbonyis,??? compared to
Rez(CO?7(H)2£u~SiEtsz, which alsv has twr hydride ligands.

Full details of the structure of Re,(G0)ylu-8iPh,l,
have not been reported. For the other three structures, the
av. Re-Re~CO bond angle 1is ca. 90° (Re {00}, (H),[u-84Ph,),
89.6{9)%; Re2(00)7(H)2[u~smt2]2. 90.4(5)°, and “52(‘70)5(“)4‘
lu-81Et,],, 90.2(3)%). In the case of Re,(CO)g(H),lu-51ph,],2?¢
the Re-COax bond lengths are shorter than the Re-COeg bond
lengths, This is also true for REZ(CO)E(H)A[p-SiE\:Z]E.
but the differences are too slight to be significant. Further,
for Re,(C0)g(H),(n~8LPh,], the bond Re-CO (trans to H) is
longer than that trans to another CO. There are no significant

20243

2t

N

£




-~ 211 -

differences between the Re~CO bond lengths in R92(00)7(H)2~
[u-B1Et,], .
bond angles are in the range 170 - 1799, as expected.??

(e} _Rgl,(colB[g-c(om)(csﬂdw2

The structure of Re,(C0),[u-ClaMe) (Cgh, Me-p)],
resembles that of Re,(L0) [.u—s.xphaj (vide supra}. The
Re (£0), [u~C(OMe‘(C H Me-p)]2 molecule adopts an eclipsed
stru\,tura, necessitated by the bridging ligar+s, and has

202 In all these three structures, the Re-C-0

erystallographic C symmetry. The Re-C-Re bridging angle
iz an acute 77(1)°, and the Re-fe bond short at 2.M:3)%,

The shortness of the Re-Re bond (Table 13.1) would seem to
Lndicate some degree of multiple bonding, but more than a
single Re-Re bond is not required by the 18-Electron Rule.

P

(£) (CO),Relp~C(SiPh,}CO(CEL)[Re(CO) {C{OBt) (SiPh J]-

2 carbonyl-lignnd bonded derivative of 1,2-asx,eg-
Re,{Q0J,(C(0FE)(SiPh )1,

The molecule {G0),(Re[u~ C(siPhs)Cm(co)s(G(ost)-

tase

($iPhy))
(CO)B(C(OEc)(Siph3”2 (see section 13.2.1(b), in which the
equatorially co-ordinated (C(OE!:)SXPI’\3 ] Jigand 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
Re{l) (Re{1)-0: 2. 217(13)10\). Re(l) bearing the second axially
substituted {C(OEt)(SiPh )1 ligand. (See l"ig. 13.1).

The Re-Re bond is short at 2. 937(l)A. In terms of
the 18~Electron Rule, & non-integral Re-Re band order of 1%
{s found. The bridging Re-C-Re angle is an acute 81.7(6)°,
The C-C-(0Bt}-0 is essentially planar. The geometry of this
complex is determined by the unusual double-bridging iigand.

{g) Re,(C0) [n-(C(SIPh ) (CO})](y=~H), and Re,(CO} -

{u~(CPh}](p-Br) )

The geametry of the He,[CO)g[u-[{C{SiPh, )(603) ) tut0) 7
molecule resembles that of Ruz(co)a[u (CFh)](u-Ex‘) 2 por
both molecules, the four carbonyls of the Re,(CO)y-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

can be viewed as a derivative of 1,2-ax,eq-Re,-
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(I)Et

K e
C\ SN /ﬁ _SiPhg

oCc—-R.".

oC/"'

OEt

Figure 13.1: Schematic representation of the & of
(CO)ARe(p-C(SiPha)CCS(DEt)}Re[C(DEt) (sxpha)]

Rez(co)ﬂ[u-v(CPh)](u—Br). the 18-Electron count can be
satlafied without a rhenium-rhenium bond, (The rhenfum-
rhenium distance is not quoted for this complex?3!). For
the related Rez(co)a[u-(c(sil’ha)(CO)}(u-H), application of
the 18-lectron Rule givas a non-integral Re-~Re bond order of

1%. Scme degres of pultiple bonding is supported by the
relatively short Re-Re hond length of 3.035(2)?\. (Table 13.1),
A Re-Re bond order of 1% is also found for the lex
(co)dne[u-c(su’hs)cme(go)a[c(ost)(sapna)] Cathoa

Re-Re bond length of 2.937(1)A (vide supra).

(h)  Re,(CO) (u-H), = an Re-Re double bond?

The Rey(CO)g(u=H), malecule, ™"’ with two hydride
bridges (not located directly), adopts an eclipsed
configuration, of moleculer symmetry D2h, and no significant
differences from idealized octahedral metml co~ordination
georetry.

The Re-Re bond length is short at 2,908, In accordance
with the formal applioation of the 1B-Electron Rule,®** sach

- P Y AR "
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hydrogen donates half an electron to each Re-atom,
requiring a double Re~Re bond. Haowever, 1t 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.?°?®

In such case¢s, molecular orbital calculaticns may be
neede¢? to evsluate the possible bonding modes, and electrin
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)8-
(h—H}z, This is probably backed up by the formal application
of the 18-flectron Rule, giving an Re-Re bond order of 2.

(1) An Re,{€O) {u-H), derivative - Re,(00) (u-H) -

(e, PO poh ]

Re,(€0) g (u-H) ,[h pc_ppn 1 """
a derivative of ReZ(CD)a(u—H)z, with two of the CO ligands
trans to CO replaced by the bis-phosphine ligand. The two

@® can be regarded as

hydrides (located indirectly from the distribution of
carbonyls) bridge the Re-Re bond, and lie on either side of
the Resz-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 Rez(CO)B(u-H)a, to glve a double
"le~Re bond also. The bond length. for Rez(co)s(u-ﬁ)z-
[Ph,PCH PP, ] a??uﬁeg(co)a(wﬂ).’ are similar, and relatively
short (2.893(2) " 2'® and 2,908%%" respectively.)

The structure of Re,(CO)g(k~t),(Ph PCH,PP,) is
eclipsed. Four of the carbunyla bend away from the Re-Re
bond, with the av. Re-Re-C0 angle of 134.8(10)9, ¢f ca. 90°
for octahedral co-ordination of Re without bridging hydrides;

this observed configuration has br “lrmed by potentinl

energy calculations. The dev octahedral co-

ordination are probably due to atrictions imposeq
15g

by the bulky bis-phosphine ligand . .nan cone angle for
half thPCHzPPh2 chelate: 121°),
The two phosphine atoms exhiblt distorted tetra-

hedral co-ordination geometry. The two phenyl rings are
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approximately parallel, with interplanar distances of 3.43.
indicative of graphite packing. Hence packing forcea
could be respansible Yor distortions from idealized
geometry. The carbonyl ligands are near-linear, with
Re-C-0 angles ranging from 175 - 180°.
(33 Rep(C0) {u-Hi{u-NCHHe)(Ph,PCH PPh,) - derivative

or | of Re,(C0) (u-H),(PH PCH PPH,)

Re, (CO)g (}I—H)(u—NCHMe)(Ph PCH PPh, ) is derived from
Re (CO) (p-! H) (Ph PCH PPh ) by insertﬂon O!‘ MeCN into an
ReH bond.” 31" The noie ligand symmetrically bridges
the metal-metal bond, as does the hydride {from analysis of
the carbonyl distribution) with the carbonyl groups eclipsed,
ag in REZ(CO)E(IK—H)(PhZPCHaPPha).

The complex Re,(CO)g(1-H) {u-NCHMe) (Ph,PCH,PPh,) is
electron precise, and in accordance with the 18-Electron
Rule, the Re-Re tond is single. This is reflected in the
Re-Re bond length of 3.035(3)2. compared to that of 2.593(2)2
for Re,{CO}, (1-H)(PhPCH,PPh,), for which a double Re-Re
bond is required in terms of the 18-Electron Rule.

(k) Re,(CO} (n-H}{i~QH}{u-Ph, PCH PPh ] ~ a formal

derivative of Re,(CO) (p~H), [u-Ph PCH PPh,]

X
R6,, {00 ) (=) {508t i 1~Ph,BCH,PPh,] " may be
regarded as a formal deriv- . of Re,(CO),(u~H)[u~-Ph_PCH, -
POTRS 2 6 2 272
PPhZ], "7 with one bridging hydride replaced by a
bridging hydroxide ligand. ¥v- both complexes, an Re-Re
double bond is requirsd in iter . of the 18-Electron Rule.
In the case of Ree(co)a(u;Hlaln-PhJPGHEPPhZ]‘ the Re-Re
bond ie short at 2.863(2)A, but for ke, (C0) (u‘n)(u—ou)—
[u«thPcH PPh ], the Re-Re bond is sux-pvisingly long Bt
3. 030(1)A (cf‘. Re~Re single bond value of 3. oas[a)A for the
related Re, (C0), (u=H) {u-NCHMe) [PhyPCH PR, ] (yide supre)).
Like Rez(CO)e(u—H)z[n~Ph2PCH2PPh2], Rez(CO)B(u-H)-
’.u-OH)[p-thPCHaPPhZ] 7% has a distorted cctaherral
co~ordination gecmetry about each rhenium atom. The hydride
and hydroxo bridges are soth slightly asymmetric, and lie
opposite each other on either side of the RezPE—-plane‘

P " AT "
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The Re-O-Re angle is 88.6{2)°. The structure is eclipsed.
The Re-Re-P and Re~Re~CO{trans to P} angles are ca. 90°, but
the remaining four carbonyle 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 Re,(C0)q(u-H),{u~Ph,PCH, PP, ]
{section 13,2.2{1}}, and probably reflect steric repulsions
between the carbonyls and the bulky phosphine ligand {Plolman
cone angle'*® for half of Pa,PCHPPh,: 121°). The phenyl
rings are approximately parallel, as for Rez(co)a(y-ﬂ)z-
[u~Ph,PCH, PPN, ). .,

In Re (%) (u—H)(u-OH)[u-Ph PCH,PPh, 177" the av.
Re~CO bond length (1 921A) is signiricant!y Shorter than in

Re,(C0), {2.9750)"™ This may reflect stronger Re-CO bonding
due to increased electron dr on the me=al atams, since
phosphine is a poor w-ar @n €0.""® Further, the

Re~-CO{trans to P) bond lengchs are longer than those trans
to H or OH ligands, which do not have a-acceptor character!®®
{av. 1‘9503 and 1.9072 respectively). This difference is
due to competition for =-electron density’’? between the
carbonyl and trans-phosphine ligand. The carbonyl ligands
are neap- sar, with Re-C-0 angles ranging from 175 - 180°.

{. {Re,(CO},(PhCCPh) (CNOH,S0.Cf Me-p),]1, and

[Re, {00} [PhOCPh) ]

The mixed acetylene-isonitrile derlvative,
(He{CO)A(FhCCPh)S(CNCHZSOZCGHAMem)‘,_ L' has an interesting
structure. The three acetylene mele~ ‘»s are linked in a
chain, with the end carbon atoms of . chain each g-
bonded to one rhenlum atom, and,wit” - . two neighbouring

carbon atoms, forming an n—a-allyl lii » to the other
rhenium atom. The two isonitrile § are terminally
bonded to one Re-atom only, sccupy: riltions cig o sach
other. The RNC ligands are slighti: '-at with av. C-NeC
angle of 167.6(7)?, a C~N-R angle jreafer than 170% being

considered linear for termingl RNC ligands. b

Slight
deviations fres 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{%) and 176.5{9)°

for Re-C-N and Re~C-0 angles respactively.

- LY AR Y .




- 216 -

Although the Re~-Re bond length of 2.786(1)2 is
relatively short, the Re-Re bond is only « single bond if
the 18-Electron Rule is applied, with (l’hCCPh)3 acting as
an B-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,
[Re,(CO} ,(PhCCPh) ), *'* has been determined, but disorder
problems prevented refinement, The chain of three
acetylene molecules is bonded as in [Rez(CO)d(PhccPh)s-
(CNCHESOZCSH“Me-p)Z], with the fourth acetylene molacule
separately bonded to one Re-atom only, taking the place of
the two RNC ligands.

The Re-Re bond length is ca. 2.78%, once again
relatively short, but similar to the above single Re-Re bond
length of 2.788(1)R. However, in the case of [Re,(C0) -
(PhCCPh)A]. the Re-Re bond is probably a double bond, since
with the fourth PhCCPh ligand (replacing the two BNC ligands)
co~ordinated to only one Re-atom acting as & 2-electron
donor, the i8-Electron Rule requires a double Re-Re bend,
and 1t 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.

Agsggsment

From the foregolng structural study of dirhenium decacarbonyl
derivatives, 1t i3 possible to draw some general conclusions
regarding the modification of Re2(00)10 by ligends L. These
are outlined below.
13.3.1 The Re-Re bond length

The Ke-Re bond length alone provides little informa~-
tion on the nature of the metal-metal bonding. A1l factors
must be considered.

Cw o u SN Y - AT b
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{a) Bopu Order: Bond order is uzially assigned on the
basis af the li~Electron Rule. Where ambiguities
arise, the answer is uncertain. A more reliable
method is needed for such cases.

b

Electronic nature of lipands: In a closely related
series, a ligand L which is a weaker mwacceptor than
€0, may significantly increase the Re-Re bord length.

(e} Sterin ractorr: Repulsive inte actions between
eclipsed carbonyl groups may increase the 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;
29-Re,{C0) L substitution results, unless steric facters
demirate. The Re-CO bond trans to L, a poorer w-acceptor
than CO, is shorter than that trans o another CO; cis~
dieg-Re,(00)y(L), substitution results, in the absence of
steric constraints.
13.3.3 Molecuiar conformaticn

Molecules without bridging ligands adopt » staggered
conformation. Bridging ligands necessitate an eclipsed
conformation.

13.3.4 09-Rle~CO bond angles

Generally, Re-Re-CO bond angles are less than or
equal to 90° ia. the carbonyls bend in *owards the Re-Ra
bond. Where this is not the case, severe steric restrainis
are imposed on the atructure by bulky ligands, resulfing in
pronounced dlstortlons trom the ideal geometry.

13.8.5 Re-C-0 bond angles

The Re-C~0 bond anples sre always in the range
17¢ -~ 179°. The same is true for Re~C-N bond angles of
isonitrile ligands.

13.3.6 Pecking

Small deviations in structure (from ideal pgeometry)
propably stem from interaction with neighbouring molecules
i¢. crystal pacihing.

B ALY .
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X-RAY CRYST...,LOGRAPHIC STUDIES OF ISONITRILE DERIVATES OF

M50Q0)) o (= Re,Mn)
Introduction

Although the structures of the parent carbonyls, Rez(co)m
and Hn,(C0), ,, have been determined, '*® and studies made
of the bonding in these complexes,‘*® no X-ray crystal
structures have been reported of isonitrile substituted
derivatives, lvfnz(cu)w__n(CNR}n (M = Re,Mn}. As part of a
systematic study of the structural and chemical properties
of isonitrile derivatives of dirhenium carbonyl, ReE(CO)
(CNR)n (n = 1-4), an X-ray crystallographic study of a

series of representative complexes was undertaken.

10-n"

Specifically, his X-ray Crystallographic study was
undertaken with the aim, firetly, of establishing the
stereochemistry of the mono-to tetra-isonitrile-substituted
dirhenium carbonyl derivatives, and secondly, of obtaining
bond length and bond angle data relating to the structural
effact (if any) of increasing degree of Lsonitrile
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 v-
acceptors than carbonyls,“? asubstitution of isonitriles Ffor
carbonyis in Mz(co)m would result in increased localization
of m-electroh charge on the metal, increasing w-electron
repulsions and thereby wéakening the M-M bond.‘”b

Obviously, the structure of the parent carbonyl, Rez(co)w.
is of interest in the context of this study, and this
structure has been raported in iha literature, ' together
with the structure of the isomorphous Mn,(CO),,. (Menoclinie
space group I2/a, 2 = 4), The moleculet adopt a gtaggered
conformation, with point group symmetry DAd. A feabure of
both structures is the shorter M-COax bond length, compared
to the M-COeq bond lengths. This is ascribed to the
competition for dn -electrons between pairs of mutually trans
00 ligands.'S?

Consequently, on electronic grounds, substitution would
be predicted to be equatorial rather than axial. However,

R Y .
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o with bulky ligands such as phosphines, steric factors may
o, dominate, resulting in axial substitution, as has been
shown by the X-ray crystal structure of ax-[Mn,(CD)g(PHe,Ph)] 2" L
{Tolman cone angle for PMeZPh: 122°9% 141.7° 2%, Hence,

?] for monosubstituted derivatives of MZ(CO)IO(M = Re, Mn),

there are two possibilities (Fig. 14.1}, viz. (IA)

. equatorial, or (IB) axial substitution.

e With disubstituted complexes, there are more possibilities.
With bulky phosphine ligands, diaxial substitution may be

N found, as has been shown by X-ray orystal structures of B
> diax-[Hn,(CG 14 (PllePh, ], ] 2 (Tolman cone angle for PhePh,:
136° 55, gi_a_:g-(f-fnz(co)a(mra)zl {Tolman cone angle for PRty o
132007 166.4°7%") and disx-[Re,(CO)g(P¥e,Ph),] (see ch 158)
(Tolman cone angle far PMe,Ph: 1220*%; 141.7°8%%), Howeve:, L.
for di~isonitrile derivatives, diaxial substitution ie not L)

expected, because for this geometry of point group D4d, only E

two VCO) bands are predicted in the IR 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 N

substitution is also 2 possibility, and has been observed
» for some Re,(C0)y(PRy), complexes (see ch XV), but is R
considered unlikely for the smaller'' isonitrile ligands, in .

R view of the electronic factors favouring equatorial
oot substitution [vide supra). Further, trang-substitution is Joe
e, electronically disfavoured.!’? Even consicering only cis- N

diequatorial substitution, there are still two possibilities
{Fig 14.2), viz. (IIa) with the two RNC ligands on the mame
meta) atom, or on different metal atoms (conformers {IIb} |
and {IIc)). |
Several atructures are also possible for the trisubsti-
tuted case, conaldering only cls-equatorial substitution H
{vide supra). (Fig. 14.3, IIIa-c). Considering the case
R of tetrasubstitution, there are aguin several cis-equatoriaily |
substituted possibilities, assuming two RNC ligands on
each metal atom (Fig 14.4, IVa-c). Although repulsive
E interactions between ¢ torial CO groups are expected to

be less in the staggersd than eclipsed conformation, 3¢




- 220 -

here the eclipsed conformation (IVe) is considered as

well, since from steric considerations of the RNC ligands,

this might be expected fo be the most favourable structure.
The crystal and molecular structures were determined

of the complexes Re,{c0)o(CNBu®)(1), Re,(CO)gloNC Hoe,=2,6)

{I1}, Re2(00)7(CNMe)3(II1) and ReZ(CO)s(CNCSHSMSE—Z,S)A(IV).

The X-ray structure of the di-isonitrile dimanganese

carbonyl derivative, MnZ(CO)s(CNBuc)Z(V), was also

determined, in order to establish whether certain differences

observed tn she IR and “H WMR spectra of Re,(G0)4(CNRY,

and of Mna{Co)a(CNR)Z complexes {see sections 11.4.1 and

11.4.2) could be correlated with structural differences on

the molecular level. The structure of Mn,{CO},(CNC H Me -2,6]

{Vl) was also investigated bv X-ray Crystallography, with

the aims of obtaining bonsi parameter data for a tetra-

isonitrile dinanganese derivative, and establishing whether

differences observed in the IR and IH NMR spectra of

Rez(CO)G(CNCS}‘{:’[M!Z--Z,6)A and MnZ(COJBJ(CNC H,_Me »2,6}4 (see

63 2
sections 11.4.1 and 11.4.2) could have a structural basis.

X-ray Crystallopraphitc Studies

14.2.1 Structure of Re,{C0},(GNBY")(1)

The molecular structure of Rez(co)g(cNBut) 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
erystailizes in the orthorhombic space grouy Pbea, with Z = 8.
A view of the unit cell, looking down the b-axis is shown in
Fig. 14.6,

Substitution wag found to be equatorial (Fig. 14.1(Ia)},
as predicted (vide supra). This equatorial substitution of
CO by L‘NBut is in keeping with previous arguments on the
final position of the incoming ligand in an octahedral
environment,!®?

The two halves of the molecule are staggered with
respect to each other, as in the parent carbonyl, Rsz(cu]m.‘”
This steggered geometry presumably arises From steric
congiderations (ie. reduced interaction of equatorial CO

e
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CNR R

Figurs 14.1: The two possible structures of Rez(CO)S(CNR):
{Ia) eguatorial substitution, (Ib) axial substitution

" feue
I
i
PR i o
Figure 14.2: Newman projections of possible structures of
MZ(CO)B(CNR)2 {# = Re, Mn), as viewed down the

M-M axis (® = RNC) l a3
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iHHa fith

v "
Hie .
4 ‘”ﬂ
,]' oe Figure 14.3: Newman projectiong of possible conformations of
I Pez(co).i(CNR)a. as viewed down the Re-Re axis
S (& = )

K iva Vb We

Figure 14.4: Newman projections of poseible conformations of
|
. M,(C0) s (GNR), (M = Re,Mn), as viewed down the
M-M axiz {® = RNC)
3
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groups on the two Re atoms),''® and has been observed in
all previously reported structures of Rez(co)lo_n(L)n

(n = 1,2) derivatives no% containing bridging ligands {see
ch, XIII).

