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ABSTRACT

The reaction of dicobalt octacarbonyl with a series
of 1,1,1—trichlcro-2,2—bis(arYl)ethanes yields the corres-
ponding Co3(C0)9[u3—CCHRR’] tetrahedral clusters, where R=
R’ = 4-methoxyphenyl or R = 4-chlorophenyl, R’ = 2-chloro-
‘phenyl. The nine-fold degeneracy of the cobalt carbonyl
ligands in these clusters is split on the NMR time-scale at
lcwitemperature;' In order to investigate'the fluxional
processes, the three axlal carbonyl llgands were replaced by
~the trlpodal moiety HC(Ph 2P)3. The molecular structure of

' (HC(Ph P)3)003(C0)6[p ~-CCH;] was determined by u51ng X-ray-
crysuallography. These data, in conjunctlon w1th the
variableétemperature NMR results revealed the existence of

several independent fluxional processes.

A series of enantlomerlcally Ppure dlcobalt pn- alkyne

clusters whlch possess. dlastereotoplc cobalt vertlces ‘were
synthe31zed by the treatment of [Coz(CO) ][HC_C CH Oﬁ] Wlth:
menthol or borneol,,or by the reaction of Co, (CO) 4 with
€;> Z-aMaepropynyl-borneol; the latter cluster was character-

‘fzed X-ray crystallographically.‘ Carbonyl substitution by
phosphines occurs with some degree of dlastereoselect1v1ty.
Moreover, dlastereoselectlve replacement of a metal vertex

_ by isolobal groups (CsH,R)M(CO),, where R = H or CH; and M =

iii
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Mo or W, has been observed by using NMR spectroscpy. _
The reaction of [(CgHg)Mo (CO),], with 2-endo-prop-.
ynyl-borneol yields the crystallographically characterized
tetrahedral cluster (R*CséMe)Moz(CO)4(C5H5)2, where R* is
the 2-norbornenyl group. Protonation of this cluster and
the aﬁove-mentioned hexacarbonyldicobalt species leads to -
metal staﬁilized cations which maintain their terpenoid
skeletons and aro stable towards carbocatlonlc rearrange-
ment. High fleld NMR studies on the mixed metal cationic
clusters [M—Co(CO)s(HCEC—CRz)] , where M = (CgHg)Mo (CO),,
(CHMe)W(CO)2 or (CgH,Me)Mo(CO),, reveal that the capping
v1ny11dene moiety leans preferentially towardsnone vertex.
NMR data, together with EHMO calculations, on the related
trimetallic cluster cation [ (CgHg)Mo (CO),Co,(CO) (CCR,1*

demonstrate that the positive charge is better tolerated by

the (CgHg)Mo(CO), fragment than at the Co(CO), vertex.
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" discussed involves the rational syntheses of bl- and trl-ﬂf

CHAPTER ONE

INTRODUCTION

1.1 Background

By deflnltlon, organometalllc chemlstry is concerned

bonds.® The presence of substantlal andpdlr ct

a transition metal cluster.? Therefore, it loglcally
follows that the syntheses and 1nvest1gatlons of organo-ﬁ.y
tran31tlon netal clusters would be concerned with compounds
which contain both metal ~carbon and metal-metal bonds._‘«;”?_

This introduction will attempt to serve many‘ ”H_%¥{§;~ﬁ;

masters. Since a great deal of the work that w111 be‘jéQ-

S

metalllc organotran31t10n metal clusters, 1t 1s perhaps '

_useful first to:examiﬁe‘seversliof?the:fundamental concepts

':empioyedibﬁ?clusterichemists to predict the probable outcome

of their reactions. Moreover, maﬁy of the now familiar and

established reactions which form the basis of this work and

make use o@\these’ideas.willjbe discussed. Throughout this’

*" work, Nuclear MagheticﬁResonance'spectroscopy"was the -

principal method used to investigate the structures and

-

1 .



fluxional behaviour of the synthesized clusters; thus, the
latter portion of this introduction will present ideas and
literature ekemples which illustrate the importance of this

'spectroscoplc technlque to the cluster chemist.

'When examining a class of compounds, it is helpful
fgt~tesearchers to have simple rules or concepts which will
;éiiaﬁ them to accurately predict which‘of the molecular

_l‘fiofmulations represent. realistic, stable compounds. The

“szEffective Atomic Number (EAN) Rule, sometimes teferred to as

' “the 18-Electron Rule, is a very useful method for predicting

the stability and structures of.small organometallic.compl?
a exes.?: This concept can be easily viewed as a corolleiy of
ethe "Octet Rule" used in orgenic chemistry and, simply put,
| states that metals in stable diamagnetic molecules will |
_possess 18 eleotron configurations.

The ratlonale behlnd the EAN Rule can be best under-
stood 1f one con51ders the szmple example of a mononuclear
octahedral metal complex, MLS. First of all, one must
recall that for any glven d—block transition metal there are
a total of nine valence atomlc orbitals; five d orbitals,
three p orbitals and one S, orbital. When placed in an octa-
hedral environment, the flve d orbitals splmt into three

-u-orbltals of t2g symmetry and two of e, symmetry; the three p

",forbltals have tyy symmetry and the one s orbital has a,,

;”;symmetry.: In turn, the six o-bonded llgands contribute six

atomlc orbltals of their ‘own; three of t

I

A

e tWO of ey and
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one of alé symmetry. Since only atomic orbitals of the same
symmetry are allowed to interact, the ligand and metal or-
bitals of the correct symmetry combine in the manner shown

in Figure 1 to: form the corresponding boﬁding and non-

-bonding molecular orbitals.® 1In addition, me;al_a;omic or-

 bitals which do not have the correct symmetry to.interact

with any of the ligand orbitals (the three tog orbitals)

TR

remain as non-bonding molecular orbitals.
As is evident from Figure 1, 18 electrons completely

£ill:. the bonding and hon—bonding molecular orbitals; it is

=g

“ the maximum number of valence electrons that can be accommo-
dated without using the anti-bonding molecular orbltals..

In fact it turns out that, regardless of the molecular sym-

metry, the bondlng and non-bondlng molecular orbltals will
alwa5s have the same total capac1ty Sf 18 electrons because
the nine valence orbitals on the metal must each give rise
to either a bonding‘or a non-bonding molecular orbital.

When these nine molecular orbitals are filled completely,

" the metal attains the stable eighteen electron closed-shell

configuration analogous to that of the Group 18 noble gas in
its row, i.e, krypton, xenon or radon, and the metal is said_L
to have the effective atomic number of that gas.1

| . For a cluster to be stable, the individual constitu-
ent metal® atoms are normally expected to have an 18 electron
closed shell configuration. However, now the total number

of valence electrons required by the molecule to achieve

[
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stability, or the EAN electron count, no longer is eighteen;
it varies depending on the number of metals present._ In
general the expected EAN electron count for a cluster of

nuclearity M and having B metal-metal bonds is glven by
EAN count = 18M - 2B

If the total number of valence electrons in the ﬁelecule and
the calcuiated EAN ceuntqare the same, then.the organometal-
lic complex is predicted to be stable.

There are two different models; the covalent®cand
the ionic,3 that oneemay employ to calculate the total .
"number of valence electrons in en-o:ganometallic molecule.
In both cases, the total number of vaiehce eléctrons is
'arrived at by considering the electr§§'contributions from
the metais and the‘ligands with the two approaches differing
in the maqner in ﬁhich they assign'the origin of the
electrons. Since the total number of valence electrons in
an organometallic complex is indeﬁendent;of the technique
used to cogﬂgzthem, both methods will eecessarily lead to
the same result. The covalent model will be used in this
work because of the simplicity of its approach.

In the covalent model, both the metal atoms‘end the
ligands are assumed to be neutral. Thus, the number of

electrons contributed by the metal will be equal to the num-

ber of d electrons formally consistent with its zero oxida-
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tion state, i.e., the number of d electrons eguals its group

Lo

number. ! Ligands commonly encduntered in organo-transition
metal chemistry can donate anywhere fiom_zero to eight

electrons and the electron counts for some fféqueptly used .

ligands are shown in Table 1.1

Table 1: Covalent Model Ligand Electron Counts.
o Number of
Ligand . _ electrons donated

BH3, O(oxide)

Halides, Alkyl and Aryl groups, H,

R3Sn, SCN, NO,, NO;

CO, NRs, CoHp, PR3, AsRj, RCN,

RNC, Ry0, R,S

N3-C3Hs (allyl), NO, RN,

14-C4Hy {cyclobutadiene), N¢-C4H¢ (butadiene)
15-CsHs (cyclopentadienyl), 75-CgHq (indenyl)
116-CgHg (benzene), 16-C;Hg (cycloheptatriene)
‘17-C4H7 {(cycloheptratrienyl) :

18-CgHg {(cyclooctatetrene)

O

SO~y s W N

To arrive at the number of vaience'electroes:in a
ﬁolecule, the totaI number of electrons donated by all of
the ligands is added to the number of'electrons in the
neutral metal atom.4 The follow1ng two examples 1llustrate
this method and also lead to the expected EAN electron
count. Begause ehey are the same value, one would correctly

conclude that they would be stable molecules.