Tha axial Re~J0 bond distance (av. 1‘902(19)2) is
shorter than the average equatorial Re-CO bond distance
(ay. 14933(20)2), excluging Re-C(1) in which the CO group
1s trans to the Bu'NC group (1.915(15)%). This effect of a
shorter Re-(Uax bond length relative to the Re-COeq bond
length has Leen observed in the structure of Re,(CO),, 1ee
and is aseribed to competition for dr-electron density
between mutally trans pairs of equatorial carbonyls. The
shorter Re-C(1) bond length (of. av. Re-COeq) could also
reflect the greater m-acceptor ability of the CO group
relative to the BuNG group."?

14.2.2. Structure of Rez(CO)E(CNCEI'_iaﬂsz—E 6)2(IU

‘The compound (II) was found to crystallize in the
centrosymmetric triclinic space group pI, with Z = 2. The
molecular structure of Rez(CO)a(GNCGHaMeg-E.G)‘. and the
numbering systam used in the orystal structure determination
is shown in Fig. 14.7. B8cnd 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.’'’? In the crystal, the molecule
adopts conformetion {IIb)(Fig. 14.2), with the two isonitrile
ligands on different Re-avoms. This conformation might be
expected to be sterically most favourable, since the bulky
2,6—M620683NC Jigands {"fan-ghaped" angles®*: 106° {wideness)
and 53° {thickness}) are as far away from each other as
posaible, but in the crystal the conformation adopted is
probably alse determined by crystal packing considerations

(vide infra).

The phenyl rings are essentially planar. The mean
planes of the Cé-rings are 73.1° to each other. This ls
probably determined mainly by crystal packing forces. As
can be seen from the packing diagram (Fig. 14.8), viewed
down the b-axis, the moleoules pack in rows, with the
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o

Figure 14.5: ORTEF'S view of the Re,(c0)o(0NBu®) molecule(1),
ehowing the numbering system used

P, Ay P o
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N Figure 14.6: ORTEP*® view of the unif. cell of Rez(CO)glL‘NDut)lI),

lookirg down the b-axis
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b
I

TABLE 14.1: Bond ‘engths (R) for Re,(c0)g(oNBu®) (1) Do

Re(1}-Rel2) 3.048(1)

Re{1)-c(1) 1.916{18) c(1)-0{1) 1.149(18)

Re(1)-C(2) 1.916(18) c{2)-0(2} 1.142{(17)

Re(1}-C(3) 2.089(20) 0(2)~0(3) 1.077(18)

Re{1)-c(4) 1.974(21) cl4)-0{4) 1.144{19)

Re(1)-C{10) 2.064{15) ©{10)-N 1.130(15) i 4

Re(2)-0(5) 1.803(20) | <(81-0(5) 1.139(20) '

Re(2)~0(6) 1.998122) C(6)-0{6} 1.151{20} u\.,? Boa

Re(2)~C(7} 1.887(21) c{7)-0(7) 1.258{20}) ! '

Re(2)-c(8) 1.928(18) c(8}-0(8) 1.169(18} ¢

Re(2)-¢(9} 1.965(20) €(9)-03) 1.133(18) ;

N~C(11) 1.481{20) c(11)-ci2) 1.503(38) :

C(11)-C(14) 1.667(48) €411)-C(13) 1.486(33) Lo

- - PSS 3 T ey " oy
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TABLE 14.2: Bond angles (°) for Rea(COJS(CNBut)(I)

C{10)-N~C(12)
Re(1)-¢{1)-0{1)
Re{1)-C{2)-0(2}
Re(1)-C(3}-0(3)
Re(1)-C(4)-0(4)
Re(1)-C(10)-N
C{1)-Re{l)~Re{2}
c{1)~Re(1)-C{2}
¢{1)-Re(1}-C(3)
€{1}-Re(1)~C{4)
€{1)~Re{2})-C{10}
G(2)~Re{1)-Re(2)
c{2)~Re(1}-G{3)
C(2)-Re{1)~C(4}
¢(2)-Re(1)-c{10)
©{3)-Be{1)-Re(R}
C(3)-Re{1)-c{4}
{3)-Re(1)-C(20)
c{4)-Re{1)~Re({2)
¢(4)~Re(1)-0{10)
C{10)~Re{1}-Re(2)
N-C(11)-C(12)
N-G(11)-6(13)
N~C{11)~-C{14)

178,7(18)
176.1(18)
1756.8(15)
175,3{18)
177.1(16)
175.5(13)
87.4(8)
93.147)
90.1(7}
38.7(7)
174.9(6)
177.4(5}
93.5(7)
01.3(7}
92.1(8)
89.0(5)
178.2{7)
89,7(6)
86,2(5)
90.1(7)
87.5(4)
111,2(22)
110,1(19)
104.9{21)

Re(2)-C(5)-0(5)

176.5(18)

Re{2)-C(6)-0{6)  174.8(18)
Re(2)-C(7)-0(7)  178.2(18)
Re(2)-C(8)-0(8)  175.8(16)

Rel2)-C{9)-0(9)
c(5)-Re(2)-Re(1)
C(5)=-Re{2)-C(6)
¢{5)-Re(2)-0(7}
C(5}~Re{2)-C(8)
C(5)-Re(2)-C(9)
C(8)-Re(2)-Re(l}
C{6)-Re(2)-C(7)
G(6}-Re{2)-0(8)
C{8)-Re(2)-C(9)
C(7)~Re(2)-Re(l)
€{7)-Re(2)-C(8)
C{7)-Rel(2)-C{9)
C(8)-Re{2)-Re(1)
c{8)-Re(2)-C(8)
C(9}-He(2)-Re(1}
€{12}-C(11)-C{13)
C(12)~C(11)~C(14)
€{13)-C{11)-C(14)

178.7(17)
88.2(5)
87.8(8)
93.2(8)
172.6(7)
92.8(8)
88.8(8)
94.4(8)
93.1(8)
172.2(8)
176.5(8)
94,1(8)
93.4(8}
a4.4(5)
85.4(7)
83,4(8)
126.6(26)
96.1(23}
104,8(23)
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orientation of the ringe alternating slong a row, and with
the rings lining up in & coplanar manner (less than 2°
deviation) with those of the row above.

t
14.2.3, Structure of Nn,(C0) (ONBuT), (V)

The molecular structure of Nn,{C0)g(oNRU"), and

the numbering system used in the crystal structure
determination is shown in Fig. 14.9. Bond lengths and bond
angles sre given in Tables 14.5 and 14.6 resp.utively. The
compound erywtallizes in the monoclinic space group le/n,
with 2 = 4, Fig. 14,10 showa the unit cell, viewed down the
beaxis.

In conirast to ReZ{CO)s(CNCGlésMeZ—Z,E)Z {vide supra),
the conformation of the Mna(CD)B(CNBu )2 molecule ia (Ila)
(Fig. 14.2), with both isonitrile ligands in gig-equatorial
positions on the game Mn-atem. Electronically, this might

be expected to be the most favourable geometry, sinec the
isonitrile ligand is a4 stronger o-donor, but weaker s
acceptar then carbonyl,’ resulting in a cis-labilization
effect'®? (but see section 14.4).

From 1 MR data (section 11.4.2.}, in the case of
the di~isonitrile derivatives of dimanganese carbonyl, two
isomers, {Ila) and (116} {or (IIc)} (Fig, 14.2) appear to
exizt in solution, the isomer (IIa) (which is the minor
component-ratic of {I1a):{IIb) is 1:8) having been
preferentially crystallized out of solution {pentane, -5°C)
in the case of MnZKCO)B(CNBut)z‘ However, with the di-
isonitrile derivatives of dirhenium carbonyl, (with the
exception of MeNC) the 111 NMR spectra give no evidence of
another isomer in addition to (IIb). The formation of
isomers for #n,(C0),(aN8u"), will be further ¢iscussed in
section 14.4.

14.2.4  Btrusture of Re,(CO) (CNMe), (1II)

Complex (I1I) oryatallizes in the monoclinic space

group le/n, with 2 = 4. Unfortunately the structure
displayed disorder (vide infra). Fig, 14.11 shows the
wolecular strovture, and the numbering system used in the

crystal structure analysis. Bond lengths and bohd angles
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2 . gpd _.
Figure 14,7 ORTEP'® view of the ReZ(CO)S(CNCGHSMBE 2,55 molecule

(I1}, shewing the numbering system used.
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Figure 14.8:

ORTEP*S view of the

unit cell of mmmanovmanznm\xmzmm

!m.mvmac. looking down the b-axis

o gh




- 231 - o

TABLE 14.3: Bond lengths (x) for Rea(CO)B(GNCSHSMeg-Z,6)2(11) . E\:
Re(1}=Re(2) 3.047(0) i
Re(1)-CO(1) 1.982(6) co(1)-0(1) 1.131(6) N
c Ra(1)-C0(2) 1.916(6) co(2)-0(2) 1.151(6)
R Re(1)-C0(3) 1.976(8) C0(3)-0{3) 1.238(6) “
L Re{1)-CO(4) 1.980(7) co(4}-0{4) 1.125(7) ¢
. Re(2)-CO(5) 1.951(6) co(s)-0(5) 1.14146) < K
o’ Re(2)-C0(6) 1.995(7) CO(6}~0(6} 1.117(6} : L
Re(2)-C0{7) 1.968(6) £o(7}-0(7) 1.126(6) -
. . Re{2)~CO(8) 1.931(6) €0{8)~0(8) 1.143(5) -
¢ Re(1)-0N(1) 2.041(6) oN(L)-N{1) 1.157(5) e
Re{2)-~CN(2} 2.059(6} CN(2)-H{2)} 1.138(8) i
N(1)-C(1} 1.444(7) N(2}-c{9} 1.413(7) .
cl1)-c(2) 1.373(8) €(9)-C(10) 1.407(7) e
c(2)-c(3) 1.465(9) €{10)~C(21) 1.427(8) e
0435-£(4) 1.418(9) c(11)-c(12) 1.340(9) o
c{4}-c{5) 1.318(8}) c{12)~c(13) 1.403(8)
c(8)-C(6} 1.441(8) c(13)~c(14} 1.467(8)
cle)-clr) 1.417(8}Y c{14}-c(9} 1.406{7) #
€(2)-0(7) 1.526(8) ©(10)-C(16) 1.487(9) T
¢(6)-C(8) 1.495(9) ©{14)~G(18) 1.533(8} '
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TABLE_14.4: Bond angles{®) for Rez(CD)E(CNCGHSMEZ-Z,E)Z(II) ’
Re(1)=C0(1)-0(1) 177.8(8)  Bel2)-C0{5)-0(5) 178.8(5) .
Re(1)-00{2)~0(2) 175.7(5) Re(2)-G0(5)-0(6) 177.6(5) R |
L Re(1}-60(81-0(3) 177.8(3)  Re{23-00(7)-0(7} 179.8(23 '
e, Re{1)-C0(4)~0(4) 177.8(5) Re(2)-C0(8)~0(8) 178.2(5) e
» Re(1)-ON{1}~Nl1) 178.0(5) Re(2)-CN{2)-N{2) 176.8{5} oo
P ONLL)-N(11-C(1) 175.9(5)  ON(2)-N(2)-C{8) 166.1(5) Lo b
oyt CO{1)-Re(1)-Rel2) 88.0(2} 00(5)~Re(2)~Re(l) 86.4{1) CF
& CO(1)-Re(1)-C0(2) 94.0{2} £0{5)~Re{2}~CO(6)} 172.0(2) L
ot CO(11-Re(1)-CO(3]  178.1(2]  GG(S)-Ra{2)~CO(7) .32 ",
0(1)~Re{1)~60(4) 91.0(2)  CO(5)-Re(2)-CO(8) 52.3(2)
d €O{1)-Re({2}-CN(L)} 88.1(2) CO{5)-Ra{2}-CN(2) 91.0{2)
o C0(2)-Re(l)-Re(2)  178.0(2)  CO(8)-Hei2}-Re(1) 85.7(1)
> CO(2)-Re{1}-CO{3) 94.2({2} C€0{6}1-Re{2)-C0(7) 89.4(2)
: CO(2)~Re(1)-CO(4) 94.4(2)  €O(6)-Re(2)-CO(B) 95.6(2)

[ | €0(2)~Re(2)-CN1) 93.8(2) CO(6)-Re(2)-CN(2) 88.a(2) .

. €0(3)-Re(1)-Rel2} 83.8(1) CO(7)-Re(2)-Re{l) 87.9(1) :

L £0{3)-Re(1)-CO(4) 91.8(2)  CO(7)-Re(2)-CO(8) 94.0(2)

'1, €O(3}-Re(1)~GN(1} 87.9(2) CO(7)-Re(2)-CN(2) 176.7(2) ; <
w €O{4)-Rel1)~Re(2) 85.3(2)  CO(8)-Re{2)-Re(2}  277.8(2) o
S QO(4)-Rel{l}-CN{1]  171.8{2)  CO(8)-Re{l)-cN(2) 83.3(2) !

0 ON(1)~Re(1)-Re(2) 86.5(1)  CH(2}-Re(2)-Re(1) 85.9(1) s
e C(6)~Cl1)-CL2) 125.7(8) €(14)-C(3}-C(10) 124.9(5) ; N
ot c(1)-C(2)-¢(3) 117,1(6) Cl@)~0{20)-C11) 115.3(6) i

g C{2)~6(31-C(4) 118.5(7)  ©(10)-GlLlI-C(12)  121.7(6)

N G(3)-C{a)-C(5} 126.7(8)  C31)-CURI-C(A3)  124.4(7)
’ 0(4)-C(5)-C(6) 119,8(7)  C{12)-C(13)-Cl14)  L16.5(6) e
. €(51-6(6)-C(1) 115.6(8)  C(13)-C(14)-0(9) 117.4(8) [
N(1)=C(3)-C12) 118,7(5)  N(2)~C(91-C(10) 117.3(5) ;
N(1}-C{1)-C(8) 118.6(5)  N(2)-C(9)-c(14) 117,8(5)
» £(1)-C(2)-C(7) 124.5(6)  C(9)-C(10)-C(16) 122.2(8)
L 6(3)-6{2)-C(7) 118.4(6)  C(11)-C(10)~C(18)  122.5(8)
6(1)-C(63-¢(8) 1E.5(6)  6(8)-Cl14)-C(25) 121.7(8)
(5)-616)-018) 124.6(6)  C(13)-G(14)-c(18)  121.2(8)
<

I —— i e Lo




Figure 14.9:

ORTEP'* view of the Mn,(C0)g(aNBu®), molecule (V)
showing the numbering wevem used.
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ure 14,10: ORTEP*® view of the unit cell of zsmﬁavmazw%w::, looking down the b-axis
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TABLE 14.5: Bond lengths (%) for antco)a(cwsu“)gi’v"i)

Mn(1)-Mn(2) 2.924(1) i
Hn(1)-c(1) 1.947(4) ©(3)-N(3) 1.150(5) ‘ 4
Hn(1)~C(2) 1.941(4) cl2)-n(2) 1.158(5) T
Mn(1)-C(3) 1,779(5) ©(3)-0(3) 1.149(6) . .
Ma(2)-C(a) 1.833(8) e(4)-0(4) 1.143(8) ;
Mn{1)-C(5) 1.814(4) ¢(8)-0(5) 1.152(8)
#n(2)-C(6) 1.837(5) ©(6)-0(8) 1.140(8) R
Ma(2)-2(7) 1.788(8) €(7)-0(7) 1.144(7) i
Mn{2)-c(8) 1.837(5) ¢(8)-0(8) 1.150(7) r
Mn(2)-c{9) 1.845(5) £(9)-0(9) 1.132(5) o
Mn(2}-cl10) 1.843(5) ©{10}~C{10} 1.138(8) ¢ ‘
N(1)=C{11} 1.448(§) n{2}-C(15) 1.464(8)
¢{11)-c{12) 1.529(10) c{1s)-c(16) 1.547(11)
C(11}~c(13) 1.529(11) ©(15)-C(17) 1.479(11) i
G(11)-c{14) 1.534(10} c{16)-c(18) 1.513(10)
. C(12)-H{124} 0.90(10) ©(16)-H(164) 1.22(14) R
’ ©(12)-H(12B) 1.02(8) C(16)-H(168) 1.17(9) T
c(12)-H(12C) 0.98(9) C(16)-H(16C} 0.75(6) \‘\.
a{13)-H{13A) 0.84(7) C(L7)-H{17A} 0.97(7}
©(13)~H{13B} 1.13(10) C(17)~H{17B) 0.85(7) .
iy C(13)-H(13¢) 1.04(8) C{17)-H(17C) 0.98(8) i
G(14)-H{14A) 0.92{8) C(1B)-H(18A) 1.03(8) ©
Lt c{14)-4(148) 1.05(6) ©{18)-1(188) 0.91(8) *” L
. c{14)~-H{14C) 0.96(6} cl18)-H{18C) 1.01(8) i W

— ik s R . S \ -
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TABLE 14.6: Bond angles (¢} for an(co)a(cnsut>2lv) ] .
1N
Ma(2)-0(1)-N{2)  177.7(4) Mn{2)-C(6)~0{6) 177.6{4} ;
Mn(1}-c{2}-N{2) 177.5(4) Mn(2}-C(7)-0(7) 178.6(8) , B *
Mn{1}-c(3)-0(3} 177.6(4) Mn(2)-c(8)-0(8) 178.9(5) '
Mn(1)-C(4)-0(4)  178.0(4) Ma(2)-c(9)-0(8)  176.8(4)
MA(1)-C{8)-0(5)  177.8(4) ¥n(2)~C(10)-(10) 178.1(4}
. L)-N(1)-C{11)  178.1(4) C(2)-N(2)~C({15)  175.3(4)
T 6(12)-C(11)-C(13) 112.2(6} €(16)-C(15)-C(17) 112.9(7) T
A C(12)~C{11}-C(14) 111.5(8} ©{16)-C(15)-C(18) 110.0(6) I
R €(18)-0(21)-C{14) 110.2(6) €(17)~0{15)-C(18) 114.5(7) i
. C{12)-Cl11)~N(1) 107.6(4) C(16)-C(15)-N(2) 104.7(5) ) ’
¥ C(13)~C{11)-N{1} 107.7(5} C{17)-0(15)-N{2) 106.7(5) ‘“
Gow 6{14)~C(11)-N(1) 107.4(5) ©(18)-C(15)-N{2) 107.2(4) ’
L Cl1)-Hn(i)-#n(2) 90.7(1) C(6)-Mn(2)-Mn{1)  84.0(2) :
¥ c(1)-tn(1)-¢(2)  B6.1(2) C(6i-n(2)-C(7)  95.6(2) !
: C(1)-#n(1)-G(3)  93.0(2) G(6)-Mnl2)-C(8)  90.3(3) :
. G(1-n(1)-C{a)  B1.0{2) c{8)-Mnl2)-Cle)  B9.0(2) &
Cl1)-Un{1)-C(5)  175.3(2) ©(6)-M{2)-C{10) 168.8(2) !
o €{2)-¥n{1)-Mn(2) 89.2(1) C(7)-Mn(2)~Mn(1} 2177.1{2}
) o(2)-Mn(1)-0(3)  93.3(2) C(7)-tn(2)-0(8)  98.1(2)
] 0(2)-Ma(1)-C(4)  174.1(2) C{7)-in(2)-c(8)  94.9(2) o
. c(2)-Mn(1)-G(5)  ©1.4(2) ©(7,~Mn(2)-C(10)  95.6(2) I
K C{3)-Mn(1)-Mn(2) 175.6{2) C(81-Mn(21-Mn (1) 84.8(2) e
G(3)-tn(1)-C(4)  $1.9(2) 0(8)-Mn(2)-C(9)  167.0(2) P
. C(3)-Hn(1)-C(5)  91.0(2) C8)-Mn{2)-C(10)  88.4(2) ’
; Cl4)-Mn(1)-Mn(2)  85.7(1) (8, (2)-Mn(1)  82.2(1) ’
c{a)-Mn(1)-C(5)  91.1(2) C(8)-Mn{2)-C(10)  89.8(2) [ ‘
(5)-Mn{1)-bn(2}  85.4(1) Cl10)-Hn(2)-Mn(1) 84.8(1) ‘ '
N H(12)-C{12)~H{128) 10a(7} H(16A)-C{16)-H(168) 163(8) !
H{12a}-C{12)~H{12C) 133(8) H{16A)-C({16)-H(16C] 83(8} !
) H(128)-C(12)~H(12C) 110(6) H(168)-C(26)-H(16C) 93(7)
’ H(13A)~G(13)~H{13B] 146(7} H{174)-0(17)-H{178) 96(6) e N
o H(184)-C{13)~H{13C) 106(6) H{17A)=C{17)=H(17C) 123(8)
p H(13B)~C(13)~H(13C) 100(7) H(17B)=C(17)-H(17C) 111(6)
H(14A)-C{14)-H(14B) 110(6) H(18A)-C(18)-H(18B) 104(7)
1#{144)=C{14)~H{14C) 115(6) H{18A)-G(18)-H{18C) 109(s)
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TABLE 14.6: Bond angles (¢} for Mna(GO)S(CNEut)z(V) (Contd}

H(14B}-C{14}~H{14C) 116(5) H{18B)-C(18)-H(18C) 134(7)
H{124)-0{12)-C(11) 101(6) H(16A)-0(16)-C(158) 98(7)
H(128)-C(12)~C(11) 105(3) H(16B)-C(16)~C(15) 99(5}
H{12C}-C(12)-G(11) 102(8) H{16C)-C(16)-C(15) 105(8)
H{13A)-C(13)~C{11)  105(5) H{178)~C(17)~C(15) 1o0(4}
H{138)-C(13)~c{11} 97:(5) H(17Bj-C{17)-C{15} 113{4)
H{13C)-C(13)~C(11) 99(4) #(170)-C{17)-C{15) 112(s)
H(14A}-C(14)-C(11} 112(8) H{18A)-C{18)-C(18) 108(a}
H(148)-0(14)-0(11) 95{4) H{18B)~C(18)-C(15} 91(5)
H(14C)-Cl14)-C(11} 107{4) H{18C)-C(18)-C(15) 109(5)
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are given in Tables 14.7 and 14.8 respectively. The unit
cell, viewed down the b-axis, is shown in Fig. 14.12.