CpsCot _ ‘ Mn; (CO) 10 B
Co(0) - 9e” _ 2 X Mn(0) 14¢€
2 x CsHs 10e” 10 x CO0  20Qe
+ve charge -=1¢ : . 34e’

- 18¢€ :

EAN count 34e”
EAN count 18¢" '

\\



Stable metal clusters tend to have the maximum

number of metal-metal bonds possible because the individual

'lﬁ;agménts that make up the clusters are electron deficient.®

In fhisiway, the available electrons are allowed to be

spread out ovei'the-en;i;e cluster so that the system is

delocalized. By cpuhting the total number of valence elec-
trons and also by knowing the number og métal atoms present,
the number of metal-metal bonds that a;; present in a poly-
metallic complex can be predicted.3 The assumption is made

that the cluster dbeys the EAN Rule (each metal in the

cluster will have an 18" configuration) and that a metal-

metal bond is a shared pair of electrons which makes a

. e
contribution of le’ to the 18e¢’ configuration of both metals.>

The number of formal metal-metal bonds: B, is calculated as

B = (18M = N) + 2
This equation is of course just a.simple variation of the
EAN equation given preﬁiously, where M is the’ number of
metals and N'ig the total valence electron count.’> This
time, however, we havé assumed the structure obeys the EAN
rule;7 i.e., N = EAﬁ electron count, and are trying to deduce
the number of bonds- whereas before ﬁhe reverse was trug. An

example of the:bond-determining approach is givén below.
&
G



053 (CO) 12 M 3,
N (3 x 8) + (12 x 2) = 48
Predict B = (54 - 48) + 2 =3 :
Structure that will allow three metal-
metal bonds is triangular
Structure observed® is triangular
w1th three metal-metal bonds

Once the nuclearity of the clusters has reached more
than 5 or 6 metals, us1ng the EAN Rule to predlct which
molecules and structures are stable is no longer adequate
At this point, larger molecules are known to exist which do
not obey the EAN Rule because the systems are too compleh to
be adequately descrlbed in terms of locallzed bon‘§ “Fortu—
nately, there is a method of counting'electrons for these
non-EAN clusters that does allow the stabilities and geone—
trres of the higher'nuclearity clusters to be accurately
predicted. Et is known as the Polyhedral Skeletal Electrén
Palr Theory or more commonly Wade S Rules.67

Wade’s Rules were originally developed for use with
borane (Bgtf') and carborane clusters. When applied to one
of‘these'clusters, the rules allow the shape of the cluster
to be predicted solely on the basis of its skeletal electron
count The main features, or regulrements, of Wade S rules
are summarized into seven basic statementS'asifdllows.T

S o

1. The structures of boranes and carboranes are based on
triangular-faced polyhedra (see Figure 2}.

2. all, all but one, or all but two of the vertices of the
appropriate polyhedron are occupied by the skeletal boron
or carbon atoms in closo {(closed), nido (nest-like) and arachno
(cobweb-like) compounds, respectively.

i3



3. Each skeletal boron or carbon atom has a singly-bonded ligand -
{i.e., a hydrogen atom) terminally attached to it, by a bond
radiating outward (exeo) away from the centre of the polyhedron;
one pair of electrons is allocated to this bond.

4. The remaining valence shell electrons (b pairs) are regarded as
skeletal electron bond pairs.

5. Each skeletal boron or carbon is considered to provide three AQ’s
. {atomic orbitals) for skeletal bonding. _
6. The polyhedra possess symmetries such that {(n+l) skeletal bonding
MO’s (molecular orbitals) are generated from these AQ’s, where n
_ = the number of polyhedron vertices [n = (b-1)]
7. . Compounds with @ skeletal atoms and b skeletal electron bond
: pairs adopt closo structures if b = (a+l), nido structures if b
= (a+2), and arachno structures if b = {a+3).

This structure predicticn method is not limited
solely to clusters that have: boron or carbon as their skel-
etal atoms. Wade' and Mingosa'have shown that it is possi-
ble to extend it to other main group;.transition'metal and
mixed metal clusters by employing some simple skeletal
electron counting procedures.

The main requlrement for these "borane analogue“
clusters (in which the individual cluster atoms attain an
inert gas ccnflguratlon) is that each skeletal atom provides
three AO’s for cluster bonding. Any remalnlng valence shell
orbital(s) on that atom are to be used fcr llgand bonding. .
Three valence shell atomic orbitals are available for a main
group element E, such as carbon, provided it uses its one
remaining AO either to bond a ligand or to accommodate a
lone pair of electrons. = The number of electrons that the .
atom E or the group EL supplies for skeletal bonding will be
(v + x - 2) where v = # of electrons in the valence shell of

the cluster atom E (its'group'number) and x = the number of
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11
electrons supplied by the ligand L.? By virtue of the five
additiona; orbitals in its valence shell, a transition metal
.M can necessarily accommddate more ligands than a main group
element and it will shppiy (v + ¥ — 12) electrons for
cluster bonding;7 This time x is taken to be the tétal
number of electrons supplied by all of the ligands on the
metal M.

Essentially, the number of skeietal elecﬁron'bond
pairs (b} for any cluster can be obﬁained&7,by adding the
number of skeletal atom valence shell apd ligand électrons,'
subtrécting two for each main group and twelve for each
Fransition metal skeletal atom in the cluster, and then
dividing by two. In the higher huclearity clusters where
the‘predictions of the EAN rule and Wade’s fules are
different, it isrnormalafof the Wade’s Rule struétuielto be
the one actually observed. | ’

For example,‘consider the known pseudo-oétahedral
cobalt-alkyne complex Coq(CO)mCzEtz.9 The total-number of'
valence electrons in the cluster islcalculated to be (36+20
'+8+2)=66.. The EAN ccﬁnt for this cluster, assuming Ehere 12
Co;Co or Co-C bonds, is (4x18+2x8) - (2x12) =64 skeletal
electroﬁs (note that the octet rule is applied to main group
atoms (if they‘are present) in the EAN calculation). Thus,
by the EAN rule, the complex would be predicted to.have one
extra pair of eled%roné in ordér for it to.havé a stable

oy

octahedral geometry. On the:other'hand, Wade’s approach
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would arrive at a cluster containing [66-(4x12)—(2x2)j+2=7
skeletal electron bond pairs. Since the number of bond
pairs is one greater than the number of skeletal atoms, Wade
accurately predicts that the cluster would be found in its
closo pseudo-octahedral form.

1.2 Synthetic Routes To Alkynyl And Carbynyl Clusters

The syntheses'of Qrgshometallic clusters have pro-
gressed a long way from ths early days in which many.weré
formed by serendipitous meﬁhods. There ase now é-iarge
number of well known and established methods for synthe—
sizing a wide varlety of clusters, including the class of
organo-transition metal clusters which contain either
alkynyl or carbyhyl'rr10:'.et.1‘.<=zs.m'11

. One of the routes to thlS type of cluster involves
tthe addition of a metal-metal bond to either a metal- carbon
multiple bond or a carbon—carbon multiple bond. Stone has

‘used this reaction with a considerable deal of success in

his work on‘trimetallic_mixed metal alkylidyne clusters.!?

BN

=

\I/
CD(CO JaW=C-Ar |“ /70(00)3
. CpW . N/
} /1\ . (co)s Tcdlcols

g
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This synthetic approach is of particular relevance
to this work because it is the best general method for gen—'
erating tetrahedral dicobalt p-alkyne clusters. Other
routes to these species do exist,13 but they lack the sim-
plicity of this techniqué._ By simply adding an alkyne, such
as acetylene, to Co,(CO}, in a suitable solvent it is

possible to form'the bimetallic cluster 1 quite readily.14'A

‘H

Cosz(CO)s + HC===CH
(OC}3CD
CO(CO)a

. 1 .
These dicobalt J-alkyne clusters are themselves ver&

useful starting materials for making other clusters. In
fact, one of them was used to generate the first tricobalt
alkyiidyne cluster. It was discovered that the protonation
of (p—aéeﬁylsne)hexacarbonyldicobalt, 1, resulﬁéd.ingthe
formatiqn;qf the tricobalt cluster bearing a methyl group as

its apical substituent,!® viz., 2.

\ 2S04 | /CO (C0)s

(0C)sco— R (0C)Co—
\Co(cma | \00(00)3
1 - | | 2

4]
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It was later established that this-was actually a
general route to tricobalt nonacarbonyl clusters provided

the alkyne ligand in the dicobalt cluster had at least one

_ &
terminally bonded hydrogen. Unfortunately, there is a draw-

back in that the tficobalt cluster generated will always
havexa'CH2 group in the a—pbsition and this severely limits
the type and number of clusters tﬁét can be made by using

this method.

A more useful and: general approach for synthesizing

these organo-tricobalt clusters involves the reaction of an
organic fragment containing an «,a,a-trihalo group with
Co,(CO)g. By using this tebhniqﬁe, clusters containing a

16,17 In

wide variety of apical substitutents can be formed.
addltlon to halogen, alkyl and aryl groups, it is p0331b1e
to introduce substltuents Whlch have reactive functlonal
groups present, e.g., esters. It has also been shown that,
in some instances, organic reagenfs containing dihalomethyl

:groups will react with dicobalt'octacarbonyl to give an

aikylidyné cluster. -

\

Co2(C0)e + HACX3 " —> S /CD(CO)a

£
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The bi- and trimetallic clusters exemplified above’

" all adopt tetrahedral geometries; this can be very easiiy.

rationalized by using either the EAN or Wade’e rules.
However, by u51ng the latter approach, a "40 electron""
bimetallic p-alkyne cluster can be thought of as havlng 6
skeletal electron bond palrs-for 1ts four vertices. Thus,
it would be predlcted that ‘it would have a md;structure.
based on the five vertex trlgonal bipyramid polyhedron,
which is of course the tetrahedron. Because these nido
clusters formally have a empty vertex, and thus are cohsid—
ered to be co-ordinatively unsaturated; it should be poss-
ible to introduce a metal fragment that ectsmas_a netrdonor‘
of zero cluster skeletal electrons into the cluster to gen-

erate a closo trigonal bipyramid cluster with five vertices

"and 6 skeletal electron bond pairs. Likewise, the addition

of a metal fragment which "donates" one pair of skeletal
bonding electrons should result in a nido octahedral cluster

with seven bond pairs and five skeletal atoms. This was

‘recognlzed by Jaouen and co—workers who successfully syn—

thesized a series. of square-based pyramidal trlmetalllc

clusters from approprlate blmetalllc n- alkyne clusters and

metal fragments.'®
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Another theoretical idea which has been applied
successfully to the synthesis of clusters is the concept of

isolobality.ls

This idea was initially advanced by Roald
Hoffmann for use in comparing molecular fragments with one
another'and with organic moieties. Hoffmann defines two
fragmgnté as being isolobal if-“the number, symmetry
properties,_approximate energy and shape of ﬁhe frontier

3 An

orbitals and number of electrons in them are similar."
example of an isolobal relationship is_found when the

frontier orbitals of CH;" and 'Mn(Cd)5 are examined.s They

are isolobal because each of them hés a single frontier‘

orbital of a; symmetry containing a single electron.’