The complex Rez(co),/.(CNMe}3 might be expected on
steric grounds to adept conformation (IIIa) (Fig. 14.3},
but the structure found in the crystal is (IIIc) (Fig. 14.3}.
Again the structure is staggered, with two methy "isonitrile
ligands occupying cia-equatorial positions on Re{2), but »
the third HeNC ligand on Re(l) is disordered with respect
to the carbonyl trang 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,' ©
and is thought to be due to the relatively small size of the
MelNC ligand {*fan-chaped” angle“* for MeNC: 52° (wideness)
and 52° (thickness )}, of. cone-angle’"™ for €O ca 95%, an
estimate which may be too large}, and its electronic
similarity to €0.'*®® The distance G(11A)...C(11B) between
the methyl atom C(L1A} and the methyl atom C{2B) of &
neighbouring molecule (translated by (0 0 1}) is within
bonding distance (1.57(4)). However, the atoms C(11A) and
C{11B) consitute the disordered methyl isonitrile group,
with site occupancy factors of C.5.
14.2.5 Strusture of Re,(CO). (NG H.Me -2,6),(1v)

Compound (IV} orystallizes in the orthorhombic space
group Pocn with 2 = 4, an asymmetric unit being an ae(co)a-
(CNCGHSMeZ-z,6)2-fragment, the two halves of the molecule
being related by a cxystallographic 2-fold axis, generating the
equivalent position {x-},y-}, 2). The wolecular structure and
the numbering system used in the crystal s“ructure analysis, is
shown in Fig, 14.13. Bomd lengths and bond angles ave given in
Tables 14,9 and 14.10 respectively.

From steric considerations of the RCN ligand, the
REZ(CO)E(CNCGHSMGZ
to adoph the eclipsed conformation {IVe) (Fig. 14.4). Of
the possible staggered conformations, (IVa) and (IVb)
(Fig. 14.4), (IVb) would be less favourable on steric
grounds. The molectlar geometry found in the eprystal is
that of (IVa}, with cis-equatorial substitution of a pair

-2,6)4 molacule might have been expected




Figue 14,11:
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ORTEP"® view of the Re,{C0),(CNMe), molecule (II1),
showing the humbering system used. (Site occupancy
factor (s.0.f,) of 0.5 for N(1}, N(4}, and C(11A},
©{11B))

i i il
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Figure 14.12: ORTEP“® view of the unit cell of Re?(co)7(CNMe)3(1m,
looking down the h-axis
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Re(1)~Re(2)
Re(1)-C(1)
Re{1)-C{2)
Re{1}-C{3)
Re(2)-C(5)
re(2)-C(6)
Re(2)-C(7}
Re{2)-C(9)
Re{2}~C{10)
Re(1)-C(8)
Re(1)-C(4}
N(13-C{218)
N{4)-C(11B}

- 24 -

Bond Lengths (R) for Re,(CO). (CNKe) (112}

049(1}

908(16)
916(186)
937(18)
.870(16)
921(16)
236(17)
044{13)
.095(15)
121(17)
127(17)
420(30)
1.414(29}

P R R )

c(1)-0{1}
€2)-0(2)
€(3)-0(3)
€(5)-0(8]
£i6)-0(6)
€(7}-0{7)
C(9)}-N{2)
©(10)-~N{3)
c(8)-N(1)
cla)-nia)
N{2)-c{12)
§{3)-c{13)

F oo

1.160(17)
1.174(17)
1.128(19)
1.186(27)
1.175(17)
1.139(18)
1.340(15)
1.137{16)
1.066(19)
1.045(19)
1.45E(20)
1.431(20)

v

.0
g




Re(1)-C(L1)-0{1)
Re(1)-G{2)-0(2}
Re{2)-c{3)-0(3)
Re(1)-c{4})-N(4)
Re{1)-C(8)-N(1}
C(4)-N(4)-0(218)
C{8)-N(1)~C(11A}
6{1)-Re(1)-Re(2)
C(1}=Re(1)-C{2}
C{1)-Re{1)-C(3)
c{1)~Re(1} -C(4)
C(1)-Re(1)-£(8)
C{2)-Re{1)-Re{2}
c{2)-Re(1)-C{3)
Cler~Re(1)-C(4)
C{2)-Re{1}~C{8)
€{3)-Re(1)-Re(2)
C(3)-Re{l}-C(a)
C(3)-Re(1)~C(8)
{4)-Re(1)-Re(2)
Cla)etc{1)-C(8}
c{8)-Re{1)-R={2}

e
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175.4(15)
17¢.4{13}
179.7(10)
173.0(16)
178,1115)
172.2(22}
170.4(22)
179.2(5)
96.2({8)
96.5(6)
93.9(6)
94.2(6}
83.7(4)
167.2(6)
89.6(6)
88.2(6)
83.6(4)
90.5(7)
89.917)
85.2(4)
171.7{6)
85.6(4}

TABLE 14.8: Bond angles (°} for Rea(C0)7(CNMe)3([II7

Re(2)-C{5)-0(5)
Re(2)-6(6}-0(8)
2e(2)-c(7)-0(7)
(2)-Cl9)-N(2)
Re(2)-C{10)-N(3}
c(9)-N(2)-c(22)
€(10)-N(3)-C(13)
C{5)-Re(2)-Re(l)
c(5)-Re{2}-C{6}
C(8)-Re(2}-C(7)}
€(5)-Re(2)-C(9]
¢(5)-Re(2)-C{120)
C(6)-Re{2)~Re(1)
c(8)-Rre(2)-C(7)
€(6)-Re(2)~C(9)
C(8)-Re{2)-C(10)
C(7)-Rel2)-Re{l)
C(7}-Rel2)-C(9}
C{7)~Re{2)~C{1C)
G(9)-Re(2}-Re(1)
€(93-re(2)-C(10)
C{20)~Re{2)~Re{l)

172.0{16}
178.1(14)
178.0(15)
176.7(12)
179.0{24)
175.8(15)
1.7.1(14)
178.4(5)
93.6(7}
96.3(7)
92.8{6)
92.2(86)
86.4(4)
89.8(.7
173.4(8)
91.2(6)
85.3(4)
91.2(6)
171.4(6)
87.2(3)
86.7(5)
86.3(4)

NS

i\t
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of isonitriie ligands on each Re-atom.

The relative arrangements of the xylyl {xylyl = 2,6~
Me,CgH,) isonitrile ligands, adopted (vide supra), as well
as the relative orientation of the xylyl rings, probably
reflects both steric requirements and crystal packing
forces. The C6 rings are essentially planar. The xylyl
rings are ell close to being coplanar, the angles between
the mean plaues through rings & end B (A' and B'}, A and Bf
{A' and B), A and A’, and B and B' 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 molecule fit neatly into the gaps
between the xylyl rings of adjacent molecules.

14.2.6  Structure of Mr,(CO) (ONG H.Me, 2,6} ,(VI)

The complex Mn,(CO} (CNC H Me,-2,6) {VI) is iso-
morphous with the rhenium analogue, Rez(()())E(CNCaHSMEZ-Z,ﬁ"‘l
{IV) (Space group Pccn, Z = 4), which is not surprising in
view of the similarity of the two complexes.

The molecular structure znd the numbering system
used in the crystval structure analysis is shown in
Fig. 14.15. Bond lengths and bond angles are given in
Tabies 14.11 and 14,12 respectively.

Fig. 14.16 shows the packing of the molecules in the
unit cell, viewed down the b-exis. The xylyl rings are
are close to being coplanar, with angles batween the mean
planes through rings A and B (A' and B'), A and B* {Af and B},
A and A', and B and B', of 7.9, 7.4, 3.0 and 2.6°
respectively, Siight structural differences between (VI)
and (IV) are due to the shorter Mn-¥n and Mn-C bond
diatances relative to the Re-Re and Re-C bond lengths.

Since the structure of (V1) is the same as that of
(IV) in the crystal, this canhot provide an explanation of
the spectral (IR, UM NMR) differences batween the two
compounds in solution.

Structural Trends

One of the main aims in undertaking the erystal structure
determinations was to obtaln bond parameter data and to




Fipure 14.13:
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Figure 14.4:

ORTEP*® view of the unit cell of Re,{CO}_{CNC,
2 6

m:mzmM|M ,6)

a2’

looking down the b-axis




Re~C(1) 1.968(20) c(1)-0(1) 1.088(21)
Re~C(2) 1.980(20) c(2)-0(2) 1.093(21)
Re~C(3) 1.924(21) cl3)-0(3) 1.174(23) o s
. Re-C{4) 2.032(22} c{4)-N(1) 1.171(28) ’
N Re~C{5) 2.027(18) c(5)~N(2) 1.161(22) °
d:: N{1)-C(8) 1.407(24} N{2)-c{14) 1.413(22) ”"V
A c(g)-c(7) 1.391(26) C{14)-C(15) 1.438(289) .
+ c{7}-c(8) 1,448(32) C{15)-C(16) 1.,472(30)
‘ ©(8)-c(9) 1,413(38) c{16)-c(17} 1.395(34) “e .
X ¢(92)-6(10) 1.396(31) c{17)-c{18) 1.263(37)
v €{10)-0{11) 1.428(32} c{18)~C(19) 1.1472{35) -
¢{11)-c(8) 1.381(27} ¢{19)~c(14) 1.3986(18)
ot ¢(7)-c{12) 1.624(33) c{1s)-c(20) 1.573{32} "
;;,,, | c(11)-c(13) 1.545(28) a(ie)-c(a1) 1.485(34) )
S
-
K .
[
i
o :
[ PR o el
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TABLE 14.9: Bond lengths (A) for ReE(CO)B(CNCEHaneZ-Z,G)4(1\1)

Re(x,y,2)-Re(/-x,%~y,2): 3.081{2}
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TABLE 14.10: Bond angles (°) for Re,(00)g{CNCH Me,-2,6),(IV)
Re-C(1)-0(1) 172.8(19) C{1)~Re-C(2} 82.5(7}
Re-G(2)-0(2} 174.0(19) ¢{1)-Re-¢{3) 95.5(8)
Re-C{3)-0(3) 175.7(20) C{1)-Re~C(4) 93.8(8)
Ra-C(4)-N(1) 178.1.(18) ©(1)-Re~C(5) 92.6(7)
Re-C(5}-N(2) 174.2(18) G(2)-Re-0{3) 90.2{8)
c{4)-N(1)-C{6)  1%7.0(20) c{2)-Re-C(4) 89.3(8)
; ©(5)-N(2)-0(14)  176.6(22) ©(3)-Re-C{5) 87.2(8)
c(2)~Re-Re"® 86.6(8) C(4)-Re-C(5} 92.6(7)
. c(3)-Re-Re"? 83.5(8) C(2)-Re-(8) 174.5(7)
G{4)-Re~Re"® 87.3(8) ©{3)-Re~C(4) 170.7(8)
©{5)-Re-Re"? 88.4(8) 6(1}-ReRe”® 178.5(8)
C{21)-G(6)~C{7)  124.8(18) ©{19)-G(14)-C(15)  126.3{18)
©(6)-C{7)-C(8)  115.1(20) ©(14)-0(15)~C(16}  114.6(19)
" c{7)-C(8)-C{9) 120.7{22} ©(18)-0{16)-C(17}  116.3(23}
L G(8)-C{8}-C(20} 121.6(25) ©{16)~C{17)-C{18)  .27.6(28)
PR C(9)-C{10)~C(11) 117.6(23) c(17)-c(18)~c(18)  121.5(27)
"3 c{10}-C(11)-c(8) 119.8(18) ¢(18)-6(19)-c(14)  113.4(21)
" 1 . ©(12)-C(7}~C(6)  120.8(20} ©(20)-0{18)-6(14)  124.4(19)
c(12)-¢{7)-C{8)  123.9(20) €(20)~0(15)-0(16)  120.8(20)
©{13)-C{11)-G{8} 120.6(19) ©(21)-0(19)-c(14)  121.8(21)
SR ©(13)-(11)-C{10} 119.5(19) o(22)-0(29)-c(18)  124.5(23)
E N(1)-C{6)-0(7)  117.7(18) N(2)-G(14)-C(18)  118.5(19}
& ‘e §(1)-C(6)-0(11)  117.5(17) N(2)-C(14)-C{19)  115.1(19)
Lol 2 Re” is related to Re by a 2-fold axis, generating the equivalent
e position (i-x, i-y, z).
L
o
3
- - s Sl PP
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Figure 14,15t ORTEP*® view of the M"a(CO)s(CNCBHaMSZ'Z‘6)4
molecule {VI}, showing the numbering system used

i {¥n' related to Mn by a 2~fold oxis genetating the

1 equivalent position {x-1, y-}, z), and similarly for
i dther atoms).

S— 2 Py . PR A
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Figure 14.16; ORTEP*- view of the unit cell of Mn,{CO) (CNGeH Me~2,6) (VI}, looking down the baxis

225
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TABLE 14.11: Bond lengths (2) for Mne(CO)B(GNCBHE)Ma2

Mnlx,y,2}-Mnllex, %y, 2) :
.80{2)
72(2)
.81{2)

Mr-C{1)
Mn-C(2)
Mri-C{3)
Mn~C(4)
Mn-0(5)
N{1)-C(6)
©{6)-C(7)
€(7)-C(8)
cl8)-0(9)
€(9)-C{20)
¢(10)-c{11}
c{11)-c(s)
c{7}-C{12)
c(11)-c(13)

I

1

1.
i
1.
1.
1.
1.

o e e e e

g0{2)
90(2)
42(2)

.35(2)
.43(3)

38(3)
37(3)
43(3)
3K
54(3)
53(3)

CE gy

2.946(6)
C(1}~01)
c(2)-o(2)
€(3)-0(3)
&(4)-N{1)
e(s)-ni2)
N(2}~C{14)
©{14)-C(15)
©(18)-C(16)
€(16)~C{17)
€(17)-c{18}
€(18)-C(19)
C(19}-C(14}
C(18)-c(21)
©{19)-C(20)

-2,6) (V1)

1.18(2)
1.20(2)
1.16(2)
1.15(2)
1.17(2}
1.41(2)
1.41(2)
1.40(3)
1.40(3)
1.38(3)
1.44(3)
1.42(2)
1.48(3)
1.51(3)
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TABLE 14,12: Bond angles (°) for MnF{CO)E(CNCGH3M52—2.5)4(VZ) '— V‘» .
Mn=C{1}-0{1) 177(2} a{1)-Mn-C(2) 92.4(10) E
MG (2)-0(2) 179(2) C(2)-Mm0(3) 91.2(8) [
#n-¢{(3)~0(3) 173(2} ©{1)-Mn-C(5) 88.5(8) .
Mn=G(4)-N{1} 178(2) ¢(2)-in-G(3) 92.7(8) N e
Mn~C{8)-N(2) 177(2) ¢(2)-Mn-c(4) 92.5(9) |
PR c(a)-N(1)-c(8)  172(2) €(2)-Mn-C(5) 96.0(8) <‘ vt
° o(5)-N(2)-C{14)  179(2) ©(3}-Mn-C(4) 88.3(8) :
6(1)-Hn-dn"® 851} €(4)-Mn~C(5) 91.2(7) VL%
G(3)-tin-ttn % 81¢1) ©(1)-Mn-C(4) 175.1(9) B
©{4)-Ha-dn s0(1) C(3)-Mn-C(5) 171.4(8) |
c{5)-tn-dn "> 50(1) ¢(2)~Hn-itn® 173(1) !
¢(11)-6(8)-C{7) 123{2) ©(19)-C(14)-C(15) 125(2) { .
c({s)-c(7)-c{8) 118(2) c(14)-c(18)-c(16) 115(2) ‘ N i
¢{7)-0(8)~C{9} 129(2) ©{15)-C{16}-C{17) 122(2) \ ;
c(8)-c(9)-c(20)  1223(2) ©(16)-C(17)-0(18) 123(2) { K
G(9)-C(10)-C{11} 118(2} Q(17)-u{18)-C{18}) 118(2) :
: 6(10)-6(11)-C(6) 119(2) ©(18)-C(19)-C(14) 118(2)
T . - ¢{iz)-p{7)-cl6) iz21({2) C(21)-C(15)~C(14) 121(2) .
! c(12)-C(7)-C(8)  121(2) ©(21)-C(15)-C(18)  124(2) ’
©(13)-c(11)-C(6) 122(2) c(20)-c{19)-C(14) 122(2) e
- ©(13)-c(11)-C(10} 119(2) ©¢{20)-C(19)~C(18) 120(2)
W N(1)-C(8)-C(7)  1l9(2) N(2)-C{14)~C{18)  120(2)
’ s N(1)-C(6)-C(11)  118(2) N(2)-C(14)-C{29)  128(2) |
8 Wn” fs related to #n by a 2-fold axis, generaring the equivalent I
position (f-x. 4=y, 2). !
I
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see if any trends could be observed, relatung to the
structural 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 s-pcteptors than carbonyls,*?
increasing isouitrile substitution would be expected to
result in a2 weakening and hence a lengthening of the
metal-metal bond.'"*® As can be seen from the Re-Re bond
length data given for a series of Rea(co)w_n(CNR)n {n = 0-4)
complexes (Table 14.13a), there is a slight lengthening oY
the Re-Re bond with increasing n, but this only becomes
gsignificant at the n = 4 level. This effect iy more
apparant for the Mr\z(CO)m_n(CNR)n (n = 0,2,4) series
(Table 14.13b), possibly dus 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 effact (in the ground state) of weakening the
metalemetal bond as might have been anticipated. eed

A lengthening of the metal-metal bond on incressing
isonitrile substitution could also be expected on purely
steric grounds in ordet to reduce repulsions between bulky
isonitrile wroups, For instance, as no sighificant bond
lengthening is observed for the series Rez(co),.vn(cNR)“

{n = 0-3), and the Re-Re~Ceq angles are acute i_e. no
bending out of CNR (or CO) ligands (see gection 14,3.4),
there seems to be little steric effect observed, except
possibly for Re,(C0)(GNCgH Me,~2,6), ("fan-shaped” angle'
for GNCgH Me,-2,6 1067 (widencas) and 53¢ (thickness)),
whers a lengthening of the Re-Re bond is observed.

14.3.2 The M~CC bond langthg

Studtes of M,(C0) 0 (M = fetin) "™ have shown that
the M~C0ax bonds are shorter than the M-COeq bonds (see
Table 14,14}, implying stronger bending of axial carbonyls.
However, when coneidering the substituted isonltrile

(3h.
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TABLE 14.13: Metal-metal bond length data for the complexes :
MZ(CO)lown(CNR)n {M = Re,Mn; n = 0~4) L
i
(a) Re {€0),, (Lit' (n=0-4) !
Complex fle~Re_Bong length(f) ;
a [
Re,(C0) 3.041(1) |
R, (C0)  (eBu") 3.008(1) boee
20’ i
Re,1C0) g (ONCH Me,-2,6) 3.047(1) ;
Re, (C0). (ctte) 5 3.049(1) P
Re,,(C0) ((CNCgHfte,~2,6) , 3.081(2) : “
i
(8} MWn,{C0) o (CNR)  (n = 0,2,4) v
Complex MnoMn b id length(R) b
) a
(€0, o 2.904(1)
y 3
0., (CO)gloNBu "), 2.524(1) ‘
Hn,, (€O (ONCGi e -2, 6) 4 2.946(6)
°
a 3
Ref. 158 o

-~ - (A1 I, - A . "™
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derivatives, the possible effect of the lsonitrile ligand

on the trans carbonyl could alaso be important.'’®

Since
the isonitrile ligand is a poorer r-acceptor than carbonyl,*?
it would be expected that the M-CO bond trans to an RNC
ligand would be shorter than that trans to another €0.‘°2
Although this effect is indeed observed for
Re,(CO1g(ONBU®), with Re-G(1) trans to ONBU® (1.816(18)R)
signilicantly shorter than the av. value of the other
Re-COeq bonds f{av, LSBS(EC)X). this trend does not continue
for the Rcz((x?)w_n(CNR)n {n = 2-4) derivatives (see Table
14.14{a)). However, for the Rez(CO)lu_n(CNR)n (n = 1-3)
complexes, the av. Re-COax bond is significantly shorter
than the av. Re-COeq (trans to CO or G} bonds, ss expentad
(vide supra). However, gor Re,(00),(CNCGH e -2,6), the
Re--COax burd {1.968{20)A) is longer than the av. Re-Cleq
{ail trans to CN) bonds (av. 1.952(20)%), indicative of
a strong trans effect of the isonitrile ligands.'®? The

Re~CN bond lengths are relatively corstant for the series
Ren(60) o (ONR) | (n = 1-4) (ses Table 14,14(a)).

For the Mn,(CO)yo  (CNR) (n = 2,4] complexes,
the Mn-COax bond lengths are significantly shorter than
the Mn-COeq (trans to GO or CN) bonea {Table 14.14(b)).
This effect is more pronounced than in the parent in,(C0), !%°
In the case of antgo)g(cwuu”)z_ the Mr-CO (trans to CN)
bonds (av. 1.814(5)A) are shorter than the Mn-CO (trans
to €O} bonds (av. 1.5&1(5)%), as gxpected (vide supra).
14.3.3 Molecular conformation

In all the structures discussed (I-VI), the
molecule adopts a staggered conformation, like the parent
cackonyls, MZ(CO)J.O (M = Re, Mn),'%¢ with C-M-fi-C
“orslonal angles close to the ideal 45°. (Torsional
angles of structures {I})-{VI) are listed in Appendix C).
4 stogpered nonformetion ip expected to minimize
repulsions between equatorial ligands.'?!?