'oc/l | 12N

H ~ H

Additionally, it is clear that by adding an electron to both
. species the [Mn(CO).]~ and CH,” that are formed will also be
isolobal. By definition, species which aig isoelecﬁronic

are isolobal, theréfore, [Mn (CO)g)~ is isolébal with Fe(CO)s‘
which in turn must be isolobal with éHaf; In a similar L

faEhion, the methylidyne group CH is isolobal to the. metal

1
fragment Co(CO)},; both have three frontier orbitals contain-

=
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ing three electrons available for bonding.3 The analogous
structural behaviour expected for these two latter fragments
can bé observed by comparing the tétrahedral geometries
adopted by'(p-alkyne)hexacarbonyldicqbalt and {{-carbyne)-
tricobaltnonacarbonyl‘(alkylidyne) clusters. The isolobal
relationships that exist between some brganic and inorgénic
fragments are shown in Table 2.3 (Note that_adding or sub-
tracting a proton from the hydrocarbon fragments results in.
a2 new hydrocarbon fraément which is iso;obal with the

original one.)3

. Table 2: Isolobal Relationships Among Organic and Metal Fragments.

Neutral hydrocarbon ch ’ CHjy CH; _' CH . C

- £ragment. '

Charged hydrocarbon  CHj” CHp" CH™  CHp cH*

fragment (* HY) CH;* h

Common transition Cr(CO)g Mn (CO) g Cr({CO}s CpCr(CO), Cri{C0O),
metal fragment ' Fe {CO) g CpFe (C0), Fe{CO), Mn (CO) 4 CpMn (CO)
{lst series) Ni (CO) 4 Co{CQ), CpCo (CO) CpFe(CO) Fe {CC),4

: ' Ni(CO); Co(CO); CpCo
CpCu CpNi

Based on these isolobal relationships, a number of

20-22 pave carried out the syntheses of a wide variety

e
of clusters. They correctly reasoned that the substitution

groups

of one metal vertex in an existing cluster by a different
isolobal metal fragment should give a new cluster in good

yield. An eiample of this approach is shown below in which
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a heterometallic cluster is generated from a homometallic

¢ompound.
Ar \-.-l | . "
I o
C
.—C0 ~ [CpW(CO)slz . / |
Co(CO) * -
(0C)sCo <7° 3 > - ,700(c0)3

Once these and other synthetic routes to this class .

of clusters became\éétablished, researchers began to move

| away from'simply‘gene;ating new clusters for their own sake
and started to investigate the'clugters themselves. Of
partiéular_intefesf éo our grbup has been the use of Nuclear
Magnetic Resonance (NMR) Spectroscopy as a tool to determine
not only the.structures, but'also.the mechanishs of'rear—
rangement of metal clusters containiﬁé‘carbynyl or alkynyl

moieties.

- 1.3 NMR Sbectroscopy as a Probe for Structure and Mechanism
Since a great deal of the work that will be dis~
cussed involves'molecﬁles lacking an impfoper axis of syh—
~metry, viz., chiral clusters, it is perhaps worthwhile to |
remind ourselfes ébout thé ﬁhenoménon of diastereotopic
-nuclei:' As is well known, all magngtically active nuclei in

a molecule of C, symmetry are in different environments and
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should thus resonate at different frequencies. However, if
there exists a particular molecular rotation or rearrange-
ment pathway which interconverts two-dr more nuclei then
this magnetic non-equivalence will be lost at some appropri-
ate temperature depepdent upon the activation energy barrier
which must be overcome.  As a trivial example we note that
the methyl protons in the cﬁiral ethane 3 are, in principle,
magnetically different. However, it is readily apparent
that simple rotation about the carbon-carbon bond axis
brings all three methyl protons successively'into,identical
positions. If one were to examine the 'H NMR spectrum of
.this moleculg‘a single resonance would be obse?ved for all
three protons. .in contrast, bj:substituting.9ne of the
hydrogéns by aﬁother atom or group, as in 4, the two

remaining protons would be rendered permanently different

' regardless of the rate of rotation about the carbon-carbon

axis. The 'H NMR spectrum of this molecule would consist of
two signals, one for each of the so-called “"diastereotopic
‘nuclei". In this particular molecule, the diasteredtopic
hydrogens can only be equilibréted by inverting the

chirélity at the other carbon centre to give §, as shown.
H | H ©H
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13.1 Alkyne-dimetallic tetrahedral clusters

Over the last deéade numerous clusters have been
prepared, the‘chirality of which depended not merely on the
use of mixed metal systems, such as 6 and 7} but also by |
inéorporating ligands which lowered molecular Symmetry.
| Nevertheless, it became apparent.to McGlinchey and his co- .
workers that several classes of clustérs which would have
appeared to be chiral were in fact undergoing intramolecular
‘rearrangements which brought about loss of stereochemical

integrity on the NMR time-scale.??

o

) II:OaCHH&. : COECHHe;
C

/>0 \»—@

Nl
1""“‘-N4(cul4 Co(co);

B : 7

&

To investigate this, it was necessary for the
authors to build an NMR ‘active probe into the systems in
order to ascertain the configurational stability of the
molecules. 1In practice, a convenient probe is the isopropyl
group which provides two potentially diastereotopic methyl
resonances (in either H or ¥c NMR spectroscopy) and we see
this m01ety was used in the bimetallic p- alkyne tetrahedral

clusters 8a and Sb
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These clusters fulfill the criteria for chirality in

that they are made up of four chemically different fragments

‘arranged in a tetrehedral geometry. In principle, it should

have been possible to resolve the two enantiomers but in

practice they resisted all attempts by the authors. Subse-

quently, it was shown that although the two iebpfopyl‘
ﬁethyls were indeed non-equivalent at. room temperature, the
NMR peaks‘coaleseed at elevated tem?eratures which Suggested
that the molecule could racemiﬁe with a barrier that exceed-

ed 20 kcal/mol.?* One possible intramolecular mechanism for

the racemization involves the following tetrahedral S

‘ . x . 7 ‘25
square planar interconversion.
R

. I - B - - -
C A '
// \\\\‘ ‘\C===:=£/
. c—R —_— ‘ B
N -/:‘ v, E " | g

\M
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This particular system illustrates some of the

potential problems which may arise in investigations such as’

.these. First of all, one must be certain that the coales-

cence phenomenon observed is not merely attributable to a
temperature—dependept change in chemical shifﬁ._ This was
accomplished by recording the spectrum at temperatures below
that required_to see the limiting spectrum and then extra-

polating any'observed temperature dependence to higher temp-

- eratures. Sécqndly, when the proton spectrum of 8 was

initially measured on a low field instrument only a single
methyl environment was observed at any temperature which

could have led them to suppose that the racemization was

- occurring rapidly on the NMR time-scale. In fact, it'turned;

out that the chemical shift difference between the diaste-

reotopic methyls was rather small in this system and it only

became apparent on a high field (400 MHz) instrument. One

‘,\\\ .
drawback that was encountered in using the high field

instrument to éeparate the methyl resonances was the conse-
quence that the sample had to be heated to close to its
decomposition point to bring about peak.coalescence. This

raised the p0551b111ty that alkyne dlssoc1at10n, and not the

(.\

postulated mechanlsm, was actually responsible for the race-
mization. Fortunately, in'this particular case no exchange

with added free alkyne was observed under the reactlon con-

dltlons but clearly it is“necessary to take such precautlons

to test for other plausible mechanisms.
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1.3.2 Alkyne-trimetallic square pyramidal clusters

As alluded to earlier, treatment of tetrahedral
clusters of the form (RC=CR) (CpNi)M, where M = Co (CO) 4,
CpMo (CO), or CpNi, with E‘e2(CO)9 leads to cluster expansion,

as exemplified below.®

When the alkyne is unsymmetrical,
as in Ph—CEC—COéCHMeZ, the cluster that is formed is chiral
aven if the two original metal vertices were identical. The

chiral nature of the system was readily detectable by use of

ality.

the diastereotopic methyl groups on the isopropyl fuhction—
R | o
| M |
/ \_;—C—FI' Fea [Cms‘ ’ .H“"'C— —c-R
CONI | — + / /
' P

\M/ . CpNi/ ——M CpNy Fe(C0);

7 M = ColCo)y ] 10 M = Co(Ca), 11 M = CpMo (C0) ,
8 M= CpMolCO), 12 M = CpNi
9 M = CpNi

i~

One concern which is commonly raised‘regarding such
sytems should be clarified at this time. It is true that
the system being dealt with is a SO:SO.mikture‘of enantio-
mers, that is a racemic system in which each enantiomer
gives rise to. the same spectrum (assuming that one is using
an achiral solvent).  However, the NMR experiﬁeht detects

the chirality of each molecule individually; this situation

is quite different from chiroptical measurements which

ARt
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detect, for example, the rotation of a plane polarized light
beam by the entire‘sample. Since both enantiomers are
present in equivalent amounts there would not be a rotation
measurable by using a poiarimeter. However, each individual
chiral molecule, 100% of the sample in this case, will |
exhibit different resonances for dieste:eotopic pairs of
nuclei unless there is a process @pich'interconverts the
enantiomers readily on the NMR tiﬁe-soéie.zs

In the Ni,Fe complex, 12, the room temperatu;e 1H_
NMR spectrum revealed a single cyolopeneadienyl peak and a
simple doublet for the isopropyl-methyls.27 In.oontrast, at
.low temperature, Mlekuz observed;two equally intense cycloe
pentadienyl resonances end a pair of methyl'peaks (each
split by the unlque isopropyl hydrogen to give a. doublet)
Clearly, there must have been a racemlzatlon process occurr-
ing which brought about 1nterconvers10n not on;y of the dia-
stereotopic methyl groups but also of the CpNi eniironmehts.
Fof‘a triosmium cluster HOS3(CSH4)(PPﬁe2)(CO)9 which exhib~-

28 it was  suggested there might be a

ited similar behaviour,
rotation of toe benzyne moiety felative to the metal
triangle. ‘When this idea was applied to the NizFe cluster
it was possible to visualize a process, shown in Scheme 1,27
whereby the acetylene ligand rotated so as to generate an
intermediate possessing a molecular mirfor plane which would

equilibrate not only the methyls but alsoc the cyclopenta-

dienyl rings.

i



i

25

F'l:lCDh
! _
JSEn Fe{CO)y
l/ e Cpit At —N‘ He LAY
[ A
on c-———-v ’coa-u{[ . — U i H:}c—oqc-n\—r——fpn
ceNY Nicp ¢ CoNi NiCp
€0
1
m/ﬁ\m

Scheme 1: Racemization via rotation of the alkyne R-C=C-R.
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Scheme 2: ° Rotation of the pseudo-alkyne CpNi=NiCp.
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Scheme 3: Migration of an alkyne about the molecular periphery does not
racem:ze the cluster,
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It was also necessary to consider the possible
existence of another process, that was the independenﬁ
:rotation of the CpNi-NiCp unit relative to the FeC,
triangular face, as illustrated in Scheme 2.?7 The CpNi
moiety is isolobal with a CH unit?® thus making the Cp,Ni,
frégment a pseudo-alkyne. If such a process were to occur
then it would be possible to interconvert the nickel
vertices without'racehizing the cluster; if this were the
.case, the isopropyl methyls would retain_their diastereo-
topic néture, However, the activation energy barriers to
methyl interconﬁersion and cYclopentadienyl_éxchange were
‘%ound to be tﬁe'same within exﬁerimental error, = 15 kcal/
mol. Hence,'only the single process shown in Scheme 1 ‘
needed to be invoked and the evidence thus favoured a
p:oceSS‘involving formal alkyne rotation relative to the

trimetallic plane.27

It was pointed out that such'a rota-
tion could not be é simplé'circumambulation of the alkyne ”
around ﬁhe periphery oflthe triangle (Scheme 3)%’ since the
net'resuit of such a féarrangement was tﬁé regeneration of
thé same Enantidmer; instead; as had been suggested by
Schilling and Hoffmann,?® the alkyne would have to execute a
mpre-intricaté series of manoceuvres (Scheme 4)27 rather in
the manner of a mdlecular.windshieid wiper.

i The aboﬁg,héchénistic arguments?’ all assumed that
the rearrangement pathwaf was entireiy intramolchlar, but .

an intermolecular process whereby the alkyne became detached
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Scheme 4: "Windshield wiper" motion of an unsymmetrical alkyne leading to

racemization of the cluster.

2\ - %\\» Y - ey
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-Scheme 5; Alkyne rotatlon on one face of a cluster showmg mterconversnon of
dnastereomers but not of enantiomers.

27
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from the metal triangle could alsc be easily imagined. 1In
order to verify the intramolecular nature of the process,

clusters containing three different organometallic vertices

" were constructed and examined by the authors.?” 1n such

molecules, alkyne rotation would interconvert diastercomers

rather than enantiomers, as shown in Scheme 5.%’ Thus, at
the low temperature"limit, each diastereomer should generate
a pair of diastereotopic methyl doublets} but at high
temperature one should cbserve only one pair of doublets
attributable to a single isopropyl group still in a chiral
environment.

In cdntrast,.if the rearrangement were to proceed
via‘an_intermolecular decomposition pathway, then the alkyne

would become free; such a process would not ohly equilibrate

 the CpNi vertices in 12 but also the isopropyl methyls in

pet

the liberated‘alkyne would become equivalent and hence

exhibit a simple methyl doublet. The low temperature

‘spectrum of n.showed two palrs of methyl doublets e

(1nd1cat1ng the ex1stence of two dlastereomers) whlle at

high temperature these peaks coalescednto glve a 51ngle palr'

<

of methyl doublets (prov1ng the chirality of thex y:tem was
retained) . These observatlons provided conv1nc1ng ev1cence

of the 1ntramolecular nature of the . rearrangement pathway

Furthermore,‘51nce the barrler to the 1nterconvers1on of the-

trimetallic diastereomers of 11 was very similar to that fqr-

Q



pathway could be:appiied_to the M,C, system.?
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the racemizaﬁion of the enanti@ﬁers 12, it was concluded
that the same rearrangement mééhanism was operative in both.
These experiments demonétrate the importance of incorporat—‘
ing multiple and indépendent_probes for rearrangement
processes to see whether they yield mechanistic results
which are in agreement or which are mutually exclusive.
Fortunately for thekinvestiéatérs, ih the systems discussed
above, the iH an@ B3¢ nMr daﬁa on bth the isopropyl and
{cyclopentadienyl)nickel moieties reinforced one another.

A very insightful comment was made regarding the .
bonding in the five-vertex square-pyramidal clusters.?’
Origihally classified as G, n—écetylene complexesﬁ-these
molecules are now mofe profitably viewed as ﬁMb octahedral
clusters analogous to BgHg, adcording to Wade’'s rules. Whén
the isolobal anaiogy of -Hoffmann was followed to its 1ogica¥
conclusion; it was possible to relate the square-pyramidal:
M.C, clusters to the carbocationic cluster CSH5+, ;he molec-

ular dynamics of which had been the subject of a theoretical

‘calculation at the extended Hﬁckel'level.3° These cal-

~ culations revealed that in the interconversion of the var-

ious Ch,isomers; the intermediacy of a D, closo trigonal _
bipyramidal structure is strongly disfavoured. Instead, the

lowest energy pathway (Scheme 6) involved the sequence Cyv™

C,~C3,~C,=C,y,» and Scheme 7 shows how such a rearrangement

? The overall

transformation is identical to that resulting from the -
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"windshield wiper" mechanism described above; that is, there
is interconversion of diastereomers in 11 but not of enant-

iomers. 1In addition, the mechanistic proposals put'forward

by the authors are in complete accord with NMR data obtained.

for other mixed-metal square-pyramidal clusters.3! 32

133 Tetrahedral Clusters Containing Arphos

.Although tetrahedral clusters can be rendered chiral
by incorporatihg four chemically different vertices into the
molecule, another method is to use an unsymmetrlcal bldent—
ate ligand to destroy any molecular mirror planes. To
achieve this purpose, Sutin et al. selected the'ligahd Ph,P-
‘CH2~CH2—AsPh2'(arphos), which readily displaces two carbon-
yls from adjacent metal centres and thus generates a chiral
eluster, for their study,33

From the X-ray crystal strL cture of . (arphos)Co3
(CO),CCO CHMe,, 13, it was revealeé/that the arphos llgand.
'occupled an equatorial position. However, the 'y ang *

NMR spectra of the isopropyl group‘meesured at ambient
temperature showed just a single methyl environment implying
that the cluster was undergoing racemization on the NMR
timefscale.,,lndeed, at -50°C, the diasteeeotopic character
of'the hethyi protons.was clearly evident and the barrier

was evaluated as =13 kcal mol l.

Because the racemization process was so much more

!
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facile than that described previously for tetrahedral

clusters such as 8, a mechanism that involved the intercon-

- version of the metal vertices themselves was ruled out.

The most likely process was proposed'to'belthe migration of
the diphenylarsinido terminus of the arphos llgand from one
cobalt vertex to another, as deplcted in Scheme 8 In
accordance with such a proposal, all four protons of the
—-CH,-CH,~ chain were distinguishable at low temperature.
They were differentiated not only by thelr proximity to
either arsenic or phosphorus but also by their exsoorendo
orientation with respect to the cluster. Upon raising the

temperature, however, the exo and endo positions were inter-—

converted and the protons were now differentiated solely by

-~

~ the identity of their neighbour, viz., P or As. This view

was reinforced by the observation that in the corresponding

diphos complex (PhQPCHéﬂ%PPh?)Coa(CO)TCCOZCHMeZ,:M,‘they

were able to observe only two methylene resonances (attrib-

utable_to exo and endo protons) at all temperatures; hence the
cobalt-phosphorus linkages apparently remained intact.

More recently, both of these ligands were incorpo-
rated into an-existing chiral tricobalt cluster, Co,4(C0O) ,C-
Coz—menthyl. The bidentate bridged clusters were examined
by.ueing 3ﬁP NMR spectroscopy and the results obtained were
found to support the oriéinal migration proposal.34 Two
resonances were observed in the 3P NMR spectrum of the

(dlphos)Coa(CO) CCOzmenthyl cluster at all temperatures,
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Scheme 8: ~  Interconversion of the enantiomers of 13 via arsenic migration.
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indicating that no chemical exchange occurred. _On the other
hand, the rapid interconversion of the two (arphos)Co,(CO),-
CCO,menthyl diastereomers via migration of the diphenyl-
~arsenido terminus from one cobalt td another was clearly
evident. In the 319 NMR spectra, the two diastereoctopic
resonances were observed to coalesce into a single peak with
- a similar activation energy barrier of = 13.1 kcal/mole. . It
was noted>® that for migration of arsenic from one cobalt to
another to occur there must be concomitant carbonyl
migration; however, since exchange of carbonyl ligands. .
between metal centres is usually much‘faster than cluster
_racemization the rate determining step was p:oposed to be
the cobalt—arsenlc bond—breaklng process.

'Arphos complexes in which one of the Co (CO) 4
* vertices has been replaced by a (C.Mey)Mo (CO), unit, such as

i
15,”have'been found to retain their spereochemical .
integrity.33 This was very élearly shown by the' diastereo-
'topic nature of‘the isopropyl methyls of 15 in the 'H NMR
even at high temperature. Furthermoré, fhere was a ‘seren-—
~dipitous bonus in that the isopropyl methyls:wéfe further
split at.lowsﬁemperature demonstrating the presence of other
.diastereomers. It has since been shown that these isomers
arise because of restricted rotation’ of the (CgMeg) Mo (CO) ,
vertex felative to thé dicobalt--carbynyl-carbon triangle,

as shown in Scheme 9.35 This ldea of restricted rotation

will be discussed in more detail later.
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Scheme 9: Rotation of a Cp*Mo(CO); vertex relative to a Co,C triangular face.
Other ligands have been omitted for simplicity.
'
Scheme 10: Semi-bridging carbonyl exchange process.
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134 “co NMr Specira As Structural Probes

The availability of high field instrumentation, in
conjunction with *3co isotopic enrichment, allows the use of
carbonyl resonances not only to study rearrangement process~
es but also to elucidate molecular structures. O0f course,
metal carbonyl spectra have long been measurable36 but, -
because of the enormous dispersion provided by high field
.instrumente, it is now feasible to follow the process of
ligand mlgratlons occurrlng with very low activation energy.

barrlers.