The axC-M-M-Cex fragement iz essentis
linear, as evidenced by M-M-COax bon? sugles of ca, 177°
(see Table 14.15).

s
e &
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TABLE 14.1d: Average M-C bond length data for the complexes
W(C0), o (CNR] . (H = Re,Maj n = 0-4)
(a) Bep(C3),, (QWR) (n = 0-4)
A Complex av. Re-G bond length(f)
o - Complex
C Re=CQax Re-{0e Re=CN
. RemRRX 2ereoeq R
trans to CO  trans to CN
. a
fe,y(C0), 1.928(7)  1.987(6) - -
° R-ﬁp(co)g(CNHub) 1.902(19) 1.983(20)  1.916(18) 2.088(15)
‘L Re,{00)(CNCH He,2,6),, 1.924(8)  1.976(6) 1.975(7)  2.050(6)
o Re,,(C03,,(CNHe) ? 1.889(16) 1.927(16)  1.929(17) 2.070{14)
2.124{17)°
- Re,{C0) (ONCgH e ,~2,6) 1,968(20) - 1.952(20) 2.029(20)
Ry " "
o (5) Mn,(00)y, (GNR) (n = €,2,4)
: Complex av, Hn-C bond sength(R)
P ¥n-COax Mn-COeq Mn-CN
trang to CO Lrans to CN
a N
i, (c0), 1.811(3)  1.856(2) - -
M,y (€0 ) g(ONBU®) 1.784(8)  1.841(5) 1.814(5) 1.944(4)
Mn,(CO) o (CNC H e,~2,6) , 1.72(2) - 1.81(2)  1.90(2)
8 Ret. 158
b

Disordered structury

© av. for disordered MeNC ligand
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14.3.4  C~M-C and M-M-Ceg bond angles

In structures (I)-(VI}, all the C-M-C angles are
clase 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-leq angles (ca. 86°)
(see Table 14.15). Similar trends were observed for
4,160 (= Re,ual.' """

This is thought to be a genuine electronic effect,
and has been rationalized by Elian and Hoffmani on the
basis of MO Theory. From a consideration of energy level
diagrams, theoretical predictions indicate that the
energetically most favrurable geom:-*ry corresponds to an
eqC~M-Cax angle of slightly greater than 90°, at which
point n-interaction is maximized, and anti-bonding interaction
minimized.

The consistency of the axCM-Ceg (93-°), eqC-M. g
{ca. 90°) and M~M-Cog (85-88°) bond angles for the series
MZ(CO)lO_n{CNR)n (M =Re, n=0-4; M =Mn, n=0,24) (see
Tables 14.15-16), indicate that this effect is genuine,
Algo samificant is the observation that the M-M~CN angles
are less than 90° Jor these structures (Table 14.18). Since
isonitriles such as CNCGH3M52-2.6 ("fan-shaped” angles!®
106° {wideness} and 53° (thickness)) have greater steric
bulk than CO (cone angle ca, u 73 '®
seems too large) this would indicate thot any steric

this estimate, howsver,

factors are less importeht than electronic factors in
determining the direction of the bending of the equatorial
ligands., Again no structural effect of increasing isonitrile
substitution i3 apparent.

14,2.5 M:C-0, M-C-N and C-N~C bond enplea

In sll the structures (I-VI), both the carbonyl
and the isonitrile ligands co-ordinate in an essentially
linear faghion, with M-C-0 and M~C-N bond angles all in the
range 170 179° (see Table 14.17). Near-linearity of
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TABLE 14.15: Average M-M-C bond angle data (°) fur the complexes
Ma{Co) (ONR) | ((a) ¥ = Re, n = 0-4; (b} M = Hn,

10-n
n = 0,2,4)

Complex M~M-COax M-M-COey M-M-CN
(a)

a
Re,(C0), 176.3(2) 86.4(2) -
Re, (€0} (ChBu®) 177.0(6) 86.8(5)  87.5(4)
Ro,(00)o(CNCGH e ~2,6),  177.9(2) 86.2(1) 88.2(1)
Re,4(c0), (Chtte) . 178.8(5) 84.814)  86.3(4)
Re,(CO) (NGl Me,-2,8),  178.5(8) 85.1(8) 87.9(8)
()
) a
tiny(COY, o 177.03(9) 86.38(7) -
an(CO)B(CNBut)E 176.4(2) 84.5(1) 90.0(1)
M0, (00} (CNCH e ,=2,6),  173(2) 83(1) 90(1)
8 Ref. 158

Digordered structure

. ks LT Btk
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TABLE 14.16: Average cis C-M-C bond angle data (°) for the complexes

4,(00), (CNR) ((a) M = Re, n = O-d; (b o = Mn , ]
n = 0,2,4) }
|
Qomplex AXCO-M-COeq axCO-M-CN  £900-M-CQeq £qCO-M~CN CN-M~CN ;
{a) { '
a :
’ Rey(C0), 93.7(3) - 89.8(2) - - 1
" ReZ(CO)Q(CNBut) 93.3(8)  92.1(6) 89.8(8) 89.9(7} - |
- i
2 _ |
S Be, (C0)g(ONC e
Hyle,-2,6) 94.1(2)  9l.1(2) 90.9(2) 88.8(2) - }
Re2(00)7(CNME);95‘7(7) 93.3(8) 89.8(6) 90.1(8}  86.7(5) |
L Re,(CO) g (CNC,- f o
: HyMe,-2,6), 94.0(8)  £3.2(8) 90.2(8} 88.3(8)  92.5(7) {
{
} a
. () N
Y i
N S a i
> 4iny (C0), o 93.65(11) - 89.79({10) - - i
an(co)s(cnsu‘)zsms(z) 93.2(2) 69.7(2) 91.2(2)  86.1(2) i
Hn,{00) 5 (CNCg- :
Hle,-2,6] 92.6(8)  94.3(9) 91.2(8) 88.5(8)  91.2(7) .
N
-
i
- - v
2 Ref. 158 ‘ el
b Digordered structure -
a
cod i
A LA
1 3
s
It N
NI :
fo

Iy & FiZni 3 - A Jﬁ& " “
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M~C-R bonds far M(CR)n {R = 0,N, n>1} groups has been
predicted on electronic grounds. *°

The observation that deviations from linearity are
not greater for the M-C-N bonde than for the M-C-0 bonds
(ses Table 14.17), nor indeed do more highly substituted L7
compleszs show any greater distortions, is indicative of

the apparent lack of any noticeable effect of the steric
bulk*" of the isonitrile ligands on the mniecular 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 terni H
isonitrile ligands (isonitriles with C-N-{ angles >.
are considered to be essentially linear "), Individual
isontrile ligands which show slight deviations from N
linearity (eg. (II): CN{2}-N(2}-C(9): 166,1(5)°; (III): 3
C{8)-Ni1)1~C{114): 170.4{22)¢) probably reflect the influence )
of crystal packing forces. A greater bending of the oy

isonitrile ligends 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
Re,(C0)4(ONCgHMe,~2,6),(11) (see section 14.2.2) and

R, (€0) (CNC H Me,~2,6) (IV) (see seetion 14.2.5) (and the
Anomorphous ténz(co)s(cwcaﬁamz-z.s)a(vl). 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 pacaing forces.
(See packing diagram of (II), {(IV) and {VI), Figs. 14.8,
14.14 and 14.16 respectively.) For the tri-substituted l o

[

|

\

b

Reé(C0)7(CNMe)3. the conformation adopted in the crystal,
(11Ic) (Fig. 14.3),is probably favoured over the other
possible conformations (IIXa) and {IIIb) {Fig. 14.3) due to
packing considerations. In sclution sll isomers probably

C co-exigt.
Packing forces could also be responsible for small
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TABLE 14.17 Average bond data (°) for the M-C-~0, M-C-N and C-N-C
bond angles of the complexes Mz(co)w_n(CNH)n ({a) M=
Re, n = 0-4; {b) M = Mn, n = 0,2,4)

Complex

(a} a
Re,(00),
0
Re, (00} g{ONBL "
Re,(CO)g(ONCGH Me -2,6),
v
R, (€0) ,(ONMie) ¢

Rez(u 3 -22—2,5)4

{b)
a
Hn, (C0),

t
Mn,(C0)g(CNBu "),

an(CO)s(CN06H3M52—2,6)4

MaC-Oax  M-C-Oeq  M-CuN
177.5(7) 176.0(5) -
177.0(17) 175.9(17) 175.5(13)
177.0(5) 178.3(5} 177.4(5}
173.7(16) 178.8(13) 177.9(23)
174.1(14)°

172,8(19, 174.9{20) 176.3(18)

179.21(27) 177.89{23) -
178.1(8) 177.8(4) 177.6(4)

179(2) 175{2} 176(2}

g-N-C
175,718}
171.0(58}
176.5{15)
171.3(22)°

176.8(21)

176.7(4)

176{2)

® Ret, 158

Disordered structure

Bv. for disordered MeNC ligand

A W . el et
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deviations in geometry, For example, ncn-bonded 0...0
interactions could result in M~C-0 bonds deviating from
linearity by 5-10°. Hence deviations from ideal geometry
might eccur in order to achieve close~packing.?"?

Relating structure to chemical reactivity

Investigations of the reacticn (14.1) of Re2(00)10 with
RNC to give products Re,(C0) .  (CHR} (n = 1-4) (see ch. XI).

Rae(CO)lo + nRYC -~ REZ(CO) r‘(CNR)n + nco (14.1)

e
showed that
{i} reaction progeeds more slowly as n increases, and
(1i) direct substitution with n>d could not be achieved
{except perhaps for R = 2,S—MeECGH3).
This can be explained in terms of
(1) increasing electran density on the metal atom, and
{i1) a fifth BNG ligand would have to occupy an electronically
less favourable equatorial trans to RNE, '°2 or axim]l'®?
site.

13C0 iabelling s%udies havs shown that Ffor the thermal
180°, 4h) and P4/C {10%) catalysed (Z59C, 10 min) reaction
(14,2}, 277 snu the Pd0-catalysed (85°C, 5 min) reaction
{14.3) (see ch, XI),

% ©
Bny(CO) o + "BUNC ~— Hn,(CO),(CNBU™) + CO (14.2)
H %, ©
Re,(00); o + “BUNG ~——+ Re,(CO)g(CNBU®) + €O {14.3)

no metal-metal bond cleavege olcurs. However total

Lo {oNBa®l, (0 = 2,3)
products also formed in the thermal reaction {14.2).277
Hence an alternate mechanism for the synthesis of the higher
derivativea‘Mz(CO)m_n(CNR)n (n>1),involving metalwmetal
bond cleavage cannot be ruled out on the basis of available
data,

An interesting result is bhat of the different substitu-
tion geometries observed for the lv12(£:0)e(cl\u-‘()2 structures,
viz, 1,2—cis-dieq~ﬂez(ﬂ(: B(CNCSHGMQZ-Q'G'Z and 1,l~cia~dieg-
Wn,(G0)g(oNeu®),. This latter isonmer might be expectad to
be the electronically favoured product in & direct

serarbling was observed for the ““a‘c‘”

subgtitution reaction not invelving metal-metal bond
cleavage, in accordance with the so-callea cis-labilization
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effect.!? However, kinetic studies??® on the PdO-cavalyded
reaction (14.4) at 25°C in benzena,

¥, t
Mng((lﬂ)l0 + 2Bu NC —— MnZ(CO)a(CNBu )2 + 200 (14.4)

have shown the 1,2-isomer (Isomer(B), Fig. 11.8) is formed
first. The 1,2-isomer (B} can be isomerized to the 1,1-
isomer (A) (Fig. 11.5) on heating. ({Ratio of B:A, 3:1
{benzene); 1:1 {hexane}}. These results show that gis-
labilization is not necessarily implicated in the reaction
of an(co)w with RNC ligands, Further, isomer (A) reacts
faster than isomer (B} with RNC to give 1,l-cis-dieq, 2-eq~
My (€O}, (CNBu®) 5, which is the opposite to the expected
result in terms of the cig-lebilization effect. The reaction
of both the isomers (A) and {B} to give the tri-subsiituted
product is Faster than the isomerization of (B) to (A}.

In the case of the analogous reaction (14.5) with Rez—-
(60,4012

Rey(00) o + 2Bu'NC —— Re,(Colglonmu®), + 200  (14.5)

only isomer (B} is formed, and isomerization to isomer (&)
camnot 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 Ree(CO)B(CNEut)Z.
This is supported by the inability to convert isomer (A) to
(B),*** tgomer (A}, (CO)gRe~Re(CO)
indirectly from the rezaction of NeRe((‘J)S with Re(co)a-
(ongu®s,1. 224

From the above kinetic results it is apparent that the
differences in the Ma(CO)BtCNR)E (M = He, Mn) structures
determined reflect the kinetics of the reaction of
MZ(CD)m with RNC ligands.
Experimental

(cwsu‘)z, being prep

14.5.1 Data collection

The syuthesis of the complexes Re,(C0)g(ONEW®) (L),

Rez(CO)EFCNCGHBMez—Z.G)E(II). Ree(CD),7(CNMe)3(III) and

Re,(C0)(CNCH Mo ~2,6) ,(IV) in desoribed in ch. XI, and of
t
¥ny (GO}, (CNBU") (V) and Mn,(CO)(CNCH Me,~2,6),(VI) in

Ref, 220, Crystals of the complexes were grown under
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nitrogen at 20°C fr.m solutions of gichloromethene-hexane i}
(X,IX,IV} or benzene-hexane (III}, or from deoxygenated ’
pentane solutions at -8°G (V,¥I). : ]

In eack case, preliminary investigation was done - ‘,

using standard Weissenberg and precession photography. «
T Refined cell constants were obtained during data collection » .
o on a Philips PWL100 four-circle diffractometer at 20°C, &
using either MoKe (I,II,TII,V and VI) or CuKa (IV) graphite- <l
woae ] monochromated radiation (ses Appendix 5{d} for details).

an Lorentz and polarization corrections were appliud in all
o cases. For the rhenium structures (I-IV), the data was ’
- corrected for absorption using the computer progrem DIFASS,

Y an empirical method for correcting diffractometer data for |
212 ‘)

L absorption effects, written by N. Walker end D. Stuart,
T and adapted by G. Kruger.®’V
Grystal data and details of the data collections and B

structural analyses are summarized in Tables 14.18 (r-IV)
o . and 14.19 (V and Y7}, Definitions of the crystallographic
A-indices used are glven in Appendix B(f).

v 14.5,2 Structure solution ang refinement

The structures were solved andrefined using the
: program SHELXS2. *°%
Patterson synthesis, and the positions of the other non-

The metal atom(s) were placed by a

i - hydrogen atoms, end hydrogen atoms, if located (V only), were

Ffound by difference Fourier syntheses. Refinement of

positional paramoters of all atoms, and anisotropic temperature
factors for the non-carbon (II~IV,VI) or non-hydrogen (V)
atomy, was done by full-matrix least-squares methods, and was
consideras complete when all parameter shifts were les than

0.5¢, Senttering factors For Re(0) and Mn(0) were taken
s

from "International Tablea for X-ray Crystallography",
te

"
and wnomalous dispersion cerrections were made for the

rhenium oril manganese atoms. Final fractional atomic i

co~ordinates, together with isotroplc temperature factors for '
the carbon (I-IV,VI} or hydrogen (V] atoms for structures | X

{I})-{VI) are given in Tables 14.20 to 14.25 respectively, end !

o anisetropic temperature factors for the non~carbon (I-IV,VI) 1'
¢ 1

i
. i .

or non-hydrogen (V) atoms in Tabies 14.26 to 14.31

e L Vi, CARO T . ™
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e

IABLE 14.18: Crystal data and deteils of structure analyses for the Re,(C0) ,  (ONR) (1
(1-1v)
c
{1} (Ir} {rri}

Complex Re, (CO) (CNBU™) mmm.n&mﬁgnmmmgmmk\ﬁm. e, {C0)., (Cuitfe)

Formula Re, Gy JHNOg Re Gyt 00 Re, C gl 0,

Mr 707.62 850.75 69:.63

Colour, shape white,needles cream,needles yellow,cyli
drical

Crystal dimensions (mm)

0.19x0,18x0.13

0.20x0.12x2.10

0.20x0.19x0.14

= 1-4j complexes

(Iv)

mmN { noum [ nznmmmsmmlm_ mvh

Re30 423600
1085.15
yellow, rectangular

0.60x0, 40x0. 40

Space Group Pbca (No. 61) Pl (Ho. 2) P2, /1 (No. 14%) Peen (No. 56)
a(a) 17.160(7) 15.145(7) 10.874(5) 13.832(6)
Emm 18.300(7) 9.294(2) 16.175{7) 11.322(5)
o) 12.370(S) 10.328(5) 17.711(5) 26.401(11)
al®) 0 92.70(3) 90 90
8(°) £ 74.47(2) 90.07(3} E
¥y EY 98.85(3) 90 0
utf) 3884.53 1383.94 1883.92 4134.55
z 8 2 4 a
£(000) 2575.22 807.80 125561 2055.81
Dotgen™) 2.42 2.04 2.44 1.71
plen) 119,73 84.10 123,37 104.39
(& 0.7107(MoKa) 2,7107{NoKa ) 0.7207{HoKa } 1.5418(Cuke)
Scan Mode afzs wjzg wf2g «/f28
.
Ty DU A R A =

Py
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TABLE i4.18: Crystal data and details of

¢ (T-1V)

Range (°)

Scan width (°)

Scan speed (°sec™")
Range of hke
Measured intensitses
Unique reflections
Internal consistency R-index
Omitted reflections
Cut-off criterion

R

Rw

k {(weight w=k/(c*F))

{1}

3%%26
0.90
0.030
+h, ik,
2520
2168
0.0000
272
F<oF
0.0505
0.0391
0.2600

structure analyses for the NmNﬁﬂDvHOiﬁAszvn {n = 1-4) complexes

[€53] (111} av)
3%e<23 356526 3%e%65
1.40 1.30 1.60
0.047 0.043 0.052
h,ak, 48 AN, sk, 48 +h, 4%, 48
3815 3828 3470
3748 3831 3052
0.0117 0.0200 00000
347 236 160
FeoF FeoF F<oF
0.0386 ©.0596 0.1000
0.0334 ©.0467 0.1112 R
0.3329 0.4835 3.1285

% ge1l ahoice 2 ("International Tables for Crystallography Vol. A. Space Group Symmetry™,

T. Haka (Ed.),

D. Reidel Bublishing Co., Dordrecht, Holland {1883), p 177).

s B

X,

s g
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TABLE 14,39: Crystal data and detalls of structure analyses for |
the Mny(C0)y o  (CNR) (0 = 2,4) complexes (V,VI) ) 4
) (vy) & ,\ \
: GComplex Mna(COJS(CNBut)Z M"Z(CD)E(CNCsﬂgmez-Z,S,)A - T
Formula Mn 4Gy oy gNp0g MnoC oMM O X )
e 500.21 802.63
Colour, shape yellow, reci- orange, rectangular ,5
angular
o Crystal dimensions {mm) 0.17x0.16x0.13 0.16x0.16x0.14 g
e Space Group P2,/n (No. 14%)  peon (No. 56) ! i
ad) 20.535(8) 13.895(6) y
u(®) 12.201(5) 11.131(4) o
(R 9.289(4) 26.125(30) :
al®) 20 Q0 |
8{°) 90.38(3) 90 s -
. ¥°) 2 0 i N
S u(®) 344.45 4040.63 i
L 2 4 a ~
o - - F{000) 1519.94 1555,97 vl
4 = De(gcm"s 1.42 1.32
b glen™) 10,72 6.25 e
- MR 0,707 (MoKa) 0.7107(Moka) N
o= Scan rode /28 /28 .
o, Range (°) 3%p<26 3%¢%26 o
Foon Scan width (®) 0.60 0.40 IS
' Scan speed (sec™) 0.020 0.018 v
Range of h,k,¢ shy ek, 48 +hy 8 .
s Measured intensities 4178 3184
. Unique refiections ar9g 2690
i N Internal consistency R-index  0.0000 0.0223
Omitted reflections - 111
Qut-off eriterion - F<2¢F
. R=Rw® 0.0563 0.1820
8 Unit weights used
% Gell choice 2 ("International Tables for Grystallography Vol. A.
Space Group Symmetry", ©. Hahn (Ed.), D. Reidel Publishing Co., |
Dordrecht, Wollaud (1983), s 177). |

- - Ll < . -t
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respectively. Appendix D contains a listing of the
Structure Factors.

14.5.3 Refinement problems with Mn,(CO) (CNC H.Me ~2,6) (VI)

Problem was experienced with the refinement of (VI).
Initially & data set was collected under CuKe radiation
(A = 1.5418%). The structure was solved using this datd
set ( 2827 unique reflections), but refinement of the
struerire below an H-value of 0.19 could not be achieved.
Data was re-collected, uin- woi. radiation (3 = 0.71072).
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<2dF.
The final R-value of the refined structure was 0.1320. At

this stage, all parameter shifts were less than 0.50, and
there was no residual electron density. Inability to refine
the structure further could be due to (i) 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).