135 Dimelalld-tetrahedranes
The reactlons of alkynes w1th metal- metal trlple-
bonded spec1es provide a good route to dlmetalla-tetrahe-
dranes. By u51ng this approach, a series of clusters of the
general type [(CsMe H&*)M(CO) 1,[RC=CR' ], where M = Mo or ¢

W, and x =20, 1or35, were prepared and thelr varlable -tem- o

perature NMR spectra recorded.>"3®

Crystallographlc data
on- [CpMo (CO) ,1,{RC=CR’ ], where R = R’ = Ph revealed the .
presence of a eingle semi—oridging carbonyl ligand.3’ In
accordance with this structure, the low temperature }3C1NMR

spectra for this cluster and the analogous R H, R} = Ph

L

‘cluster con31sted of three terminal and one seml-brldglng

carbonyl environments. As would be expected for molecules
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' the analogous. tungsten compounds conta
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of C; symmetry, their two cyclopentadienyl moieties were
also magnetically non-equivalent in the low temperature
spectra. Upon raising the femperature, the semi-bridging
carbonyl was observed to exchange with a terminal carbonyl
and the CpMo (CO), moiety underweht partial rotation, as
depicted in Scheme 10. |

This fluxional.process had the effect of generating
a system of;time—averaged C,, symmetry fbr the symmetrical
alkyhe and it exhibited only the expected single carbonyl
environment and single cyclopentadienyl environment. For

the ﬁnsymmetrical alkyne this exchange process created a

‘system of time-averaged Cs'symmetry and two carbonyl envi-

ronments (b=d, -a=c) and a‘single cyclopentadienyl environ-
ment were observed. The létter.reéult supported the absence
of inter-metallic carbonyl ligénd scrambling in ﬁhe proposed
mechanism. “ ‘
When the analogous variabie—temperature B¢ NMR
studies were carried out for the sefies of methyl-subéti-
tuted (cyclopentégienyi)mol}bdenum molecules discussed
a?o%ef it was foﬁnd thaﬁ all of the clusters demonstrated

38 The barrier to

this same type of fluxional behaviour.
carbonyl éxchange was calculated to be ca. 8 kcal/mol”but

this was found to increase in proportion to the steric bulk

- of the substituted cyclopentadienyl group.

However, when the same studies were carried out on

ining both‘symmetricali.

{
tr



B

\\\\\

38
and unsymmetrical alkynes only a single carbonyl resonance
and a single cyclopentadienyl environment were observed even
when using a 400 MHz instrument at -100°C.%® Infra-red data
on these clusters had indicated-the presence of semi-
brldging carbonyls on these clusters but the researchers
were unable to:freeae out the exchange; {(Whether or not it
is possible’to_obserye a "frezen out" structure is often
dependent on the tlme—scale of the spectroscoplc technlque
used. IR spectroscopy has a time-scale of 1013 sec, much
shorter than the lifetimes of molecular conflguratlons, thus
it w1ll allow the determination of 1nstantaneous structures.
NMR,spectroscopy,.on the other hand, has a time-scale (10'
to 107° sec) which is comparable to those for molecular

structures; therefore, individual‘configurations may not be

_observed in all cases.39)- It was assumed that the tungsten

o

carbonyl chemlcal Shlft dlfferences would be comparable to

o6

those on molybdenum, therefore, 1t was “not clear why the
barrier to exchange 1n the tungsten clusters was con51der—:
ably lower than 1n‘the molybdenum complexes. # The tungsten-

P

clusters also appeared to undergo the addltlonal carbonyl o

<« PR -

ligand scrambllng process not seen for ‘the molybdenum o s

)

;*clusters Interestlngly, it has been demonstrated that

carbonyl flux1onallty in these tungsten molecules can be
"stopped on.the NMR tlme scale when the cyclopentadlenyl

rlngs bear ektremely bulxy phenyl substltuents, although

o = ﬁ‘ - . ’ P

. once agaln the reason 1s not obv1ous

40
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1.3.6 Trimetallic tetrahedranes

e I

k\ Thgygﬁnow exist many examples of mixed metal tetra-
hedral éiustefs containing three organometallic vertices and
a capping_carbynyl fragment..‘The two most widely usgd
routes to these clusters involve eithér'interaction of a
metal-mepal triple bonded unit with a metal carbyne complex
or the isclobal substitution of one brganometailic vertex
_for another in.;a readily available preéursor, as shown
before..lz'20
| :Thé first two X-ray crystal structures of such
clusters, 16 and 17, were almost identical and showed the
- cyclopentadienyl ring was positioned below the trimetallic
‘plane and distal with‘respect to the capping.aryl-cgrbynyl
'unit;. The 3¢ NMRﬁSpéctrum of these molecules at -Sbfc

Showed a single averaged peak for all of the CO ligands

*indicating that rapid interchange of the cobalt and tungsten

bound carbony;s was occurring. Nevertheless, Jboth Stone'!

'

-_énd,Vahrenkamp42 noted that there were toormany IR bands in

the carbonyl stretching region to be assigned to a single

isomer and it was proposed that the CpM(C0O), vertex might be

“able to adopt more than one rotameric conformation. Subse-

13,44 bf related mole-

quent X-ray structural determinations
cules revealed that the cyclopentadienyl ring could indeed

adopt ‘other orientations in the solid state, as in m-and:ﬁi,
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Recently, the first evidence that this facile
rotation cduld be stopped on the NMR time-scale came when
the C MMR spectrum of (CgMeg)Mo (CO),Co, (CO) (CCO,CHMe, was
recorded at -100°C on a 400 MHz inétrument;33 At that
temperature, it was possible to observe not only two car-
bonyl resonances at = 200 and 230 ppm in the ratio 6:2 as
anticipated for CO’s béund to cobalt and molybdenum
respectively, but also another less intense set of peaks
{(also in a 6:2 ratio) aﬁtributablé to a different rotamer.
In addition, the péntamethylcyclopentadienyl resonance‘split
ihto two peaks whose intensities correspohded to those of
their carbonyl partners in the two rotamers. In each of the
rotamers, the isopropyl groups showed no evidence of diaste-
reotopic behaviour which suggested that both isomers were
@chiral. Thus, itxﬁhs proposed thaﬁ the two rotamers
differed only in the orientation of the five-membered ring;
in one isomer (20a) the pentamethylcyclopentadienyl ring léy
below the piage of the metals, and vice versa for the other
(20b) . At that time there was no way of identifying which
isoher was the major rotamer and which was the minor.
This pattern of behaviour has since been extended to
the é;mpiete set of clusters [(CgMe Hs . )M(CO),Co,(CO) C-
COZCHMeZ], where M = Mo or W,;and x =0, 1 or 5.3 Inter-
estingly, for the clusters bearing CgH; or C;H,Me rings, the

h

g . a B - o
predominant rotamer in solution’was the opposite isomer to
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that observed for the clusters with CMeg rings. It was
hypothesized.a5 that due to a combination of steric and elec-—
tronic effects the major‘isomer in clusters possessing the |
CgMe., rings fand thus the minor isomer in the other
clueters) had the ring situated above the plane of the
‘metal, as in 20b. By having the pentamethylcyclopentadienyl
ring (e better electron ‘donating group than eithe; of the
other two ring system§5 oriented iﬁ this.fashion, the
moledenum (or tungsten) carbonyls‘wete placed in a better
position to form bridging carbonyls and.thus reduce the
additional electron density at that metal In fact, when
the crystal structure of the C sMeg; molybdenum cluster was
solved it was found to demonstrate exactly this behaviour,®

13.7 Structures of Cluster Stabilized Cations

The ability of both vinylidene and ketehylidene
‘tricobalt- carbyne clusters to stabilize a p051t1ve charge at
~a p031tlon a to thelr tetrahedral cores has been well estab-
llshedlby Seyferth. Wlth typical insight he proposed that
this stabilization could be attributed to a delocalization
of the charge onto the carbonyl ligands tia a direct inter-
action with a metal centre. However, desplte numerous
attempts to obtain good crystallographlc data, the struc-

tures of both.cations,remained a matter of conjecture.
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Extended HﬁckelrMolecular.Orbital calculations® by
Schilling and Hoffmann 6nlthe trimétallic vinylidene system
‘[Cos(CO)QC-CH2]+ predicted that the éapping group is
preferentially‘sited over a_metél vertex as in 2Ia; it was
also reported that: the sfructurg 2lb, in which the plane of
the methylene group bisécts a‘cobalt*cdbalt vector, could
provide a pathway by‘which the ;apping group ¢ould_migratec
around the basal triangle.‘ Both of these bent forms were
envisaged aé being more stable than.the linear isomer 2lc.
Still, the geometry of this cation was not verified experi-
mentally for several years;

By incorporating an isopropyl group into the tri-
cobalt vinylidene cluster [Co3(CO)9CCH(CHMeZ)]+ to serve as
an NMR probe, Mislow'® was able to demonstrate in an elegant
and,ingenious variable—temperature]3C NMR stpdy that the
cation behaved-iﬁ the manner expected from the Schilling-
Hoffmann model.®® Despite the methyls of the isopropyl
being ehantiotopic (and thus appearing as a single peék) at
higher temperatures, two resohances were observed for the

isopropyl methyls at -65°C. The existencé of two
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diastereotopic methyl groups could only be rationalized if
the cluster was chiral; this_requirement_can be fulfilled
onlytby having the C=CR, moiety lean towards a cobalt
“wvertex, as in 2la. The coalescence of the methyl signals
observed at higher temperatures (with a barrier of 10.5
kcal/mol) was presumed to reflect the enantiomerization‘of
the cluster via the intermediate 2Ib formed by correlated
rotations about the Co, (CO) g=~C and C--CHCHMe, axes.

With the ketenylidene complex [Co3(C0)QC=d%O]+, the
‘incprporatibn of an.NMR probe to determine the structure was
not_a.fgasible option. However, it was realized that the
- proposed stuctures, either linear 22a, bent towards one
vertex 22b, or leaning bétWeen two vertices 22¢, had differ-
'ent‘point groups which wbuld impose diffgfent-splittings in

degeneracy in the metals and their associated carbonyls.

ﬁ | .

o ° : o

| ) C/O C’//U _\

/ o=

c\ N
. /7CD[CU]3 \/CO(CU)a _~Co(COD)a
(oC)sCo—" {oc)sCo " (0C)aCo. ="

~~co(co)s \CQ[CU)a | ~~~colco)s
22a S 22b . - 22¢

The °Co NMR of the cluster?’ showed a 6:3 splitting
at low temperature which was consistent with two different

scenarios. The first involved the cluster maintaining the

linear (C;,) geometry of 22a, with a slowed exchange of

)
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axial and equatorial ligands on the NMR time-scale, while
the second {C,) invoked tilting of the ketenylidene moiety
(as in either 22b or 22¢) so as to render two Co (CO) ,
vertices different from the third. At that time it was -
thought to be highly unlikely that one could stop rapid
trlpodal rotation of the Co(CO)3 moieties because all
avallable ev1dence pointed to it being a very low energy -
barrier process. Since axial-equatorial.interchange was
assumed to continue.in.the bent structures, it was proposed
that the cluster adopted a bent geometry in which the
ketenylidene moiety leaned elther towards a single'vertex'or
towards the middle of a cobalt-cobalt vector. Although

Extended Huckel Molecular Orbltal calculatlons were carried

.out and showed that elther of these bent structures were

47
favoured over the-llnear lsomer, it was not possrble to

comment on which of the C conformatlons was the predominant
isomer in solutlon (elther 22b ‘or 22c), as had been done for
the vinylidene cation,‘[Co3(CO)§CCHCHMe2]

138 The Mechanism of Decarbonylation of Ar-CO-CCoj(CO)g to Ar-CCo (CO)g

In the course’of his'pionéerlng work on the
RCCo,4(CO) 4 cluster system, Seyferth reported that the aryl
ketones 23° readlly underwent decarbonylatlon to yleld the
aryl clusters 24. However the 1dent1ty of the CO which

had been ellmlnated was unknown and two mechanlstlcally
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- reasonable proposals were advanced. The first required the

homolytic cleavage of the carbynylfcarbon—-ketonic—carboﬁ'

bond with the eventual loss of the‘originally ketonic
carbonyl; the second involved initial loss of a cobalt
carbonyl ligand with the subsequent migration of the ketonic
carbonyl into the vacant site at the coordinatively |
unsaturated metal vertex. As is apparent in Scheme 11;
thése two mechénistic possibilities‘can be disginguiéhed by
labelling the ketonic carbon and then lécating the label in

either the eliminated carbon monoxide or as a CO now bonded

to cobalt.%® ‘ | : . o
When a °C NMR study was subsequently carried out by ,\\

Gates and his colleagues to elucidate the origin of the
extruded CO, it turned out to be experimentally easier to
enrich only‘the cobalt carbonyls ﬁith 30 rather than to
exclusively label the ke;on}c carbon with 3c. Thus,‘if

pathway (a) had been operative, the 3C enrichment factor

for the metal carbonyls relative to the naturally abundant

13¢ nuclei in the aryl capping group would:have remained

" unchanged; in contrast, if the CO being lost had been a
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- cobalt carbonyl, as in pathway (b), then the vacant metal

site generated would end up being filled by the naturally
abundant CO from the ketonic position.
The experimental result was unequivocal, the

relative integrated inﬁensity of the cobalt carbonyl e
resonance ih the decarbonylated product decreased by =12%
with respect to the remaining carbon nuclei in the cluster.
This was in complete accord with the second pathwéy, i.e.,
the CO which was eliminated was originally bonded to cobalt.
Thereforé, Qﬁly eight of the original nine enriched;cobalt
carbonyl ligands remained after decarbonylation and so the
intensity of the metal carbonyl 130 resonance at 200 ppm
was correspondingly diminished.?® o

4 The significance of this finding was the ;ealization
that the mechanism of deca;bonylation {and présumaﬁiy of
carbonylatidn) of metal clusters paralleled that established
for monometallié complexes,so as shown in the generalized

reactions in Scheme 12. | <
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14 Staiement of Problem

It is apparent from the examples prééented here (as
well as 6thers in the.literature) that NMR spectroscopy has
beéome an éxceedingly powerful technique for the determina-
tion of mechanisms of reaction and for the unravelling of
molecular rearrangemeﬁt which have the appropriate activa-
tion energy barrie:s. Therefore, it is proposed that a
number of discrete projects, involving both syntheses and

NMR investigations,‘be undertaken on small organometallic

clusters containing alkynyl and carbynyl moieties to help

facilitate a better understanding of this intriguing class’

of compounds.

<

Y
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CHAPTER TWO
FLUXIONALITY IN ORGANO-TRICOBALT CLUSTERS:

THE MECHANISM OF CARBONYL EXCHANGE

2.1 Background

The ability of the carbynyl-tricobalt nonacarbonyl
.group to stabilize a p051t1ve charge in the u—posrtlon,_as
in the cluster Co,4(CO)4(j —C=CR5) t.has been attributed to
its ability to delocalize the charge onto the carbonyl lig-

s ' 6,45,46,47
ands via the cobalts.16 ’ 47

At one tine, one of the
themes being studied in our laboratory'invoived a comparison
of the relative cherge-stabilizing agilities of a CgHg unit
and a (0C) Cos(u -C) morety, for this reason it was deemed
necessary to flnd a route to a molecule in whlch a phenyl

ring and a carbynyl—nonacarbonyltrlcobalt unit were both

attached to the same electron—rich or electron-deficient

centre,. To this end, Gates et al proposed that molecules

‘be constructed which had one or more phenyl groups bonded to

a methynyl group which 1n turn would be 51tuated in a p031—

tlon @ to the nonacarbonyltrlcobalt fragment. In this way,

it would have been p0551ble to remove the o hydrogen either

as a hydrlde{ or as a proton, to prepare the cluster stabil-
ized cetion or anion, respectively. For each case, their

50
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plan was to determine the barrier to phenyl rotation by
using variable-temperature NMR measurements. By comparing
these rotational barriers to the one for the neutral
cluster, it was hoped that one could detect'ény increased
rotational resistance about the bond between‘the ipso'carbon
of the pheﬁyl ring and the t-carbon in the charged species.

(This would have been attributable to the formation of a

~ partial "doublZ bond" between the two centres so that the

chargé could be delocalized into the phenyl ring.) However,

. it was first necessary'to find awgeneral route to clusters

‘coptaioing Sucg arylmethyl- or diarylmethyl-capping func-

'
At

o

tionalities. The direct reaction of dicobalt'octacarbonyl

‘with an organic precursor containing a trihalomethyl moiety

is the-preferred route to néﬁaoarbonyl tricobalt clusteré
.andﬁone such readlly available organic compound which
filled the requirements perfectly was the commercial pest-
icide.1,1,1—trich;oro~2,2*bis(4~chlorophenyl)ethane, more
commonly known as DDT.

[}

m\E:l\ /E:Iﬁl

Cl

CoalCOVs  + ClaC~CH L — Co{CO)a
\@m | | (DC)3C0/

CO(CO]a

25



KLY

52

After the usual purification procedures, a mixture
of black and white crystalline products was obtained from
the reactioﬂ of DDT with Co,(CO), but despite repeated
attempts the compounds could not be easily separated. In
order to isolate the two materials, Gates et al. resorted to
picking out the individual crystals with the aid of a micro-
scope. The black product (formed as the minor product) was
characterized by a variety‘of methods, including solving its
X-ray crystal structure (shown in Figure 3), and‘found to be
the desired ciuster, Co3(CO)g(us—CCH(prGH4Cl)2), 25. The
white species was later identified as 1,1-dichloro-2,2-
bis(4-chlorophenyl)ethane (DDD) by comparing its 'y and ¢
NMR spectra to those obtained from aﬂsauthentic;sample of
the compound.

Since Gates wished to gain some.insight into the
molecular dynémiés of the‘gputrai cobéit cluster, 25,‘it§}
variable—tempe;aturew13c NMR spectra were recorded. It had
been thought that there might be restricted rotation of the
phenyl rings such that the ortho and meta carbons of the
aryl rings woﬁld not bé magnetically'equiva}ent at low temp-
erature (this is precisely what happens for diarylmethyl

anions or their Cr(CO), com;plexessz'53

). Experimentally,

an§ pétential_splittings in the 3c NMR ﬁerelobSCured by the:
éolvggt signal overlapping with the important resonances.
Cohcomitahtly, howéver, it was observed that the cobalt

carbonyls sélit into a\6:3 pattern at -120'C;51
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At that time, several plausible interpretations were
advanced that could have aecounted for the unexpected
result. First of all, there could have been slowed rotation
of the eapping carbynyl unit about the alkylidyne carbon --
e¢~carbon bond on the NMR time-scale with inter-éobalt car-
bonyl exchange stopped, as illustrated in 26a. Ehis_would

“ [

have given a molecule with C, symmetry (similar to that.

observed in the X-ray erystal structdre of this cluster) and
thus, a splitting of the three-fold degeneracy of the

Co (CO) ; vertices would have resulted. As a second possib-
ility, shown in 26b, it was proposed that local rotation of

- the Co(CQO), vertices coﬁld be slowed on the NMR time-scale
to give a two distinct types of carbon&ls (three axial and
six equatorial); this molecule would have pseudo-C,, symme-
try provided the capping group continued to spin. (Of course
this would be true with or without inter-cobalt carbonyl
exchange). 1In the first case, it was necessary to stop

inter~cobalt carbonyi exchange, something which had been
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established for related clusters,54 whereas the seccond
postulate required cessation of axial-equatorial carbonyl
interchange, an unprecedented phenomenonrfor Co (CO) 4
vertices in nonacarbonyl clusters.5&67

Our own involvement w1th the problem started at that
time. The 1ntent was to investigate this unusual carbonyl

behaviour by incorporating other independent NMR probes

which might cast some light on these earlier observations.
22 Results and Discussion

The series of investigations presented here were
' 2
undertaken with two goals in mind. The first was to try to

'distinguish between the possibilities suggested by Gates et

al. for thelr observation of a 6:3 carbonyl Spllttlng in.a
nonacarbonyltricobalt cluster at low temperature, while the

-

second was the more general one of ‘trying to-develop a

<

bettef?pnderstaﬁhing of the mechanisms of carbonyl exchange
in ergand—trieobalt clusters.