. -~y _ R .-




TABLE 14,20:

Atom

Re{1)
Ref2)
oty)
o(2)
a(3)
0{4)
ois)
o{s)
o(7)
o(8}
0{9)

c{1)
c(z}
c(3)
a4}
c(s)
o(s)
c(7)
HEH
c(9)
cl{i0)
c11)
c{12)
c13)
c(14)
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Final atomic co-ordinates, and isotropic temperature
factors of the C-atoms, for Re,(C0),(eNBu*)(1)

x/a

0.3693(0})
0.2234(0)
G.2849(8)
0.5176{7)
0.2896(8)
0.4277(9)
©.2237(8)
0.1240(7}
0.0842(8)
0.2476(5}
0.3443(7)
©,4350(7}
0.3191(9)
0.4633(10)
0.3197(10)
0.4082(20)
0.2223(11)
0.1589{12)
0.1368(11)
0,2375{10)
0.2992(11)
0.,4146(8)
©.4627(11}
0.5457(24)
0.4272(21)
0.4231(27)

o~

¥/e

-0.1472(0)
0.0982(0)
~0.2931(7)
~0.2018(7)
-0.091187)
-0.1994(9)
~0.2496(8)
-0.1643(8)
~0.0405(8}
0.0439(7}
~0,0385(7}
0.0138(7}
~0.2397(10)
~0,1787(9)
~0.1080{10)
-0.1806(10}
~0.1928(11})
-0.1428{11}
~0.0636(11)
~0.0081{10)
~0.0576(10)
~0.0443(8)
0.0886(10)
0.0877(23)
0.1419{18)
0,1084(26)

2/

-Q.2298(3)

~0.1789(1)

+0.3315(11)
~0.4099(16)
~0.5146(,20)
~0.0738(12)
-0.0697(11)
~0.3690{11)
-0.0524(11)
-0.3102{12)
-0.0154(9)

~0.2579(11)
-0.3195(14)
-0.3690(15)
-0.4428(17)
-0.1575(17)
-0.1073{16)
-0.2962(17)
~0.1000(16)
~0.2573(15)
~0,0760(16)
-0.2706(12)
-0,2327(16)
~0.1941(31)
-0,3087(26)
.0,1132(39)

N

U

{

o
A)

© 000000000

0.
0.250(20)
0.,194(14}
0.278(23)

053(5)
052(5)
057(5)
060(5)
067(5}
o79(6)
071(6)
a51(5)
065(6)
036(4)
068(5}
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TABLE 14.21: Final atomic co-ordinates, and isotropic temperature
factors of the C-atoms, for Re,(00)g(CNCgHMe,~2,6),(I1}
Atom sia_ 2/h /e ugdt)
Re(1)  0.3591(0} ~0.2522(0)  ~0.0150(0)
Re{2) 0.1661(0) ~0.1993(0} ~0.0172(0)
N(1) 0,3659(5) -0.4271(9)  ~0,2013(8)
N(2} 0.0923(5) -0.2582(9) 0.2985(8)
" a1} 0.4388(5) 0.0250(9)  ~0.1890(9)
) o(2) 0.5479(4) ~0.3179(9) 0.0029(8)
o(a) 0.2545(5) -0,5381(8) 0.1347(7)
i ofa} 0.3248(5} -0.0727(9) 0.2497(8)
o(s) 0.1273(5} -0.5267(8) ~0.0846(9)
0(8) 0.2334(5) 0.1202(8} 0.0551(8)
- a(7) 0.2449(5} -0.1280(8)  ~0.3192({7}
) o{8)  -0.0316{4) ~0.156€(8)  ~0.0144(8)
) é oN(1) 0.3619(6) -0.3657(10)  -~0.1802(10) 0.048(2)
o on(z) 9.1201{8) =0.2407(10] 0.1838(10) 0.051(2}
col1) 0.4097(7) -0,0743(12)  ~0.1234(10) 0.060{3})
co(2) 0.4785\7" -0.2928(11)  ~0.0091(10) 0.060(3)
R €o{3)  0.2017{u) -0.4323(12)  0.0820{10)  0.054(3)
€4} 0.3391(7) -0.1372112)  0,1534(11)  0.084(3)
. co(s)  0.1420(6} ~.4063(12)  -0.05B6(10)  0.054(3)
. co{6)  0.2076(6) 0.0065(12)  0.0296(10)  0.056(3)
N €o(7)  0.2163(8) ~0.2522(11)  ~D.2032(11)  0.087(3)
5 : co(8)  0.0418(7) -0.1713(11)  ~0,0135(10)  0.058(3)
;‘9 c(1) 0.3652(8) -0.5109(11)  -~0.4124(10)  0.051(2)
T [+1¢-3] 0.3346(7) -0.6574(12) .3946(21)  0.069(3)
c{a) 0.3335(8) -0.7459(14)  ~0.5155(13) 0.092(4)
©(4) 0.3663(9) ~0.6896(15)  -0.6388(13)  0.097(4)
c(s) 0.3979(7) = -0.5205(13)  -~0.6546(11)  0.075(3)
G cls) 0.3984(7) ~0.4386(12) 377(11)  0.072(3)
e o(7) 0.3029(7) ~0.7330(13)  -0.2585(11)  0.076(3)
o{8) 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 14.21

Atom

c(io}
c(11}
{12}
c(13}
¢(14)
{18}
¢{18)
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+ Final atomic co-ordinates, and isotropic tem;erature

factors of the C-atoms, for Re,(C0)g(CNCgH,Me,-2,6),(1I)

(Contd)

x/a

~0.0419(7}
~£.0917(8)
~0.0636(8)
0.0169(8)
0.0737(7)
0.1629(7)
-0.0732(8)

s

S

/b 7/c U(g‘i
~0.2003(12) 0.¢067(11) 0.075(3)
~0.2064{14) 0.6053(12) 0.086(4)
-0.2734{14) 0.6959(12) 0.088(4) {
-0.3395(14) 0.6665(12) 0.086(4) i
~0,3304(12) 0.5268(11) 0.067(3) .
-0.3993(13) 0,4828{11) 0.079(3)
~0.1300(14) 0.3639(13) 0.093(4)

4
PR T 1
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TABLE 14,22: Final atomin co-ordinates, and isotropic temperature
factors of the C-atoms, for Re,(CO), (CNMe), (1II)
Atom %/a y/b z/¢ uif)
Re(1) 0.3462(0) 0.3410(0)  0.2501(0)
Re(2} 0.1060(0) 0.4333(0)  0.2499(1)
. o(1, 0.5907(10) 0,2467(10)  0,2489(13)
. 0{2) 0,1745(11] 0.1889(7}  0.2470{13)
ofa) 0,4638(10) 0,5131(9)  0,2486(16)
AR a(s) -0.1363(10) 0.5293(8)  0.2472(15)
R 0(6) 0.0208(13} 0.3164(9)  0.0446(12)
U o(7) 0.0213(12) 0.3175{9)  ©0.4541(13)
S n(2) 0,2315(10) 0.5527(8)  0.4556(11)
R N(3) 0,2327(10) 6.5564(9)  0.0433(11)
N1? 0,3377(12) 0.3453(10) -0.0470(13) 0.014(2}
] N(a)? 0.3337(12) 0.3432(10)  0.5454(13) 0.014(2}
E a1} 0,4984(13} 0.2799{10)  0.2527(14) 0.063(4)
e 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)
Q‘“, cla) 0.3314(14) 0.3455(11)  0.4479(16) 0.073(8)
" o(5) -0.0395(14) 0.4999(1%)  0.2464(15) 0.066(4)
v c(e) 0.0511(18) 0.3627(10)  0.1234(14) 0.058(4)
A o(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)
(o) 0.1844(10) 0.5138(8)  0,3808(11) ©.039(3)
a(10) 0,1886(11) ©0.5142(10)  0.1155(13) 0.081(4)
c(11A)%  0,3489(23) 0.3337(19)  -0,1779(25) 0.,052(5)
F c(118)®  0.3455(23) 0.3299(18]  0.5754(25) 0.052(85)
cliz) 0.2914(16) 0.6073(12)  0.5448(18) 0.078(5)
! o(13) 0.2931(15) 0.6101(12) -0,0432(16) 0.079(5)
e ® Disordered isonitrile: Atoms N(1), N{4)}, C{114) ang C(11B) have
B g.0.f, of 0,5; Atoms N{1) and N(4}, and G(LIA} and G(11B},

gesoigned common isotropic temperature factors.

e - S g
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TABLE 14,23: Final atomic co-ordinates, and isotropic temperature

factors of the C-atoms, for Re,(00)s(ONCH te,-2,6),(1V)
atom x/a e /e U@
Re 0.1394{1} 0.2342(1) 0.6076(0)
N{1) 0.1248(11) 0.4887(16) 0.6599(6)
Ni2) 0.1333(11) 0.3320({20) 0,4948(S)
o(1) -0.0774(11) 0.1845(17) 0.6082(5)
o(2) 0.1684(12) 0.1326(19) 0,7143(8)
0(3) 0.1819(13) 0.0077(24) 0.8577(5)
ol1) ~0.0015{14) 1.2098(15) 0.45982(6) ©0.045(4)
c(2) 0.1549(13) 0.1637(27} 0.6758(7) 0.059(8)
©(3) 0.1697(15) ©0.0845(19) 0.570(8) 0.064(5)
" c(4) 0.1309(15) 0.3965(19) 0.6401:7) 0.063(5)
. c(s) 0.1371(13) 0.3024(16) 0.5366(7} 0.052(4)
o o(6} 0.2228(13) 0.6001(17) 0.6835(7) 0.056(5)
g c(7) 0.1173(18) ©.6030(20) 0.7361(3} 0.067(6}
® c(8) 0.1178(18) 0.7201(23) 0.7582{10} 0.089(8)
. c(9) 1.1164(18) 0.8218(24) 0.7272(10) 0.089(7)
3 ©(10) 0.1227(16) 0.8138(23) 0.6745(9) 0.080{6)
' c(11) 0.1246(14) 0.6984(19) 0.6526(7) 0.058(5)
cl12) 0,1171{18) 0.4894126) 0.7670(10) 0.098(8)
cl13) 0.1226(16) 0.6851(23) ©0,5944(9) 0.077(6)
c{14) 0.1327(14) 0.3623(18) 0.4427(7) 0.060(5)
.o c{28) 0.1449(15) 0.4847(20) 0.4200(8) 0.070(8)
. c(18) 0.1406{17) 0.5085(23) 0.3743(10) 0.086(7)
; c{17} 0.1342(17}) 0.4100(24) 0.3427(10) 0.086({7}
I K c(18) 0.1265(20) 0.3030(30) 0.3556(10) .099(8)
! c{19) ©.1260(18) 0.2674(19) 0.4092(9) €.066(8)
- ¢(20) 0.1540(18) 0.5888(23} 0,4682(10) ©.092(8)
: c(a1) 0.1082(20) 0.1451(26) 0.4273(10) 0.102(9)
1
- - [ S i A . i i,
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TABLE 14.24(a}; Finxl atomic co-ordinates of the non-H atoms for
bin, (G0) g(ONBU®) () o
Atom x/a /o 2/c A
Hn(1) 0.1280{0) 0,3937(0) 0.4005(1)
Mn(2) 9,1375(0) 0.2089(1) 0.2125(1)
N1) 0.0292(2) 0.2591(2) 0.6014¢4)
wz} 0.2208(2) 0.3125(3) 0.5985(4)
0(3) 0.0888(2) 0,5944(3) 0.5652(4)
ola) 0.0071(2) 0.4510(3) 0.2073(4)
ots) 0.2092(2) 0.5108(3) 0.2030(4) !
o(s) -0.0061(2) 0.1786(3) 0.2330(5)
o(7) 0,1559(2} 0.0095(3) 0.0383(5)
ofs) ©.2203(2) 0.3645(3) ~0.0285(4)
: o(e) 0.1521{2) 0.0888(3) 0.4837(4)
e o(10) 0.2780(2) 0,2668(3} 0.2221(5)
c{1) 0.0615(2) 0.3083(3) 0.5244(5)
. cla} 0.1890(2) 0,3428(3) 0.5219(5)
& a3} 0.1067(2} 0.5244(4) 0.5032(5)
" clq) 0.0493(2) 0.,4272(4) 0.2816(5)
cts) 0.1743(2) 0.4632(3) 0.2623(5)
o(s} 0.0488(2) 0.1011(4) 0.2266(5) o)
©(7) 0.1494(3) 0,0867(4) 0.1085(5}
g c(8) 0.1270(2) 0.3042(4) 0.0652(8) .
B 3] 0.1464(2) 0.1374(4) 0.3863(5)
L c(10) 0.2242(2) 0.2444(4) 0.2208(5) .
R c(11)  -0.0085(2) 0.1954(4) 0.700L(5)
cl12) 0.0363{4) 0.1166(8) 0.7777(11)
c(13) ~0.0424(5) 0,2743(8) 0.8040(11)
o c(14) -0.0610{4} 0,1347(8} 0.6106{10}
N c{18) 0.2788(2) 0,2685(4) 0.6953(5) N
cl1e) 0.3024(6) 0.,3614(8) - 7880(11) i
c{17) 0.3308(5) 0.2198(17" 31(10) ! :
o(i8) 0.2444(3) 0,1827(%, 884(9) |
| .
!
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TABLE 14,24(b): Final atomic co-ordinates and isotropic temperature
factors of the Hydrogen atoma, for Mn, (€O}, (CWBU),(V)
Atom x/a y/o z/c U(ﬁ‘)
p H(l24;  0.080(5) 0.163(8) 0.331(10)  0.21(5)
(g H{12B) ©.008(3) 0.079(5) 0.852(6) 0.97(2)
H(12C) 0,047(4) 0.086(7) 0.701(10) 0.20(4)
N H(138)  -0.012(3) 0.305(6) 0.849(7) 0.11(3}
H(13B)  -0.086(5) ©0.286(8) ©.729(11) 0.24(5)
H(13¢)  -~0.062(4) 0.219(6) 0.875(8) 0.17(3)
H({14A)  -0,083(2) 0.121{6} 0.550(8) 0.15(4}
H(148)  -0.027(3) 0.088(5) 0.552(7) 0.13(3)
H(lac)  -0.088(3) 0.095(5) 0.677(6) 0.11(2)
H{18A) 0.275(7) ©.338(11) 0.889(14) 0.34(7)
H(16B) ©.334(4) 0.406(7) 0.702(10) 0.20(4)
H{16C) 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)
o H(178} 0.362(3) 0.193(6} 0.651(7) 0.12(2}
ik 8(17¢) 0.346(4) 0.272(7) 0.532(8} 0.28(3)
H(18A} 0.278(a) 0.151(6) 0.861(8) 0.14(4)
H(188) 0.244(4) 0.134(6) 0.715(9) 0.16(4)
H(18c) 0,209(4) 0.22146) 0.843(8) 0.18(3)
&
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TABLE 14.25:

Atom
[
NQ)
N2}
o{1)
of2)
o(3)
c{1)
c(2)
c{3)
a(:)
c(s)
c(s)
(7}
cla)
c{9)
c{i0}
cQ)
[{$E3]
c23)
c(14)
c(1s)
c{16)
c(a7)
c(18)
c(19)
c(20)
c{a1)
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Final atomic co-ordinates, and isotroplc temperature

~2,6) (V1)

factors of the non-C atoms, for Mn,[00)¢ (CNCH He,
/a /v 2/c uly
0.1443(2) 0.2607(2) 0.6082(1}
0.135{1) 0.163(1) 0.499(1)
0.128(1) 0.012(2) 0 &38(1)
0.165(1) 0.362(1) 0.712(1}
~0.062(1) 0.318(1} 0.508(1)
0.183(1) 0.499(1) ©.562{1)
0.159(1) 0.321(2) 0.672(1) 0.062(5)
©.02L(1} 0.291{1} 0.608(1) 0.061(5)
0.174(1) 0.404(1) 0.580(1) 0.052(5)
0.140(1} 0.195(2) N 5a1(1) 0.059{5}
0.134(1) 0.108(1) 338(1) 0.053(4}
0.132(1} 0.141(. 9.446(1) ©.063(5)
0.220(1} 0.234(2) ©.413(1) 6.072(6)
0.121{1} 0.210(2) 0.360(1) ©.087(7)
0.131(2) 0.093(2) 0,343(1} 0.101(8}
0.143(2) ~0.002(2) 0.376(1) 0.096(7)
0.14212) 0.023(2) 0.430(1) 0.081(6)
0.109(2 0.383(2) 0.434(1) ©.087(7}
0.155(2) ~0.082(2) ©.487(1) 0.095(8)
0.122(1) -0.100(2) 0.683(1) 0.086(%)
0.118(1) -0,103(2] 0.78711) 0.068(6)
0.118(2) -r.218(2) 0.758°1! ©.087(7)
0.119(2) -0,322(2) 0.726- 0.097(8)
6.121(2) -0.318(2) 0,678 ) 0.075(5)
0.122(1) -0.203(1) 0.88 . 0.058(5)
0.124(1) ~0.193(2) 058" ©.070(8)
0,119(2) 0.010(2} 0.7 01 0,095(7)
] ¥ o

RS
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TABLE 14.26: Animotroplc temperature factors (A!) for the non-G

atoms of Rez(GO)S(CNButH.I) N
aon W w2 v uz ns i ;

Re(1) 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)
o{1) 0.103(11)  0.063{9) 0,117(i2)  0.010(9)  -0.007(10) .019(8)
o{2) 0.062(8) 0.074(9) 0.086(10} -0.022(8) 0.016(8) 0.003(7)
0{3} ©.110{11)  0.084{10) 0.065(11) 0©.C18(8) -0.035(8) -C.019(8)
o4} 0.127{13})  0.130{13) 0.075(12) 0.026{10) ~0.037(10} 0.043(11)
o{s) 0.132(22) 0,075(9) 0.094(11)  0.034(9) -0,023(10) ~-0.009(10)

" "‘_ o(6) 0.086{10) 0.,143{15) 0.082(11) -u.023(10) -0.020(9} -0.022(10} T
Cs o(7) 0.082(91 0.112{12} 0.102(12) -0,013{10) 0.040(10) 0.001(8} @
i
k\ o{e} 0.062(8) 0,069{9) 0.107(11)}  0.015(9) ~0.018(8) 0.002(6)

‘..‘ o(9) 0.084(10)  0.124(12) 0.044{9) -0.022(8) 0.000{8) -0.014(8}
N 0.049(8) 0wdl (8} 0.057(20) ~0.013{7) -D.003{8% ©.002(7} o ’

o,
TABLE 14.97: Anisotropic temperature factors {A') for the non-C

atoms of Rez(co)s(CNCSHSMe2~2,5)2(3:1)
Mo U w2 oum s 3 we |
:@N Rel1} 0.0425(2) 0,0475({3) 0.0433(3) 0.0020{2) ~0.0106(2) 0.0054(2) [, nJ
3 : i 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) 0.085(5} ¢.072(6) £.045(5) ~D,000{5} -0.006'4} ©.005(4)
. o1} 0.094(G} 0,074(8) 0.123(7) 0.041(6) ~0.022{5) -0.012(5) .
(i":' 0o(2) 0.060{4) 0.101{7) 0.104(3) -0.004(5) 027(4) 0.027{4) ‘gi
| ,1‘(" - 0(3) 0.083(5) 0.067(5] ©.082(8} 0.023(5) ~0.007(4) 0.005{4)
. 0(4) 0.100{6) 0.113(7) 0.077(6) ~0.041(5} ~0.032(5) 0.036(5} "
w o8} 0.099(6) 0.057(5) 0.131(8) ~0.013(5) ~-0.043(5} 0.008{4)
. 0(s) 0.085(5) 0.054(5) 0.099(6 ) ~C,011(8} =-0.016(4)} 0.003(4) [ .
. u 0(7) 0.104{86) 0.091(8) 0.050(8) 0.010(4) ~-0.012(4) 0.017({5} ‘z

° o(8) 0.049(4) 0,083(6) 0.143(7})  ~0.007(5) -0.044(4} 0.021(4)

- - e E . " {
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TABLE 14.28: Arisotropic temperature factd>rs (A°) for the non-C

atons of Re,(C0),(CNMe) {111} |
:
Aton Uil vaz us3 23 U] uz i) 1
Ke(l) ©£.0418(3)  0.0408{4) 0.0341{3) -0.0001(3) 0.0001(2) 0,0083/2) /D
Re(2) 0.0374(3)  0.0392(3)  2.0461(3) 0.0003(3) -0.0001(2) 0.0007(2) . -
011} 0.0731&)  0.148(15) 0.143(1L) 0.011(11) 0.006(8)  0.069(9) |
ot2) 0.093(8)  0.049(9)  0.148(12) 0.000(8° -0.018(8) -0.004(7)
0(s) 0.071{8)  0.071(10) 0.2:2(15) 0.009(11) =~0.008{8) ~0.014(7) | .
ats) 6.07017)  0.083(11) ©0.0203(1%) 0.001{12) -0.000(9)  0.023(8) :
ofe) 0.146°12)  0.101(12) 0.087(3) -0.022(8) ~0.038(B) ~.021(8) i ° I
0(7} 0.117(10)  0.096(12) ©0.114(10) 0.037(3)  0.046(8) ~0.009(8) o
N(2) 0.088(7}  0.065(L0}) 0.052(7)  0.006(7)  0.010{5) -0.008(8) 2 3
N(3) 0.071(8) 0.075(11)  0.052(7) 0.022{7) -0.009(6) ~0,018(7) z
.