A multitude of X-ray crystallographic structural
determination517 have shown that‘clusters‘of the type |

RCCo, (CO) 4 0F RCCO4(CO), L, adopt one of two isomeric

-xTX
forms. All of the carbonyl groups can be terminal, as in
27a, so that there are six equatorial and three axial

ligands,58 or the molecule can have three bridging, three

axial and three radial ligands as in 27b.°°

Sy
Lo

(23
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It is generzlly assumed that inter-metal exchange of
the six equatorial carbonyl environments can be accompllshed
via the Muetterties "merry-go-round", with the triply-

: bridginé species serﬁiné as an intermediate in the process.
On the_ether hand, axial-equatoriai interchange of the car-.
bonyls merely requires a local rotation in an "all terminal®
species.®® ‘Scheme 13 shows how a combination of these two
mechanisms will allow ali_of the carbonyls access to each of
the nine possible sites,

_UhtilTGates' work, onl& a single 1?CO resonance had
been observed for allskﬁbwn néﬁtral Co; (CO) 4CR clusters
indieating that rapid axial-equatorial interchange of the
carbonyls (and presumably inter-cobalt exchangej wasAoccﬁrr-
ing on the NMR time- scale, even at low temperatures. The
existence of 1nter-cobalt exchange can not be proven because
the detectlon of ° ‘C poupllng is restricted to those_
geometries (Oh orliu) in which quadrupola} line-broadening
does not obscure the':splitting.81 In contrast, in [C§3Rh3u—

(CO),;), 28, the carbonyl resonance appears as a triplet at
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Scheme 13:
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Mechanisms for complete interconvérsion_ of carbonyl Iigands' in

Co3(CO)CR clusters.
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_ 58
low temperature which can be attributed to the coupling of
the carbgnyls to two equivalent 1%32h nuclei. Upon warﬁing,
the 'O resonance becomes a quartet since rapid-inter-
rhodium exchangé of the carbonyls allows each carbonyl car-

62 The

bon to interact equally with all three rhodium atoms.
slowing of inter-metal exchange of the carbonyls on the NMR

time-scale is also readily observable in 29 which, upon

: cooling, show a 6:3 peak pattern for the Co(CO}; and Fe (CO},4

groups. This eventually splits out to give a 6:2:1 pattern
because it ié possible to freeze out local rotation or :
axial-equateorial intechange in the iron tricarbonyl fr;g-
ment but local rotation of the Co(C0), vertices has not beén
:stopped.56 (However, in molecules bearing three bridging

carbonyls, e.qg., 2?» all the different carbonyl environ-
7
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In order to resolve the ambiguity as“to the Srigin
of the 6:3 splitting of the carbonyl resonanceé}iit was -
decided initially to examine the likelihood of rotation of

the capping moiety becoming slow on the NMR time-scale. To
[+

accomplish this, it was planned to incorporate an NMR-active

Al
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probe into a nonacarbonyl tricobalt cluster that displayed
the unusual splitting pattern. Although it may have been
possible to use the DDT-derived cluster 25 during our
investigations; the fact that ig could not be cleénly
isolated in large quantities dié not make it a desirable

starting material.

s
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The tricobalt cluster 3 formed from the reaction of
Co, (CO), and 1,1,1~trichloro-2,2—bis(4-methoxyphenyl), also’
kngwn"as Methoxychlor, proved to be a much more well-behaved
cluster than the one studied by Gatesl This cluster could
be generated in higher yields andlwés'easylto isoléte by
using flash chromatography. In this case, the phenyLsr%ng
resonances are widely split and, by -80°C, the ortho and
meta carbons are split in the '°C NMR spectra, indicating
that aryl rotation has slowed on the NMR time-scale.
Furthermore, the carbonyls in this cluster alsd'exhibited

the aforementioned 6:3 splitting pattern at low temperature,

e

13

as can be seen in Figure 4. These variable~temperature “"CO



Figure 4:
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Experimental and simulated 62.5 MHz variable-temperature 13CO
NMR spectra of 30. Location of folded carbynyl resonance indicated

by an asterisk,
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sﬁectra were simulated by using the DNMR3 program63 and the
activation energy barrier (E)) to the exchange process was
calculated as = 9.2 kcal/mole by use of the Arrhenius_
equation for site exchange.s'4 Since 30 is essentially the
-same molecule as the DDT-derived compound, except for the
replacemenﬁ of the Cl atoms in the para positions of the
phenyl rings by methoxy groups, the previously outlined
proposals for the carbonyl splitting in 25 could also be
used to rationalize the behaviour of the carbonylé of 30.

If it could be shown, by an attached-NMR probe,‘that
rotation of the capping moiety had stopped it would follow
that the 6:3 carbonyl splitting came about as a direct
résult of this behaviour. Continued rotat%én would neces-
sarily mean the second explanation held, ﬂ;mely cessation of
local rotation. To this end, it was decided to- replace the
three axi%l-carbonyls in 30 by the tripddal ligand,

(Ph,P) ,CH, and record the variable—teﬁperature 3p NMR

@

spectra of the product, 3i.
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However, the synthesis of 31 was not as straight-
forward as had been expected;65 indeed it presented us with
a Catch-22 situation. The thermal conditions required for
all three phosphorus_atoms of the tripod to attach them-
selves to the cluster were very close to those which broughti
about decom@osition of both the desired product 31 and the
starting material 30. Foftunately, it was eventually
possible to generate sufficient quantitiés of the tripodal
complex to carry out the NMR studies. At room temperature,
the ¥p NMR spectrum of 31 consists of a sihglet at = 45
ppm. Stopping rotation‘of the capéing group in 31 would
generate a moiecule of C; symmetry and so should split the
31P'resonance into a 1:2 peak pattefn. In contrast, if the
capping group continued to spin freely, the moiecule would
retain its pseudo three-fold symmetry and so the 3p peak.
shouldlremain a sharp singlet. The continued observation of
a singlet in the 31p NMR spectra at low temperatures appears

to demonstrate that the carbynyl capping substituent is

e 2

still spiqgiﬁé raéidly gh the NMR time-scale. Assuming that
the same:;ituation prevails in the tricobalt nonacafbonyl
clusters 25 and 30, that is, rotation of the capping moiety
contihﬁeslunhindered, the explanation for the 6:3 splitting
of the'carbonyls necessarily invdkes the céssation of axial-
equatorial interchangerof the carbonyls.

o

The above approach is not without its disadvantages,

one of which is that the results obtained were from a

/
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modified hexacarbonyl cluster and they may not accurately
reflect the true behaviour of the nonacarbonyl-clusters; By
treating the trihalo-containing compound o,p-DDT (1-°(2-
chlorophenyl)-1~(4-chlorophenyl)-2,2,2—trichloroethane) with
dicobalt octacarbonyl, it ie possible to generate the nona-

'carbonyl'tricobalt cluster 32. It is very closely related

““<to the other two clusters, 25 and 30, but has the added

feature of possessing three different substituents in its
diarylmethyl eapping group; it is a chiral mo;ecﬁleQ‘

" -When the variable-temperature I?C NMR spectra were
obtained for thre cluster (32), the single carbonyl reson-
ance detected at room temperature was seen to split into the
aow fami;iar 6#3 pattern upon cooling to low temperature.
The presence‘of‘the chiral cappihg moiety.would further
reduce the effective symmetry of the molecule to c, if it
had stopped rotating-and thus caused all three Co(CO),
vertices to be magnetically different. The explanation
which best accounts for the observed 6:3 result involves
stopping axial—equatdrial carbonyl interchange but con-
tinuing the rotation of the cappihg carbynyl group. 1In
addition, for all six equatorial ligands to be equivalent it
would appear that inter-cobalt exchange contlnues at low-
temperature in this molecule or else a 3:3 spllttlng pattern
should be observed for them. ‘The attractive feature of this
investigative approach was that it was possible to observe

and explain the carbonyl splrttlng without having to resort
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to using a model system w1th electronlcally different
‘substituents, as in the Methoxychlor-derlved cluster 30.

Once again, we succeeded in synthesizing enough of
the hexacarbonyl-tripodal deﬁivative 33 of the nonacarbonyl
cluster 32 to examine its fluxional behaviour by NMR
epectroscop§. The observation of a singlec in the low
temperature 3,1P.NMR spectrum of 33 also serves to confirm
the initial conclusion; the capping groups continue to
rotate in these clusters.

In an éttempt to determine how the capping*group‘was';
~able to elow axial-equatorial interchange:of the Co(CO),
vertices, i.e., possibly via aesteric_interaction between
the terminal carbonyl ligands and the bulky capping‘groﬁp,
the crystallographically derived atomic co—ordinates of the
DDT-derived cluster 25 were manlpulated by u51ng the

molecular modelling program CHEMfX 66

The dlaryl*methyl
carbynyl fragment was rotated so as to poéiﬁioh a phenyl
ring between‘two carbonyl_ligands either (a) on the same
cobalt or (b) on adjacent cobalts. These situations are
‘depicted in Figure 5 and'show that even'when the carbonyl

ligands are p051t10ned at the most energetically reasonable

NIz
of orientations, the mﬂw—hydrogens of the chlorophenyl ~2E

rings can get uncomfortably close to the metal carbonyls.
In the more extreme positions that are encountered in Ehe
axial-equatoriel&carbonyl ;cterchange,“there was a definite
interaction between the carbonyls and the rings which would

~



CHEM-X plots of selected conformations (see text) of

65

Co3(CO)y(i13-CCH(p-CgH,CI)y), 25. For clarity only one

chlorophenyl ring is depicted.

*
.

Figure 5
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suggest that there could be a significant barrier to the
local rotation of & Co(CO),; moiety in these types of
clusters. This same effect may be responsible for the

slowed rotation of the aryl rings in 30, as detected by B3c

NMR spectroscopy.
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Interestingly, at —-120°C the Beo resonances of the
tripodal clusters, 31 and 33, were observed to split from

single resonances (at room temperature) -into two equally

intense peaks at = 206.6 ppm and 204.7 and = 206.6 and 204.6

pPpm, respectively. Unlike the analogous Coq(CO)g(tripod)g@

and (r-toluene)Co, (CO) [ (PPh,) ,CH]*"™®

clusters in which the
carbonyls attached to the phosphorus-bonded cobalts were
shown by X-ray crystaliography to be three terminal and
three bridging ligands, the *>CO chemical shifts in 31 and 33
are quite clearly attrlbutable to terminally bound carbonyl
llgands. It became apparent to us that in the trlpodal
clusters 31 and 33 the molecular symmetry was not Cay b t
rather C;. We hypothesized thet this phenomenon arose
because at low temﬁerature the six phenyls of-the tripod
froze out in a propellor conformatlon and thus reduced the

symmetry of the molecule. (This conformatlonal preference

for the rings is also~exh1bited in Co4gCO)9((PPh2)3CH).67a)

In conjunction with continued rotation of the capping group N

and no 1nter-cobalt carbonyl exchange, thlS lowered symmetry

(J 13
1

explains the 1: Cohspect:um obtained. However, a second .

explanetion for the appearance of the two equally intense
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carbonyl environments was éuggested to us and had to be
given due consideration. In this proposal, the capping
group continues to spin and the carbonyls continue to
undergo inter-cobalt exchange but the phenyl rings of the
tripod freeze out in both clockwise and couﬁter—clockwise
directions, fo generate ﬁwo'visibly diastereotopic carbonyl
environments. |

To resolve this ambiguity, we Synthesized the

tricobalt-hexacarbonyl-tripod cluster 34 which has a methyl

group as its apical substituent. The variable-temperature

-.13C NMR study which was carried out on 34 also showed the

two equally intense carbonyl resonances at low temperature.