0,
TABLE 14.29: Anisotropic tempersture factors {i*) for the non-C

atoms of Re,(C0) (CNCyiHgHe,~2,6) ,(1V)
Ator U uz2 33 vz s ue ’
Re 0.0860(6) 0.0887(6) 0.0289(5) 0.0034(3) 0.0020(3) 0.0054(4) .
N¢L} 0.045{10}  0.075(12) 0.067(10} ~D.010(8} 0.009(8) 0.006(8) - s
nN(2) 0.061(i1) 0.161(18) 0.025(7} 0.032(9)  ~0,007(7) 0.012(11)
of1} 0.0434,0)  0.131(14)  0.098(12}  0.014(9} 0.003(8)  -0.004(8)
o2} £.107114)  0.197(19)  0.034(7) 0.044(9) 0.001(8}  -0.018(13) -
o{3) 0.125(15)  0.074{10)  0.076(10) -0.008(8)  ©.012(9)  ©.017(10) |
i
o
K|
i
M o
©
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TABLE

Atom

Ma(1)
Mn{2)
N{1)
Nz}
o{3)
0(4)
al{s)
o(s)
o{7)
o(8)
o(9)
0(10}
c{11)
c(z)
c{3)
cla)
c(s)
c(s)
e(7)
c(8)
cls}
c{10)
c(11)
e{12}
€(13)
c{14)
c{1s)
c{16)
c(17)
c{18}
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o,
14.30: Anisotropic temperature factors (A%)
t
atoms of M, (CO1,(CNBu") (V)

for the non-H

[V:§Y uz2 u3s u23 13 w2
0.0412(3) 0.0444(3) 0.0624{4) 0.0003(3) -0,0047(3) ~0.0014(2)
0.0530(3} 0.0529(4) 0.0584(4} -0.0039(3) -0,0000(3) -0.0001(3)
0.048(2) 0.063(2} 0.067(2)  0.003(2) ©0.004(2) -0.004(2)
0.048(2)  0.067(2) 0.063(2)  0.008(2) -0.008{2) -0.001(2)
0.094(3)  0.072{2) 0.124(3) -0.043{2) -0.013(2) ©0.011(2)
0.074{2) ©€.100(3) 0.129(3)  0.010(2) -0.040(2) 0.017(2)
0.092(3) 0.084{3) 0.109(3)  0.020(2) 0,013(2) -0.035(2)
©.084(2)  0.104(3) 0.143(4) -0.006(3) -0.009(2) -0.015(2)
0.162(4) 0.082{3) 0.09%(3) -0.041(3} 0.002(3} ©.01&(3}
0.111(3} ©0.100(3) 0.082(3)  0.025(2) -0.012(2) 0.003(2)
0.092(2) 0.069(2) 0.076(2) 0.011(2) -0.008(2} -0.006(2)
0.053(2) ©0.112(3) 0.136(4}  0.018(3) 92.012(2) -0.002(2}
0.043{2) 0.054(2) ©0.055(3) -0.007(2) -0.009(2}) 0.004(2
0.048(2) 0.048(2) 0.062(3) -0.005(2) 0.006(2) -0.009(2)
0.053(2) 0.063(3) 0.076(3) -0.007(3) -0.010({2) ©.001(2)
0.089(3) 0.086(3) 0.086(3) -0.001(2) -0.002(2) -0.000(2)
0.058(2) 0.047(2) 0.075(3)  0.004(2) -0.011(2) -0.005(2)
0.068(3) 0.061(3) 0.077(3) -0.006{2) -0.011{2) -0.007{2)
0.087(3) 0.075(3) 0.065{3) -0.002(3) -0.001(3} 0.005(3)
0.062(3) 0.082(3) 0.073(3) -0.002(3) -0.005(2) ~-0.002(3}
0.054(2)  0.089(3) ©0.065{3) -0.007(2) -0.002(2) -0.008(2)
©.063(3) 0.066(3) 0,063(3)  0.008(2) 0.006{2) 0.007(2
0.054(2) 0.084(3) 0.067(3!  0.001{2) 0.009(2} -0.010(2)
0.107(5) 0.097(2) 0.110{6)  0.032(5) ©0.002(5) -0.001(4)
0.111(6) 0.117(5) ©.114(6) -0.023(5) 0.045{8) -0.012(5)
©0.081(5) 0.124(7) 0.116(8) -0.003(5) -0,003(5} -0.052(5)}
0.050(2)  ©0.083(3) ©0.089{3)  0.012(2) 0.007(2) =0.004(2)
0.152(8)  0.13L(7)  0.115(7} 0.015(5) -0.084(7) -0.033(6)
0.088(5) 0.201{12) 0.109(6]  0.045(8) 0.012(5) 0.065(7)
0.081{4) 0.120(6) 0.092(8)  0.045(8) -0.003(4) 0.006(4)
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TABLE 14.31: Anisotropic temperature factors (A')for the non-C :
atoms of Mn,(C0),(CNGSHoMe ,~2,6),,(VI) S
Aton Uil uz2 usa u23 u1g v12 ' L
M 0.081(2) 0.033(1) 0.048{1)  -C.001(1) -0.001(2) -0.008(1} H
N(1} 0,096(13) 0.051{9) 0.050(10)  0.001{8) =-0.005{11) -0.025(8)
N{2) 0.105(13) 0.040(7) 0.074{12)  0.007(8) 0.012(11) -0.023(8) ;
: 0(1) 0.242(18) 0.110{11) 0.050(9)  -0.028(8) =0.C08(10} -0.013(11}
o{2) ©0.074(10) ©0.080(9) ©0.103(11) ~0.011(10) 0.004(10) 0©.011{7)
e 0(3) 0.132{12) 0.034(6) 0.087(1i)} ©.012(7)  0.001(10) -0.016(7)
<
|
I
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THE REACTION BETWEEN DIRHENIUM DECACARBONYL AND PHOSPHINE
LIGANDS

Introduction

This chapter deals with aspects of the reaction between
Rea(CO)IO (and Mna(CO)lo) with phosphine ligands. The
synthetic methods (Thermal, photochemical, NM930~
assisted), and the products obtained for the reaction
between RealcO)lo and PRB, have been reviewed in section
10.2. Section 158 discusses the characterization of the
Re,(C0) o (PRy) (n = 1~4) 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 ME(CO)IO {M = Re,Mn) with
PRS are covered in Section 15C.

In Section 15D, the caialytic synthesis and
characterization of a range of nez(co)lo(Pks)n {n=1,2)
complexes is presented. This work is an extension of
the Pd-catalysed substitution of Re,(C0),, by RNC ligands
(ch. XI) to the bulkier FRS ligands. The preparation of
isomers of ReZ(CO)G(PRJ)z by alternate synthetic routes
is also presented. The i\ez(CO)a(FRs)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
_d_i_ﬂ_x_[Rez(CO)a(PMeaPh)z] is presented in Section L5E. This
structure determination was undertaken to establich the
molecular geometry, and to investigate the structural
effect of replacing the isonitrile ligand (see ch, XIV!
with the more sterically demanding phosphine ligand.

Discussion of the IR spectral data of Re,(CO) (BRy),

ein 1 O
(n_= 1-4) complexes
188.1 Introduction

The reaction (both thermal and photochemical)
between Rez(cc)w and PRS has been investigated by many
groups (see section 10.2) and in most cases, the product(s)
obtained was either ax-Re,(C0)g(PRy), and/or diax-Re,(C0) -
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(Fﬂs)z- In some reactions, sideproducts such as mer-trans-
HRe(GO)S(PRa)Z were also obtained. There have, however,
also been reports of the synthesis of equatorially-
substituted Re,(C0), o (PRy)  (n. = 1,2) products, as well
as Re,(60),(PR;), and Re,(00),4(PRy), products. It s
thus apparent that potentially a wide range of complaxes’a
{buth expected and unexpected} have been observed from the
reaction between Rez(CD)JO and P“B'

Techniques which have been employed in the

characterfzation of products from the reaction of Re, (00)10

2
with PRy, include IR spectroscopy, L4 iR and *p Num

P! pY, MASS Sp Py, elemental analysis and

chemical reactivity. In general, elemental analysis is
used to establish the molecular formula of the compound
{but this would not differentiate beuween, for instance,

Rey(€0)yg 5 (PR),  end HRe(CO),  {o° =1,2)). In
some cases mass spectroscopy has bee obtain the
parent ion, and establish that the sp. s in fact &

dimer. Qleavage reactions may give information relating to
the substitution , geometry, in particular the number of
phosphine ligands on each metal atom. lI-I NMR and, more
recently, S P MR 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 most 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 vw(GO)
bands predicted from Group Theory Analysis often does not
correspond to the number observed in practice, as band
overlap may oceur, resuliing in fewer bands, Alternately,
there may be more bands, due to a Raman band which gaina
some weak IR intensity, or to a lowering of the molecular
symmetry from the ideal point group symmetry ss a resulth
of internal asymmetry of the molecule.

Although Xeray Crystallography remains the ultimate
technique for molecular structure determination, no X-ray

PR AT
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studies of Re,(CO) . (PRy), (n = 1-4) complexes have been
reported in the Literature to date. Several an(CO)lo_n-
(PRa\“ tn = 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 Re,{C0),, -
(PRy) (n = 1,2) complexes.

Despite the limitatiows of the IR spectral methods
as a tool for structure ussignment, 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 spertral data for ReZ(CQ) (PRB)n (n = 1-4) complexes

10-n
will be reviewed here, and an attempt made to relate IR
spectra to substitution geometry. Where relevant,reference
will also he made o certain Mny(CO))o (PR3], (n = 1,2)
complexes which g&id in the structural interpretation of

the IR data.

158.2. Re,(COJ (PR.) compiexes

Complexes of the type M2(CO)9(L) have two possible
geometries, (Fig. 15.1), viz. ax(IA) or eq(IB). Although
E'MZ(CO)Q(” (I8) is the electronically favoured isomer
(see ¢h,XII}, with bulky phosphine ligand L, steric factors
may dominate, resulting in EK‘MQ(CO)Q(PR:;\) (M = Re,Mn), (IA).

According to Group Theory, ax«Mz(Co)g(L), of
molecular symmetry Ddd, should exhibit 5 IR active v(CO)
bands, while gg—Mz(CO)gf.L), of molecular symmetry Cs,
ghould have 9 bands, However, in practice, many _gg—an—
(CO)Q(L) complexes??? have only 6 v(C0) bands in the IR
spectrum, owing to band overlap.

Table 18.1 limts IR spectral data of some reported
MZ(CO)Q(PRS) (M = Mn,Re) derivatives, In general, the
degree of substitution is based on elemental anaiysis,and
]H NMR and/or IR
spactroscopy is used to determine the molecular geometry
(ie. (IA} or (IB)).

The IR spectrum of a—an(Co)g(PMeth).“’ the

in some cases, a mass spectrum, while

- Ll . O R T "
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axjal substitution (IA) of which has been canfirmed by an
X-ray crystallographic structure,??" with § v(CO) bands,
{Table 15.1) is typical of & wide range of ggg—-an(CU)g(PRa)
and _a_)S—an(Co)g(AsRS) complexes.??? 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)s
presence of 0_‘, at -10°C, both the isomers ﬂ-an(cu)g-
(AsPhj) and gg—Mne(CO)g(AsPha) were reported as being
produced. However, the compound identifications were

with AGPhR“' in the

based on elemental analyses oniy. The IR spectra of these
complexes gave S5 and 7 bands respectively in the carbonyl
reglon (see Table 18.1). Both complexes gave very similar
14 MR spectra.

Reports of ReZ(COJQ(Pﬁs) products are less numerous
than those of Rea(tx))s(PRa)2 complexes, as the thermal
reaction between Ree(m)m and PRB tends to give REZ(CO)Q-
(PR3)2, even when only one equivalent of phosphine is
used, There have been geveral reports of the systhesis of
ax-Re,(C0)(PPhy). /7% The IR spectrum, in various solvents,
1'% there are 5 v(CO)

bands, as expected. However, in certain solvents, eg.

is given in Table 18.1. In toluene,

cyelohexane, '*® and decalin,'*'® there s an additional
weak band at ca. 1875 on™’, a shoulder to the very strong
band at ca. 1998 cn™'. This band (B2) gains some intensity
in the IR spectrum by the lowering of the local symmetry
irduced by the triphenylphosphine igand. ~'® In cHoey, '™
the weak peak at ca. 1960 cn” " is absent, but this may be
due to band weakress ar overlap. The IR spectrum in

GHG2, of ax-e, (CO)y(PHerh,) " has a sinilar pattern

{Tsble 15.1). However, ReE(CO)S(PMEZPh) {identified by
elemental analysis) hes a different IR spectrum and its
geometry has been assigned as _e_gwReZ(CU)g(PMeaPh) te on

the basis of the 7 v(CO) bands in the IR spectrum (Table
18.1). There has also been a report of sg-Re,(00),(Pehy).'"?
The only asvidence for this, however, is an IR .pectrum
(Pable 15.1). It is to be noted that the spectra of these
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Figure 15.1: Fossible {somers for MZ(COIS(L) complexes {e = CO)

{IA) ax and (IB) eq.

two reported eq-isomers do not correspond to that of
£3-Mn,(C0)(AsPhy), or those of eg-Mn,(C0}g(L) complexes®t?
either {eg. _eﬁ-an(Co)g(py), IR{hexane), v(CO): 2091(w),
2017(s), 2006(s), 1980(vs), 1960(n), 1940(m) em™1), 132

or those of the gg-Re,(C0)(CNR) complexes (ch. XI), and
thus must be regarded with circumspection. The product
Mne(CO)g(P(OCHz)BCEt) obtained from the reaction of
MnZ(CO)IO with P(OCHZ)SCE‘:, {IR(benzene}, v(CO}: 2094{w},
2020({ns), 1995{vn), 1980(m), 1968(m), 1930(sh) cm-ll wes
concluded on the basis of lH NMR data to be a mixture of
ax-and egq-isomers}*? In the complex IR spactrum of
an(CO)g(PF‘3)[IR(hexane), v(CO): 2110(s), 203&(s), 2015(vs),
2002{m), 1992(2), 1980(m), 1960(w), 1954(m) cm-llv formed
from the reaction of an(co)w with PFa, assigned as ax-
an(co)g(pra), 140 thepe mppear to be several tnexplained
peaks, The aez(cmgma) product is repor’ed as being

analogous,'?®
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TABLE 15.1: IR spectral

Complex

ax-Hn, (C0) ¢ (Pie PR}

ax—Mn2 (co )Q(AsPha)
£q-Mn,,(C0) 4 (AsPh,)

ax-ReszO)g(PPha)

2q-Re,(CO)(PPh,)
ax-Re, (CO) 4 (PMePh, )
eq—nez(co)g (PMeZPh)

ax—MnE(CO)g(AsMezPh)

data of MZ(CD)SU‘) (M =Mn, Re, L = AsRS, PR3) complexes

Solvent

benzene
hexane
cCe 4

toluene

v(c03/em™?

2094(w},2016(s},1993(vs},1969(sh),1938¢m)

2098(m) ,2020{s),2000(vs),1977(s), 1943(s)
2102(w),2085(w), 2028(vs),2002{sh)},1995(s),1330(sh),1920(s)
2104(m}, 2032(w}, 1991 {v5},1950(" }, 1960(w},1934(m}

cyclohexane 2107(2),2034(w),1998(vs),1976(w,sh},1968(m), 1941 (m)

decalin

benzene

2106{w),2034{v),1998(vs),1973(w,sh),1967(m), 1941 (m}
2100(s),2080(w),2030{w), 2000{vs), 1940{s)
1963(s),1912(m),1897(m}, 1880(sh)
2060(w},2000{m),1972(sh},1945(s, br),1910{m}
2090(w),2020(m),20101sh},1995(sh),1975(s)
1940(s),1915(sh)
2092(m},2020(s),1991(vs)},1968(sh)},1936(m)

P
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Pigure 15,2: Possible isomers for Mz(cl))alL)2 complexes (rotemers)
not shown; e = C0)
{IIA) diax, {IIB) 1,2-ax,eq; ([iC} 1,2-eq,eq,
(IID} 1,1-ax,eq, {ILE) 1,l-cis-dieq, and
(IIF) 1,1-trans-dieq.
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TABLE 15.2: IR spectral data of zmﬁnovmﬁrum

(M =Mn,Re ; L = >mmm. ku, complexes

Complex Solvent v(c0)/en™ Ref
awmx(zmaooumhvmmvvaw benzene  1983(w),1854(vs) 223
w.N4mn.mp..::mﬁnovm;ms_mmvimm benzene  2056(w),1989(s),1956(s},1914(m} 223
diax-Re, (C0)(PPh,) CHCe, 2010(w),1960(vs) 182a
H.mvwx.mnkmmﬁ@m?zmmvrmy” cce, 2100(w},2060(mw),2000(s),1955(s, br), 1905{s) 183
1,2-ax,eq-Re,(CO) g (PHePh, ), benzene  2080(w),2058(m},2600(s},1955(s,br},1925(s ) 184
1, m|mx~moémmnnovm;msmwmimu cce, 2105{w), 2060(mw), 2005(5),1945(s, br), 1905(s) 183
H.m‘mx.mplxmmanoww?m:wvm hexane 2068(mw),2006{m},1971{s},1928(s},1917(s) 170
1,2-ax,eq-Re, (C0) g (FPh) toluene  2069{mw},2012(m}),1964(vs,br},1934(m), 1921 (m} 170
1,2-20,eq-Re, (00} (P, toluene  2063(w),2005(m}),1959(s},1925(w},1910(m) 170
1,224, eq-Re,, (€O [POMe, ] ], toluene  2077(w},2024(us),1966(s),1968(sh},1946(w},1918(ns] 170
1.2-eq, eq-Re, (CO),[P(0PR,)], toluene  2081(w),2032(m),1994(s),1976(sh),1954{w},1931(m} 170
1,2-eq,eq-Re,(CO)4[Ph,PCH PPh,]  toluene  2073(m),2020{n),1980(s),1956(w),1940(w),1915(m) 170,198
1,2-eq,e9-Re,(CO) g[Me PCH PMe,]  toluene  2067(m},2012(s},1980(sh),1971(vs),1947(m),1934(sh),1914(s) 198
1,2-2q, eq-Re,(CO)4[Ph,PCH CH,PPh,] toluene  2070(m},2017(m),1983(s),1944(m),1915(s) 198
1,2-q,eq-Re,(CO}, [Me PCH, CH Phe,, ] toluene  2086(w),2010(m},1875(s),1938(n}, 1811 (5] 198
rulznmﬂaovm%:vzmvmn CH,CE,  2070(=,2060(sh),2022{sh),1989(vs), 1945(vs},1914(s) 189
diax-Re,(CO)g(PHPh,), o4,Ge,  1994(m),1846(s) 189
a

wclipsed conformation
b

<

Incorrectly characterized in references as 1,2-eq,eq-isomer (see text)

See text for a discussion of the substitution geometry
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The ve. -ajority of reported MZ(CO)Q(PRB) { ¥ = Re,
Mn) complexes ar¢ undoubtedly axially substituted, having the
characteristic 5-band v(GO} IR spectrum exemplified by
2x-Mn,(CO)o(PMe Ph).  Indaed, there does not appear to be any
convincing evidence for the existence of eg-Re,(00)y (PR}
isomors. Further, Hn,(C0)g(AsMe,Ph)**’ 1s the ax-isomer
{1A), with an IR spectrum (Table 15.1) analogous to that of
ax-Mn, (C0) o (PMe,Ph), *** although Mn,(C0)q(AsMe,Ph) """
is equatorially subacituted (vide infra).

1583 Be,(CO)g(PR,), complexes

The possible isomers for Mz(CO)s(LJZ complexes are
shown in Fig., 15.2. Not considering rotamers, there are six
possible isemers, viz. (IIAbdiax, (IIB)1,2-ax,eq, (IIC}L,2-
eq,eq, (IID}1,l-ax,eq, {IIE)1,l-cis-dieq, and (IIF}l,l-trans-
dieg ~ My(CCIg(L) 5.

An X-ray crystallographic structure of an(CO)B-
(PMeth);” has shown the substitution geometry to be
diax({IIA). From Group rheory, 1133—M2(C0)8(L)2 (staggered
conformation), of molecular symmetry D4d, is predicted to
give 2 v{C0) bands in the IR spectrum. As the spectrum
of diax-Mn,(CO}g(PMePh, ], (Table i5.2) shows, this is
indeed found to be the case. This spectrum, typical of
ELE&‘MZ(CO)Q(L)Q substitution, is cbserved for a wide range
of an(co)s(PRS)2 camplexes"“""

The related complex, an(CO)B(ASMEZPh)e‘ has been
shown by an X-rey crystallegraphic structure’’® to have
1,2-eq,eq-gubatitution. However, the conformation is
eciipsed, not stapgered as for the diequatorially substituted
isonitrile derivatives of MZ(CD]IO (M = Mn,Re) (ch, XIV),
owing to steric congestion {see pection 15%.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-dieg~M2(CD)a(L)2 {molecular symmetry C2h.)). Although
the IR spectrum (in cyclohexene) of lllnz(co)a(AsMes)2 is
analogous,??? that of MnZ(CO)B(AeEts)z. which presumedly
hag the same structure, has an additional weak band at
1927 an™* (IR(cyclohexane), v(CO): 205%(w), 1980(s), 1952(s),

s ¥ el
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1927(w), 1915(m) cn™ 11,21

Thers have been ranorts of dlax-Mn,(00) (AsR,)y
complexes, ' ® with the iypical IR spectrum (og. diax-
Mn, (C0)g(ASPh, )5, IRCS,), v(CO): 1982(w), 1953(vs) cm ).
This indicates that the steric bulk (cone angle) of the AsRs

ligand determines the substitution geometry; the longer Mn~i's

250a

than Mn-P bond facilitates eg-substitution, where the steric
bulk of the As\'{3 ligand is not too great.

A third type of a!‘sine—vccmplex,[an(co)a(u—Asﬁa)zl,
has been reported as the product of the so-called “Lambert's
reaction (ligand fragmentation at high temperature).’ '
This product may be digtinguished by elemental analysis, and
IR spectral data {eg. [an(co)s(u-Asphzl)e];ifn \c8,), oo
2042(s), 1983(sh), 1978(s), 1965(m) cn1),”*’% 1e. 4 vCO
peaks, as compared to 2 for diax-, and 4 or 5 (intensity
pattern: w,5,5,(w),m) for dieq-Mn,(CO)g(ARy),.

The large majority of direct reactions (thermal,
photochemical) between Rez[’.}o)lo and PRB are reported to

rasdz s vas
yield Q‘,‘—’,‘:”z(c‘”s(“glzip“a = PPhy ', Py, .
P(OPR) 4, P(‘('J Hipdg' o P(CgH Mewp)g, P(OGgH Me-0) 5,
Pll‘)CSHﬁN-p):i ), as the Bole or major preduct, These
complexes all have one weak and one very strong band in
the carbonyl region of the IR spectrum, characteristic of
iax-M,(C0)(L), complexes (IIA). The IR speatrum of a
typical example, the much-studied diax-Rez(CO)s(PPha)a. is
shown in.Table 15.2.

There has been one report of dieguatorially-
substituted Re,(CO)(PR;), complexes obtained from the
direct reaction {(thermal or photochemical) of Rez(cmm with
PRy (PRy = Ple,Ph, '®' biepn,'""). he Rey (€0l (PR, ), products
were characterized by elemental analyses, "H NMR and IR
spectra, and cleavage reactions, and on the basis of IR

spectral data (see Table 15,2), the geometey was assigned s
1,2-eq E:‘l—Rez(CO)B(PRa)Z(IIC) (but see below), The IR
spectrum of the related Rea(co)s(AsMezphle complex '°
(Table 15.2) is analogous.

Reaction of (u-H)(k-olefin)Re,(CO)g complexes with

- Ry - - AT .
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PRy ligands'’® ylelds 1,2-eq,8q-Re,(CO)g(PRy), (11C)
(R = P(ONe)y, PMey, P(OP) ) or 1,2-ax,eq-Re,(CO)y(PRy)
{IIB) (R = Bu", Ph), depending on the size of the PRy
ligand (Tolman cone angles®®: P(DMe)s, 107%; PMe,, 1 a°;
P(OPh),, 121-128°; PBuy, 132%; PPay, 145°). The latter

3
products, 1,2-ax,e: ‘REZ(CO)B(pRB)Z’ isomerize spontaneously
in toluene solution at room temperature to the well-known
dlax-Re,(CO)(PRy), isomers (IIA). The 1,2veq,eq~Re,(CO)g-
(PRy
Bidentate phosphine Ligands, (P),, also gm‘r?o lf:eg,e&-
Re, (coy (l>)2 products ((P}2 Ph PCH,PPh,

(re o iga
Maa““zpmez Ph,PCH,OH, PPhZ, MeEPCH CH P2y ).
Here the chelating nature of the (P), ligand imposes a

), products appear to be stable to isomerization.

restriction on the product geometry; the Tolman cone
o

angles for the (P), ligands (haif chelate} a

range 105-125°, ’!'he 1,2-a%,05-Re, (C0) 4 (PRy), products were

are in the

characterized by P NMR spectr‘oscopy. and the 1,2-~eq.e9~
1

Re,{C0)4(PRY) , products by “H NMR sp py, ani the

similarity of the IR spectra of these products to the

pattern observed for 1,2-eq,eq-Re,(CO) (py), [xR(toluene.\.
v{CO): 2062{w}, 2006{m), 1950(s,br), 1917(sh), 1905(m) cm” 14
IR spectral data for these Rez(CO)B(PRS)Z and ReZ(CU)B(P)?_
products are given in Table 15.2,

An examination of the IR data for the Re,(CO)g(PRy)
complexes in Table 15.2 shows that the 1,2-ax,eq-Re,(C0) g~
(PRE)Z (R = Bu", Ph) complexes have 5 v{C0) bands, and the

2

l,2-eg ag-Rez(CO)a(PR:’)z (R = OMe, Ms, OPh) complexes heve
6 or 5 (R = Me} v(CO) bands, but the intensity patterns are
guite different. Note the strang similarity of the IR
spectra of the 1.2-eq 25-Re,y (co) (PR3)2
i, 2-eg.eg—Re (co) (CNLEH MB,-—Z 8) [IR(hexane), v(CO)‘
2053(w), 2028(m}, 1985({s}, 1952(w), 1943(ms) om” ] (see ch.
XI). Further, the 5 v(CO) brnd pattern for the ReZ(CO)B(L)2
{L = PMszPh, PMeth, AaMezPh) complexes resemble that for
the above 1,2-ax,eq-isomers rather than that for the above

complexes to that of

1,2-eq,eq-isomers. Hence these b.(::‘.(C(J) “‘)2 complexes may
have been incorrectly assigned. as the 1,2-eq,eq-

isomers (IIC), instead of the 1,2-ax,eg~isomers (IIB). This

Al el b,
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seems likely ir view of the size of the PMezPh and PMeth
ligands (Tolman cone angles®® of 122° and 136° respectively).
However, there woult appear to be a seeming
anomaly, in that Rez(CO)a(PMePha)z"" and Ree(CO)B(PMeZPh)z"’
were prepared by the thermal reaction of REZ(CO)10 with
FMeth or PMeZPh under forcing conditions (xylene, 140°C,
15 h, 30%, and petroleum ether, 80-100°C, 60 h (4%) or
96 h (46%), respectively), while 1,2-ax.eq-Re2(CO)5(PR3)2
{R = Bu", Ph) isomer.zes spontaneously in toluene solution
at 25°C to dlax—Rez(CO)a(PRa)z, with a half-life of 10 h
(PPhy) or 1-2 days (PBug).
Further, traces of 1,2-ax eq-Re,(CO)g(PRy}, isomers

were observed, in addition to the major diax-| EZ(CO)B(PRS)Z
procducts, in the Pd-catalysed {140°C) and the mild MesNO—
assisted iCHZCGQ, 40°C) reactions of RQEICO)10 with PRS
(l’R3 = PMezPh, PMEPhZ, P(CHECSHS)B' PMea, P(OMe)a) (see
section 15D.1). However, in the Pd0-catalysed reaction of
REZ(CO)lo with PFha, no eg-isomers were observed, Hence
the stability of the eq-isomers would appear to be
governed by the size of the PR, ligand. The role of ths
ligand size and synthetic route in determining product
geoetry will be discussed in section 15D.1,

Mixture of ax-and egq-isomers have been claimed to
have been obtained for [Mn,(C0),{P(OCH,) CEE},1?*% and
{Ma(co)s(ws)zl(u = Mn,Re}!?® products. (The IR spectra are
complex). With a small phosphine ligand such as PF3
(Tolman cone angle'" of 144°}), a mixture of isomers probably
reflects steric versus electronic control of product geometry.

Of rote 18 the complex an(CO,‘alPHPhZ)E,'” which
has & different IR spectrum (Table 15.2), and has been
shown by M NMR spectroscopy to have the structure
(CO)SMn~Mn(CO)3(FHPh2)2, with both phosphine ligends on the
same Mn-atom. Thus there are three possible geometries for
the complex, viz, 1,l-ax,eq(IID}, 1,l-cis-dieq(IIE) or
1,1-trans-dieq(IIF},

Oxidation of an(co)s(mphz)z with Nl)-“l"6 gives
[Mn(CO)(PHPR,) 1(PF,] and also eis-(Mn(CO),(PHPh,),I[BF]. ' "
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This would seem to exclude (IIF), the 1,l-trans-dieq-
isomer, which is unlikely on electronic grounds, in view of
the cig-labilization effect (see ch. XII).

An example of {IID), the 1,l-amx,eg-isomer, is
Mn,(C0) o (C Hg) *2% [IR(hexane), v(CO): 2083(m), 2028(s),
1994(vs), 1v75is), 1953{m) cm—ll. and examples of the
Lii-oig-dieq-tsomer, (IIE), are Mn,(00)y(CNBu®), [IR(hexane),
v(CO): 2055(m), 1999(vs), 1977(vs}, 1963(w), 1852(n),
1935(n) cn™1) (see ch. XI), tn, (GO}g(phen} " [IR(diethyl
ether), v(CO): 2051(s), 201B(vs), 1987(ms), 1954(w),

1008(w) en” 1, Re,(CO)glphen) ®% (IR(CH ey}, v{(CO): 2073(m),
2012(s), 1992(m), 1958(m), 1916(m), 1839(m} en ) ana
Re,(CO)4(biquin) #°¢ (IR(CH,CE,), v(COJ: 2076(m), 2020{s),
1986(n}, 1958(m), 1915(n), 1889(m) em™>]. On the basis of
this IR data, the reported 1,1-Re,(G0)y(CHyNH,)," %7 [IR(THF),
w(C0): 2070(n), 1980(s), 1956(s,br), 1883(m), 1867(m) on ™ ]
appears ta be the 1,l-ax,eg-isomer{IID). There is a greater
resenblance of the IR spectrum of Mny(CO)g(PHPh,), to that
of the (IID} isomer than to that of the (IIE) isomer.

The (IIE) isomer, 1,1-cis-dieq, iS the most
electronically favoured isomer, expected in the absence of

steric constraints. The most sterically favoured of the

1,1-isomers would bas expected to be (IIF). This 1,l-trans-
dieg-isomer, although electronically disfavoured, cannot be
excluded entirely, as cleavage and subsequent ligand
rearrangement could account for the c_i_s_—[Mna(Co)A(PHPha)Z]
product. No examples of isomer {IIF) are known, to allow
for comparisen of IR data. The 1,l-ax,eqg-isomer (IID} seems
likuly, s, with small phosphines (Tolman cone angle®® of
PHPhZ: 128°), (IID} could be formed instead of (IXA), in
accordance with the propoused mechanism of phosphine substi-
tution, shown in Fig, 15.4 {see section 15D.1).

Note that the rhenium analogue, Re,(CO)g(PHPh,),,
has the typical diax spectrum (Table 15.2) of isomer (IIA).
To date no complexes of the type (CO)SRe-Re(Ct?)a(l’Rs)2 have
been raported,

P LR . S S T
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188.4  Rep(C0),(BRy), complexes
There are six geometrical isomers of M2(00)7(L}3
{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 ligends), viz. (IIIA) l-ax,2,2-trans-dieq,
(IIIB} 1-eq,2,2~ax-eq, (IIIC) 1-eq,2,2-trans~dieq,
{11ID) 1-ax,2,2-ax,eq, (IIIE) i-ax,2,2-cis-dieq and
(IIIF) i-eg, 2,2-ci- -dieq.

The most extensive investigation of Re,(CO),(PRy)g
complexes was a study of the photochemical reaction of
Re,(C0), o with PPhy under vacuum,'?¢ which yielded three
tsomers of Rey(CO),{PPh,);, Ldentified by °-
(IIIA)} (35%}, (IIIB) {15%} and {IXIC) [5%). The IR spectra
of these complexes are listed in Table 15.3.

Photochenical reactions of Re,(CO),, with PMeyPh,'??
AsMe,Ph ' ®'and PMePh,,''" yielded Rey(CO), (PMe,Ph),(ITIC),
Re,(C0),(AsMe Ph) 4(ITIC), and hwo isomers of Re,{00),~
(PMeth)s.(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 (IIID) isomer. The
Re,(C0),[P(OPh},]); product obtained from the thermal
reaction of Rez(co)m wif:h P(OFh)a“‘ was assigned as (IIID)
on the basis of the IR spectrum (Table 15.3). This isomer

P NMR as isomers

(I1ID) might be expected to be the product of further
reaction of 9—19-’5'%2((:0)8(“3)2 with PR3<

Mixtures of isomers (complex IR spectra) have been
obtained for the products [MnZ(CO)7(P(OCHZ)SCEQ'.]3]“’
{identified by elemental analysis) and [M2(00)7(PF3)3]
(M = Mn,Re)i?0 (1H NMR evidence}, but these were not
isolated.

No ReE(GO)7(PR3)3 {or Mne(CD)-,(PRa)S) Lsomers
corresponding to {(IIIR) and (ITIF) have been reported.
Note that (I1IF} has the same structure as the Re,(COJ,{CNF)

3

complexes (sge ch. XIV).
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TABLE 15.3: IR spectral data of R92(00)7(PR3)3 cor- lexes

Complex

l-axs2, z-trans-dieq—Rez( 00)7 ( PPhs) 3
1~eq,2,2-ax,eq-Re,(C0),, (PPhy) y

1-eq, 2, 2-trans-dieq-Re,(C0), (PPhy),
1-eq,2,2-trans-dieq-Re,(CO), (PMe, Phly
1-eq,2,2-trans-dieq-Re, (€0}, (Aste,Ph)y
l—ax,2,2—‘crans—dieq—Rez(60)7(PMePh2)3
,(C0), (PHePh,) 5
1-a,2,2-ax, eq-Re,(00) [P(OPh), ]

i-eq,2,2-trans-dieq-Re

Solvent

w(co)/ent

2050{w},2022(w},1959(s),1820(s},1897(s)

2088(m), 2082 (w),2015(w},2010(s},1990(m},1959(s),1930(s)
2038(m),2007(vs),1957(s),1927(sh),1917(s),1888(m)
2018(w},1995(ms),1940(s),1918(sh)}, 1910(s),1885(s)
2030(w),1990(ms},1945(s),1920({sh) ,196(s},1840(s)
2043{w},1994(s),1930(w),1907(s),1877(m}
2021{w),1995(s),1990(s},1938(s},1910(s),1885(m)
2085(w),2000(sh),1980(s),1962(s),1912(m}
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18B.5 Ee(co ) 6 (PRSlA complexes

Very few reporta sxist for Rea(cojs(PRS)z complexes,
end the evidence for these complexes is tenucus. An early
claim to the preparation of Rez(CO)S(PFhs)AHw from the
thermal reaction of Re,(C0),, with PPhy was later proved
incorrect when the product was identified as the monomeric
hydride, HRe(CO)a(PPha)Z,‘“ with an IR spectrum {benzene,
5(00): 1930 en™") typical of mer-trans-KRe(Co),(PRy1,. ' 2
Another product prepared similarly and identified as
ei5-[Re(C0} 4 (Ph,PCH,CH,PPR )], P 1s probably alse
HRe(C0) ,(Ph,PCH,CH,PPh,), a8 the IR spectrum (benzene,
¥(C0): 1910(s), 1850(s), 1800(s) cm™>) resembles that of
fac-HRe (D) 4(PRy), complexes.' "™

The photochemical reaction of Rez(co)uJ with PPhy
under vacuun yielded, in addition to Re,(CO),(PPhy), isomers,
a trace product tentatively identified as REZ(CO)E(PPh3)4“‘
[IR(CHCE,), v(CO): 1948(s) cn™ 1. Again the simplicity of
the spectrum suggests the complex may be mer-trans—

HRe(C0) 4 (PPRy) . " 12 .
the tetramer Re,(CO)g (FPhy) ,.
that these complexes exist as dimers in the solid state and

However, MS data are consistent with

* It has been suggesced‘”b

as monomers in solution. The compeund [Re(t:l))a(wna)zl2 was
reported to give several v(CO) bands in Nujol, but only one
in benzene solution'"'? (vide supra).

A mixture of isomers of (Mn,(C0)s(P(OCH,}y0EE] 1%""
has been reported, (identified by elemental analysis}, ang
the IR spectrum is complex. Attempts to separate the isomers
were not successful., A compound tentatively identified as
an(co)s(PF374"“ has been reported [IR(hexane), v{C0): 2078(m),
2034(w), 2002(ve), 1994(m), 1977{w), 1953(vw) cm™ 1.

158.6  Conclusions

From the foregeing snalysis it is apparent that the
vast majority of Ree(co)s(Pﬂa) complexes reported correspond
to the ax-isemer. Only a few isolated examples of

- oy B N Y . "
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gg-Rea(CO)g(Pﬂa) complex#s have beeh reported, and the
evidence {elemental analysis and/or IR spectra) for these is
tenuous.

Regarding Rez(m)s(PRz)z complexes, at least four
different isomers have been reported, viz. diax, 1,2-ax,eq,
1,2-eq,eq and 1,1 isomer, although the majority of products
are M-REZ(CO)GWRB)Z' Combining the data for these
complexes with that for the M,(COJg(CNR), (M = Re,Mn)
complexes (see ch. XI ), it {s possible to relate IR data
to structure for all the known isomers of MZ(CO)S(L)Z {see
Table 15.4).

With the date for the REE(COJ7(PR3)3 isomers, together
with thet for Rez(CO)7(CNR)3 (eh. XI ), it is also possihle
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 iscmers.

There is no reliable evidence for Rez(co)s(ma)A
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
“ea(co)e(pka)a {or more highly substituted) products must
reflect synthetic limitations of the direct method of PRa
substitution on Rey(C0),,, and not steric constraints, since
Re (P{OMe),] ; (Tolmen cone angle ** for P{OMe) : 107°), has
been prepared by indirect methods. !'*

A Survey of Kinetic and Mechanistic Studies

In of the con y
of substitution reactions of M2(CO)10 (M = Mn,Re) with

phosphines yielding ME(CO)m~‘,‘(P12:_))x_| (n = 1,2}, the kinetics
of this reaction have been gtudied by several groups over the

ing the mechanism

past twenty years.

Two maltr schools of thought emerged: In 1966, Wawersik .
and Basolo®®! suggested that substitutlon of rllnz((lf))10 proceeds
via rate-determining CO-dissociation, and that Mn-Mn bond

- [aait] - A s 2
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TABLE 15.4: Correlation between IR data and molecular geometry for SNA co. vma rvm ogvumxmmm

No. of v(CO) IR bands Intensity pattern of v{CG) -

ZIsomer”® Calculated®  Observeq? IR bands® Example
(118) diax 2 2 w,vs Re, (CO) g(PHeph) T8
(IIB} 1,2 ax,eq 8 5 W.m.5,8,5 mmmﬁ&m@mswvm:u
(IIC) 1,2-eq,eq (staggered) 8 5(5) wam,s, (sh) ", ms Re,(CO)g(CNCHwe ) T8

1,2-eq,eq leclipsed) 4 a(s) w,5.5, (W),m tin, (CO) (hstie pr) 07
(11D} 1,1~ax,eq 8 5 .S, VS,S,0 sumnoovm.nammvzm .
(LIE) 1,1-cis-dieq 8 6 m,vs,vs,w,mm #n,,(00) g (cnBu®),, !
{IIF) i,l-trans-dieq 8 - ro examples known -

2 Staggered molecular geometry, unless otherwise stated.

® See Fig. 15.2

© Calculated from Group Theory Analysis; the Local Symmetry Approximation was assumed to hold.
@ The number of bands could be affected by the solvent.

€ 0n the basis of known examples (see section 158.2).

T crystal structure reported

£ This work

h

This weak band is sometimes not visibie in the IR spectrum.

. .
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230
cleavage does not occur even at 200°C. Hopgood and Po#

responded by proposing a mechanssm involving homolytic
fission of anrco}lo,
propogal recently received support from Sonnenberger and
Atwood,"*" on the basis of their kinetic studies of the
reaction of the mixed metal carbonyl, ReMn(COJ ., with PRy

to give Mn(CO)s. radicals. Basolo's

The disagreement regarding the interpretation of kinetic
results, resulted in a continuing dispute in the literature
between Pok and Atwood' ', *he main protagomists. A summary
of the main srguments and vesults follows.

Over a period of twenty years, Poé and co-workers
have studied the kinetics of the reaction of M2(C01

16030

pR; in decalin at 140°C under N2 and 02 (M = Mn, Te,
fug
Re }

with
zou

+ The results have been interpreted in terms of a
substitution mechanism involving reversible homolytic fission
of MQ(COJIO to give M(CO)S. radicals (eguation 15.1).
Substitution of the 17-electron radical M(C0)5- (equation 15.2)
is thought to be rapid, occuring through an associative (SN2}
process}. Recombination of radicals gives the ME(CO)lo_n-
(FRa)n (n = 1,2} products (equations 15.3 and 15.4).

1,(60) o === 24(CO}. (15.1)
M(CO)g. + PRy === M(CO),(PRG)’ ¢+ CO (15.2)
M(CO) g, + M(CO)(PRy)" = M,(CO),(PRy) (15.3)
M(C0) 4 {PRy)" = M, (CO)4(PR;], (15.4)

An assoclative substitution process is supported by substitu-
tion studtes of Mn(co)g.***® ana Re(coly.**"® radicats.
Further, an assoclative process has been found for the
substitution of PPh, by P(OPh), tn [Ma(cO)g(PPry)1."*C

Brewn and co-workers have studied the photochemical
reaction of M,(C0)), (M = Re,“‘a Mn“‘b) with PRy in hexane.
The radicel chain mechaniem propoged involves initial photolytic
cleavage of the M~M bond, followed by raold substitution of
the M(CO)S. radicals, with subsequent recombination of the
substituted radicals (equations 15.1 - 15.4). Studies of
Mn(CO)s‘ redicals’“e indicate that the substitution of the

RN * o st
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17-electron metal carbonyl radicals occurs via an associative
pathway, This preosed mechanism is essentially the same as

that put forward by Po# for the thesmal substitution reactions .
i of ¥,(C0),, (vide supra).

@ From a study of the photochemistry of MM'(CO)LO-n)"

" (PP ), (M =H'=Re, fh, n = G; N = Mn, W' = Re, n = 0; ¥ = ¥'=
'8 concluded that

Ty

Mn, n = 1,2) compounds, Wright and Ginley

homolytic metal-metal bond cleavage occuring from an excited
state derived from a g-e* one~electron transition associated
stent with the obeerved

with the metal-metal bond s co
. results.

AR Wawersik and Basolo’'’ reported kinetic studies of
Mn,(C0), and Hn,(CO)o(PR,) with PR, in p-xylene (120°C),
and interpreted the rate data as being consistent with a

et mechanism involving rate-di mining CO-dissociation with

no metal-metal bond cleavage (equations 15.5 to 15.8).

#,(CO) === #R(CO)g + CO (15.5)
o Mny(C0)g + PRy e M, (0O} (PRY) (15.6) .
"" E Mp(CO)o(PRy) === Mn,(CO)g(PRy) + CO (15.7)

BN 4n,{CO)(PR,) + PRy === Mn,(CO) (PR}, (15.8) )
:° _" Cox and Davis '®? have rationalized the wide range of products

obtained from the thermal reaction between Re,(CO) , and

5

PPh3 in xylene (140°C) in terms of a iissociative mechanism.
- Apart from Rez(cc)lo_n(PRa)n (n = 1~2) products, complexes

of the type HRE(CO)E-n(PRa)n {n = 1,2} were obtained. i
/ However, no HRe(CO)g was observed. This was taken as ah i

indication that homelytic [lssion of the parent carbonyl N

Rez((:l))10 1s not an important process in the reaction, and

4

From & kinetdc study of the substitution of MnRe(CO),,
252
by PR in decane (130°C), Sonnenberger and Atwood have
reportad three observations claimed to be incunsistent with . ‘

- that phosphine substitution precedes redical formation. It P :
N wag suggested that the hydrides are formed by reaction of "
. ungtable radical intermediates, [Re(CO)g  (PRy) ] (zr‘:.= 1,2), ‘
- with the solvent. This type of reaction im known. i ]
¢

o > oo e
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a free radical mechansim:i~
{1) the predominance of the Re-substituted product,
(CO)sMnRe(CO)A(PRa) .
(11} the failure of the Mn-substituted complex, (PRB)'
(CO)AMnRe(CD)S, to isomerize to (CO)!EMnRe(CO)A(PRs) when
isolated in the pure state, and
(iii}  the lack of isomerization to Mn, end Re, species.
In terms of the proposed mechanism, CO-dissociation from
MnRe(CO)10 to form Mnne(co)9 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''’1,
the proposed uechanism involves (O~-dissociation from the
Mn-centre, ad an intermediate with m 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, (C°‘5M“R"‘C°)4(PR3’~

Further support for a disscciative mechanism, with no
metal~-matal bond cleavage, was provided by the report of
Basolo and co-workers’®® that the scrambling reaction
{equation 15,9} between Mna(Cc)m ard Rez(co)m, to give the
mixed-metal carbonyl MnRe(CO?lo, does not occur in decalin
(130°C) under an atmosphere of CO, and only very slowly in the
absence of €O,

an(co)m + Rez(CO)m — 2MnRe(co)m (15.9)

However, Pog and cn—workers“ have reported that the
scrambling reaction (15.9} occurs in decalin {170°C) under
C0, to reach a gtable equilibrium.

Muettertios and co-workers,''  using isotopic labelling
and mass speciroscopic product analysias, have demonstrated
that Mn-Mn bond scission in an(co)m phosphine thermal
substitution reactions is not a significant process. Mixtures
of tiny (60}, and wn, (13c0)
(1209C) under “VCO atmosphere. Mass spectral analysis of the
product, an(co)g(t:na), showed no evidence of Mn-Mn bond
solssion. This is consiastent with a dlasociative mechahism

were reacted with PR&, in octane

vk * o B
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{equations 15.5-15.6). However, Mn-Mn bond scission was
found to be a major proces: during the photochemically
initiated ligand exchange reaction of MHZ(CO)].O at 25°C.
Recent laser photolysis studie-'*' of MnZ(CO)lo in
matrices have indicated that the primary process is CO-
dissociation from ng(CO)m to give an(co)g rather than
Mn-Mn bond scission, for about 30% of the reacting
%‘12(00)10. The CO~bridged an[CO)g reacts with PRB ligands
to gitve Mn,(CO)g(PRy}.

Similar results have been obtajned by Muetterties
and Stolzenverg?’! for the reactiggs of H‘Z(Co)lol\;';th PRS'
Thus in the thermal reaction of Ree(cmm and Rez(co)lo
with PRy in octane (150°C) under CO atmosphere, mass syectral
analysis of the product, Re,(C0)y(PR,), 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 ReZ(CD)g(Pﬂa) with PRS to give
Ree(CO)s(Pﬂalg. However, the photochemically initiated
reactions at 25°C led to complete scrambling within short
reantion times, indicating that the primary mode of reaction
for REZ(CO)U) under photolysis conditions Lnvoives Re-Re
bond scission as an elementary step.

Thus M es and kers have ted

unambiguously and via non-kinetic arguments that the
mechanism of the thermal reaction (140°C) of 1‘412((10)10

{M = Mn,ke) with ?Rs under CO atmosphere to glve M2(CO)9(PR3),
does no3 invulve metal-metal bond cleavage. The results are
consistent with the CO-dissociative mechanism, proposed by
Basolo, and supported by Atwood. However, '" etterties and
co-workers have shown that for the photochemically
iritiated reuction, metai-metal bond cleavage is implicated
as an initial step. This is in accord with the homolytic
fission and radical chain mechenism proposed by Brown and
co-workerg, hased on the results of kinetic stuvles of the
photochemical reacticn between ME(CD)lO and FHa‘ Hence the
mechanism for the thermal reaction uf Ma(CO)10 with PR3
under €0 is repressited by equations {15.5 to 15.8), while

- R 3 B . " "
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that for the photochemical reaction between MZ(CO)J.O and
PRS
metal-metal bond scission has also been excluded for the
thermal reaction of Rez(CO)Q(PRa) with PRB to give

27
ReZ(CO)B(PRS)Z'

ig represented by equations {(15.1 to 1[.4). Note that

15D.1 Synthesis and characterization of Re,(CO) O(PRS)n

{n = 1,2) derivatives

As part of an extension of the Pd-catalysed reaction
of Ree(CO)lc with isonitriles (ch. XI) to other ligands,
the reaction of Rez(CO)lo with phosphine ligands was
investigated. The thermal reaction between ReZ(CD)lo and
phosphines was found to be extremely sluggish even at
elevated temperatures, eg. after 10 h reflux at 140°C, the
reaction batween Re!z((:l))u7 and 2 eguivalents PMozPh yielded
80% recovered Re,(CO}, ;, and small amounts of Re,(CO)g
(PMeth) and ReZ(CO)B\'PMEZPh)Z, together with other trace
products which were not characterized.

Use of Pd-catalysts, eg. Pd/C (10%), Pd/CECOE (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%) for
F'd/t':a(lo3 (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
¢an be obtainred in good yield as the onle reaction product
after relatively short reaction times, eg. 84% Rez(co)s-
(PMEzPh)E after 1 h (xylens, 140°C).

In the cases of PR3 = PMeth, PMezPh, trace products
were al:w isolated, and identified as fac-HRe(CO),(PMePh
[IR(GHCCS), v(CO}: 2000{s,sp), 1910 , 1870(s) cl:l—l]
fac-HRe(CO}, (PMazPh)2 [IR(CH(‘,la) . v(CO): 2030(s,sp), 1946(s),
1883(s) ew "] by comparison with the IR spectrum of fac-
HRe(00) o (PPhy), '® [IR(CHCE,), v(CO): 2009(s), 1960(s),
1s00(r) cm'lj. Buch preducts could have beea formed with
other FRa ligands also but in many cases product decomposi-~

)2
and

tion on silica plates was observed, and minor product
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isolation not achieved.

Comparigun of the IR data for the Re,(CO),q (PRy)
(n = 1-2) products (Table 15.6) with that of zx-Mn,(L0)g
(#Me,Ph) [IR{benzene), v(CC): 2074w}, 2016(s), 1993(vs),
1969(sh), 1838(m) on'1**? and diax-hn,(CO)o(EMePh, ),
{IR(benzene), v(CO): 1983(w), 1954(vs) cn™1],%? for which
axial substitution has been established by X-ray
TP ynsicates that the
products are ax-Re,(CO)g(PR,) and diax-Re,(C0)g(PR3),.
An X-ray crystal and molecular structure of the Rez(CD)s—

crystallographic structures,

(PMe, Ph), complex (section 15E) confirmed the diaxial
substitution,

These Rez(CO)E(PR:;)2 products can be prepared
independently by the NMe,O-assisted reaction (CH,Ce,, 40°C)
between ReZ(CD)IO and PRa. which yields .= :ue major
producta ax-Re, (CO)g(PRg) (ca. 40%} and glay-Re,(C0)g(PR,),
{ca. 30%), as well as a minor product, identified as
Cél(e((m)a(l’ﬁs)2 (ca. 10%). Ths IR spectra of the latter
complexes (Table 15.7) show three strong bands in the carbonyl
reglon. This pattern is characterigtic of that of fag-XRe~
(00)3(PR3)2 complexes (X = H, halogen) (eg. "55(20)35‘:?“3)2’
LIR(CHCE,), v(CO): 2009(s), 1960(s), 1900(s) cm™ 1. a
This IK spectrum is gquite distinct from that of mer-trans-
HRe(00)4(PPhy), [IR(CHCE,), v(CO): 1935(s) em™1].""™®
The products ars probably the chloride, fac-CeRe(CO)g(PRy),,
since the reaction was conducted in CI-!ZCH!2 and th?ll;\tdmgen
in HRe(CO)B(PRQ)Z is readily replaced by chlorine. That
the fac-isomer, the kinetic product, is obtained, rather
ChET:fh?.TeT:fmnijngfr (mer-trans-H M(CO),(BRy},, M =
Re, M ' Mn 4 obtained by other workers from the
thermal renction of My(CO)y with PRy (140°C) ), probably
reflects the mild reaction conditions (40°C) of the MSSNO—

route, as fac-XRe(C0),(PR;), izomers z;:ze:di;%); igomerize to
the mex‘—-trans—XRe(CO)a(PRa)z igomers. :

An attempt was made to prepare arsine derivatives
of Rez(co)lo, as the complex Mnetcu)E‘(AaMeEPh)2 kas been
shown by an X-ray crystallographic structure to have
L.2-dleq substitusion.””’  The Me No-assisted reastion

- Pl xS .




TABLE 15.5: Details of catalytic systheses of Re,(CO),o (PR} (n = 1,2} complexes
PR Catalyst Reaction time/h Product Yield (%)
PPhy Pa/C(10%) 9 Re,(C0),(PPhy) 20
xmmnnovm?m:wym 20
PMePh, PA/C(10%) 8 Re,,(CO), (PHePh, } 20
Re, (CO)g(PHePh,), a0
PdO 3 Re,{C0)g(PMePh,), 80
. HRe(CO) 4 (PHePN,,), 3
w_ Pie,Ph P3/C or P&/CaCO,(10%) 2 Re,{C0){PHe,Ph) 2
Re,,(C0);(PHe Ph),, 82
HRe(C0) (PMe,Ph),, 3
Pdo 1 Re,(CO),(PHe Ph), 84
P(CH,CaHg) Pa/C(10%) 8 Re,(C0), 14
Re, (€03, (P(CH,C H 1) 15
Re,(COJ(P(CH,C ) 5), 12
Pley Pdo Re,(C0)4(PHe,) 14
mmNAooumnmsmmvN 18
P(oMe), Pd/C{10%) 4 Re,(CO)y (P (Ote) ) 55
Re, (€0} (B(OMe) ), 25

AT . Y
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TABLE 15.6: IR spectral data for the Ree(CO)
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A(PRG), (0= 1,2)

® 10~

derivatives
Complex ®go)/en™t  (cige, solution)
Re, (00)g(PPh,} 2114{w,sp),2040(w,sp},1998(vs),1964(sh),1940(m)
Re,(C0) o (PMaPh,) 2111(w,sp),1040(w,sp},1995(vs },1962(sh ), 1938(m}
Re, (€04 (PMe,Ph) 2108(w,sp},2038(n,sp),1990(vs),1960(sh],1932(m)
Re, (COJ[P(CHCH Y ] 2110(w,3p),2084(w,3p) ,1088(vs),1962(sh) ,1638(n)
Re, (€O g (Pey ) 2108(w,8p),2040(m, sp} , 1990(vs),1956(sh ), 2920{m)
Re,(CO)glP(0Me) 3] 21.08(w,5p),2040(w,5p),1994(vs),1952(sh),1930(m)
Re, (C0) g (AsMe, Ph) 2112(w,sp),2052(m,sp),1998(vs),1964(w}, 1930(m)
Re, (CO}g(PPh,), 2000(sh),1958(vs}
Re, (COlg{PMePh,), 2015(w,) 1984(vs)
Re, (CO)g (PHe,Ph), 2010(w), 1948(vs)
Re,(CO)g[P(CH,Cqty) 3],  2010(sh),1954(vs)
Re,(€0)4(PMeg), 2000(sh),1943(vs}
Re, (00 [P(OMe) ], 2000{sh),1970({vs}

TABLE 15.7: IR spectral data for the C€Re(C0)a(PR3)? complexes

Complex
C¢2(C0) 5 (PMePh, ),
Ce1e(C0) ;(Pie,Ph),
CeRe{C0) 5[ P(CH,CgH
CeRe(CO)4(Ple, ),
GeRe(CO) 5 (P(OMe) ),
CeRe(CO);(AsMe, Ph),

3)3]2

9(c0)/em™  (cHes. solution)

2030{s,9p),1954(s),1895(s}
2044(s,8p),1957{s),1896(s}
2024(1,8p},1940(s),1900(s)
2036(s,sp),1950(s),1894(s)
2043(s,8p},1970(s ), 1910(s }
2050(s,8p),1960(s),1914(x)

e

|
1
|
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between Ree(co):Lo and AaMeZPh yielded only Rez(co)g—
(ABMeEPh) (74%} and _{E--CGRe(CD)a(AEMeePh)Z {15%). The IR
spectrum of ReZ(CO)Q(AsMeZPh) [IR(CHCGS), v{C0}: 2112{w,sp),
2052(m, sp),1998(ve),1964(w),1930(m) om *] indicates zx-
substitution. This is also the case for Mn,(CO) {AsMe,Ph)?!?
{IR(benzene), v{CO)}: 2094(w), 2016(s),1993(ve),1969(sh),
1938(m) on”).

The Meah‘o—assisted reaction between Re,(COJ , and PRy
in CHZCGZ (40°C} or CHCCS {agec, PR3 = PPhS)”’ yielded
axially substituted Re,(C0) . (PR, (n = 1,2) products.
Howevor, it was found that when the MeaNO—assisted reaction
between ReZ(CO)JO and PMeth watt conducted in acetonitrile,
MeCN, (see section 35D.2.3) instwad of CHZCCZ, a cream
product was obtained {80°C, 2 h}, with a complex IR spectrum
{IR(hexane), v{(CO): 2078lmw,sp),2000(m,sp},1974(sh),1064(vs,
br),1922(s),1916(s) cm '], This product analysed as
Rez('\’ZO)B(l’l\ﬂezPh)2 (C: 33.5%, H: 2.7%, cf. Caic. for REZCZL—
HZZDGPZ’ C: 33.0%, H:2.5%; Fownd for M—RSQ(CO)G(PMeEPh)E’
C: 33.3%, H: 2.6%; mp: 142-44°C, cf. 108-109°C for diax-
{Rez(CD)B(PMeZPh)Z]‘ The similarity to the IR spectrum of
1 Z—axzeg-ReZ(CO)a(PPhs)z [IR(toluene), v(CO): 2069({mw),
2012(m),1964(vs,br},1834(n}, 1521 (m) om 11170 suggests that
the product {s the isomer, 1.2-ax,eq-Re,(C0)g(PNe,Ph),.
Attempts to obtain crystals suitable for an X-ray
crystallographic study of this complex to confirm the
substitution geometry have to date not besn successful,

The reaction which led to the formation of thie
product did not follow the usual procedure for the Meano_.
route {see section 15D.2.2) 'n that the MesNO was added
bafore the FMeZPh, and thy reaction was conducted in MeCN,
not CHCE,. Reaction,presumedly to dieg-Re,(C0)q(NCMe),
‘M'REZ(CO)B(NCME’Z has been prepared by the amine-oxide
assisted route [IR(NCMe), v{CO}: 2070(w),2015(w),1962(s),
1909(m) cm_l]. '?% From the IR data of Table 15.4 for
H;(C0)g(L), complexes, this spectrum would appear to be that
of a 1,2-eq,eq~isomer (IIC)}, was instantaneous, as
evidenced by the colouriess solution becoming yellow. On

PO S Y "
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subsequent addition of the PMeaPh ligand, reacticn cccured .,

with displacement of the NCMe ligands, to give 1,2-ax,eg-
Lo Ree(CO)G(FMeZPh)Z. steric consideration determining 1,2-ax,eq-
rather than 1,2-eq,eq-substitution. (Tolman cone angle®® of
PMezPh: 1220).

It is significant to note that sidebands are often

[ observed in the IR spectra of diax-Re,(C0)g(PR,), complexes.
o For diax-Mn,(CO)4{PR,),, Lewis et al *"’have aseribed these 4
. < o [
to Raman active bands which gain weak IR intensity. However,
this cannot be the case, as these sidebands disappear on
5 (C0) g{Phe -
Ph)z’ used in the X-ray study {section 15E}, exhibited no
sidebands in the IR spectrum (CHG¢y). An IR spectrum run on
(PMe,Ph)

Sa recrystallization, eg. single crystals of diax-Re

a crude sample of diax--ﬂez(CD) (toluene solution)

8 2
had sidebands at 2070(w),2020(m),1930(sh) and 1820{sh} cm‘l,
N in addition to the very strong band at 1950 et on heating

e N

in toluene solution (80°C) for 4 h, these sidebands were
cbserved to grow in intensity, and a shoulder to the main
1950 cn ! band developed at ca. 1965 en™. It will be

observed that these sidebands correspond to the v (CO} bands

of the 1,2-ax,eq-Re,(CO)q(PHe,Ph), isomer (vide supra). As
the diax-Re,(C0)g(PHe,Ph, and 1,2-ax,eq-Re,(CO),(PMe,Ph),

products run together on TLC, separation of the isomers could
not have been effected.

The formation of some l.2-a)¢,eq—ReZ(CO)B(PMEePh)2 in
the Pd-catalysed and MesNo-assxsted (CHaCe2 solvent) reactions,

as evidenced by the above "aidebands", and the partial

isomerization described above (ie. growth of sidebands on
N heating), are consistent with a report of the formation of
eg-substituted isomers, Rez(C())B(F’(‘v1ezl’l’\)2 [IR(CC@A). v (CO):

[ 2100(w), 2060(mw),2000(s),1055(s,br],1905(s) cn”™ }i*? and 8
o Rez(CO)B(PMePhZ)e[IR(benzene), v {CO}: 2090({w),2058(m), -
s 2000(s), 1985(s,br),1025(8) en>],'%* in the thermal reaction

of Rez(cmlo with PRy at elevated temperatures and for
extended reaction times (eg, PMeEPh“H petroleum ether,
80-100°C, 80-86 h} PMeth"'l xylene, 140°C, 15 h). These

isomers were originatly assigned as 1,2-eq,eq-Re,(C0)g(FRy)," '™

- - Ny < N AT " e
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but from the IR data appear to be 1,2-ax,0q~Re,(C0)g(PRy),
(see section 158.3). Following the published procedure'®®
{see section 15D.2.4}, the thermal reaction of ReZ(CO)10
with excess PMePh2 (xylene, 140°C, 15 h) yielded a yellow
product, characterized by IR data [IR{xylene), v(CO):
2095(w),2060(m),2000(5)'1950(3),15.322(m) cm-ll as 1,2-ax,eq-
Re,(00)4(PMePh,), [Tolman cone angle’® of PMePh,: 136°].

Note that for the large phosphine ligand, Pl’h3
(Tolman cone angle®® of 145°), there were no sidebands in
the IR spectrum of the crude w-Rez(co)a(PPha)z product
from the Pd-catalysed reaction. Hence the size of the
phosphine ligand, ie. steric factors, would appear £o
determine whether eg-substituted isomerg are stable.

According to the mechanism of phosphine substitution
on Be,(C0), o, to give diax-Re,(€0) (PRy),, "% Re,(C0);
undergoes monosubstitution to yleld ax-Re,(C0)g(PRy),, steric
considerations presumedly determining the final axial
position of the PRS ligand. In consequence of' the gcis-
labilization effect (see ch XII), a CO gis to the PR3 ligand
{3 more easily lost, but the second incoming PR:,3 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 PRa ligand occupies
the axial site, giving diax-Re,(C0)g(PR,),, steric factors
again governing exial substitution (see Fig. 15.4).

However, ggquatorielly-substituted Rez(EJD)‘B(I-"RH)2
isomers have been formed by several methods:-
[¢9) Reaction of (;,\--H)(u—olet‘in)m;a(co)8 complexes with
PR ligands, resulting in the formation of 1,2-og,e: nge -
(CO)B(PR )2 {R = Me, OMe, OPh) or 1,2-ax,eq-Re (CO)G(PR )
(R = Bu™, Ph),'" depending on the size of the phosphine
ligand {Tolman cone angles®’: PlOMe) 5, 107°; Pife,, 11873
B{OPR) 5, 102-128°; pau", 13204 PPhy, 145°], Bidentate
phosphine ligends, (b),, also %av?!l'. 209, 89-Re,(60) (P),
products ((P), = PhyPCH,PPh,, L. Mogpoipie,,
Ph,PCH,CH, Pth, f;ie PCH,CH, Ple, ). {The Tolman cone angles
(half chelates) for these (P) ligands range from

> ot
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