'The splitting can only be rationalized by our %irst explana-

tion, i.e., inter-cobalt exchange is not occurring and the
phenyl rings freeze out in the ?ropellor aﬁrangement. If, .
as had been sugbested, inter-cobalt exchange continues and

the rotation of the phenyl rings stops in both clockwise and

-counterclockwise directions, the molecules formed would both

have C, symmetry and the carbonyls in the two products would
be enantiomeric. In that case, only a single carbonyl

resonance . would have been detected because enantiomers can

[

not be differentiated by NMR spectroscopy in an achiral

solveht.. ? -0

In order to pfbvidedconcrete evidence for our
proposed “propellor—like" conformation of the phenyi.rings
in'the tripodal §1usters, it was decided to obtain the X-ray

= 0
o
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crystal structﬁre of one of the cbmpounds. Red/purple
crystals of 34 suitable for X-ray diffraction studies were
grown from the mixed solvent system CHZClzlﬁentane; The X-
ray crystal structure and labelling scheme of molecule 34 is
shown in Figure 6 while the crfstallographic data for this
molecule are collected in Tables 3 thrgugh 5. As antici-
pated from the I.R. and NMR spectrosbopic results, all of the
carbonyl ligands in 34 are terminally bound. The phenyl
rings in 34 adopt the hypothesized “propellor-ﬁ&pe“
orientation (seen previously for Co,4 (CO) 4 ((PPh,) ;CH)) and
'~ this is illusgrated in Figure 7. The cobalt-cobalt bond
.distances (average 2.484 1) énd the cobalt to capping carbon
lengths (average 1.907 ﬁ)Ain 34 are comparable to those
found in other Cb3C tetrahedra reported elsewhere.>? The
crucial point which this structure illustrates is that the
phenyl rings in M are twisted approximately 30° from a
perpendicular alignment. Thus the C;, symmetry is brokeﬂgzo
C, and this adcounts for the 3:3 splitting of the degenerad}
of the:mCO ligands in the low temperature NMR spectrum.

. Despite the fact thét the ava%}able crystals of 31
were not of very high quality, a partial X-ray crystallo-
“graphic data set was obtained for a. Although it was notl
possible to solve the structure completelz, the co-ordinates
- of the phenyl ring éarbons in the tripodal ligand could be:
determined. As can be‘seen in Figure 8, the rings in this

cluster also adopt a propellor-like orientation.
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Figure 7; View of 34 showing the "propellorstype” orientation of the -

. phenyl rings on the tripodal ligand.
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At the beginning of this project, we had several
pieconceived notions regarding organo—tricobalt clusters. In
particular, we believed that the two carbonyl exchange
mechanisms operative were not entirely. independent of each
other but were related such ﬁhat-the ;equirement for inter-
metal carbonyl exchange was the ébility of the cobalt vertex
to undergo a form of axial:equatorial carbonyl interchange.
iﬁr the "mérry—go-round“ inter-cobalt cérbonyl exchange-fo
occur it wés proposed that initially the cobalt carbonyl
vertices had to twist slightly so that théy~brought
themselveé into a févourable pOsitidn for the formation of

the intermediate bridging carbonyl species; as illustrated.
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Thereforé, the observation of the low temperature
Beo 6:3 sﬁlitting for 32 and the éubsequent observation of

!g single carbonyl resonance for its tripodal derivative 33

in its room temperature I?C NMR spectrum was very intriguing

]

to us. 1In the former, 32, it appears that inter-cobalt

‘exchange is continuing after axial-equatorial interchange

—~
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had ceased while in the latter, 33, the observation of a
single peak for this chiral éluster means that inter-cobalt
exchange was occurring in spite of the presence of the
"rigid® tripod whiéh would preclude any axial-equatorial
interchange. (Had inter-ﬁetal exchange been slow on. the NMR
time—scale for 33 there should have been two carbonyl
signals. The presence of a chiral capping group creates two
chémically different ahd non—interconvertible carbonyl sites
on each Co(CO),P moiety.) " Since these results directly
contradicted our original proposal, théy prompted us to

investigate further the ability of the trimetallic clusters

: to undergo inter-cobalt carbonyl exchange in situations

where axial-equatorial interchange was definitely not

possible. ' ‘ _ G
The tripod containiné‘cluster, 5ﬂ! had originallyl

been made to elucidate the behaviour of the phosphorus-

bonded phenyl rings by variable-temperaﬁure He NMR

spectroscopy: However, since it could formed in good yield,

‘we decided to resynthesize this cluster (after first

o]

enriching the carbonyls of its nonacarbonyi parent with

>c0) and take another look at its '>C NMR spectrum. We had

héped to be able to observe a splitting pattern in the

carbonyl region of the room temperature 3¢ NMR spectrum _

that we could attribute to 31

p-13¢ coupling between the
carbonyls and the phosphorus of the tripod. If inter-cobalt
carbonyl exchange were occurring one would expect to see a

)
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quartet in the carbonyl region because of the coupling of
each carbonyl carbon to three equivalent 3p nucléi. A
doublet arising from the coupling of each carbonyl'carbon to
a single 3P nucleus would be.anticipated if the‘carbonyls
remained fixed to individual cobalts. Despite repeated
attempts,.this ekperiment'failed to prpéﬁde any conclusive
e@idepcé'for either scenario; a singlewéarbonyl peak with no
visible carbon-phosphorus coupliné was alwéys observed at
room temperature evén when thé sample was dissolved in a
viscous solvent (something ﬁhich had been done to observe
B3c_31p couplings in other‘cobélt clusté?gﬁal. £

Howeveé, because this cluster no longer possessed
phenyl rings in the capping group, we were now able to iden?‘
tifyﬁthé carbon resonances attributable to the phospﬁorusQ
Soqnd phenylfrings. (In thg other tripod clusters it was not
possible to unequivocally assign resonances as belonging to
the ligand or to the capping group.) From the variable-
temperatureﬁl3c NMR spectra 6btained for 34, the “freezing
out" of c;mplete rotation of the phenyl rings-cauld be
observed and we calculated this barrier (aG%) to be = 10
kcal/moie:by using the Gutowsky-Holm approximation for two a
siﬁe exchange.69 Meanwhilé, the_carbonylﬁresohance of 34

was'seep to split into two équally intense peaks as.the‘
témbefature ﬁas lowered and tpe barrier for this phenomenonl

was calculated to be = 8 kcal/mole. We initially thought

that it would be possible to use these different bakriefs to
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draw some conclusions regarding the carbonyl fluxionality.
Unfortuﬁately, upon re-examining the fluxional behaviour of

i
the cluséér on the 500MHz spectrometer (initial work was
done on the 250MHz), further splitting of the ring carbons
was subseqﬁently observed and it also had a barrier of = 8
kcal/mole barrier. The splitting can be attributed to local
ring motion (shown below ﬁor a single cobalt centre), and
not cdmplete rotation of‘the rings, which allows the phenyl
rings to twist from one propellor form to the other.
Because the transition-state structure in such-a process is
a clustér which has C,, symmetry, the mirror planes in the
molecule equilibrate the two rings attached to ﬁhe samé
phosphérus; in additionf this would equilibrate the two

carbonyl ligands attached to'any given cobalt.
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If thé’carbonyl‘splitting process had possessed a

lower activation energy barrier than either of, the other
two, é§'it had initially appeared, it would héve inqicated

that inter-cobalt exchange was occurring even after phenyl

o, ‘
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rotation had ceased. In turn, this would have provided more
evidence for the existence of intet:cobalt exchange without
the necessity of local rotation of the cobalt vertex.
However, since the carbonyl barrier and the second phenyl
ring fluxional process are very similar, it is not possible
to decide‘which process stops first and thus cone can not
draw any unequlvocal conclusions regardlng the occurrence of
1nter—cobalt carbonyl exchange in 4.

It was elready known that axial-equatorial carbonyl‘
" interchange p:eceeds in the absence of inter-cobalt carbonyl
exchange.k From the NMR results for the’o,c—DDT derived
- cluster, 32, aﬁd for'itsltripod‘substituted analogue, 33, it
appears that the ;everee is also true. In otﬁer words, the
two mechanisms used to explain carbonyl exchange‘in'these
clusters are Jjust that - two independent mechaf?{;s.

1
Overall the. 1nformatlon obtalned in ‘the' preceding

‘_:_"__?_*

study regardlng the fluxional behav1our of organo-tricobalt
clusters can be summarized as follows- (1) local-axlal—
.equatorlal carbonyl interchange can be stopped on the 'NMR
time- scale, with a calculated barrier of = 9.2 kcal/mole,

(2) rotation of the apical capping groupﬁéontlnues in these
DDT-type clusters, (3) inter-cobalt carbonyl exchange does
occur and (4) inter-cobalt Carbonyl exchange is independent
of the ability to undergo ariy form of local axial-eguatorial

[N

a3
carbonyl interchange.



CHAPTER THREE
L !
DIASTEREOSELECTIVE LIGAND, AND VERTEX SUBSTITUTION
B .

REACTIONS IN BIMETALLIC BRIDGED ALKYNE CLUSTERS

3.1 Introduction

It is possible to synthesize chiral organo-
transition metal clusters containing either a carbynyl or

alkynyl moiety via any one of a number of routes.'’ For

“many individuals, the term chirality is associated with an

organic molecule that contains a carbon atom bonded to four
different groups, as in 35. These molecules are easiiy
visualized as being tetrahedra that have four unique
cofners. In fact[ some of the ea;liest synthetic approacheslj
to the chiral clusters of interest to us involved making
tetéahedral”compounds such as 36 which had four diffefent

. 70
vertices,

not unlike the simplest chiral orgaqic species.
Similarly, one méy arrive at a cluster that has four non-
identical vertices by substituting an uﬁsymmetrical ligand,
éuch as arphos, into an existing prochiral cluster. Unlike
theforigihal nonacarbonyi cluster from_which it was derivéd,
the three cobalt vertices in 13 are differentiated by their
having €ither ﬁhree carbonyls, twdAcarbonyls and a phosphgf—

us, or two carbonyls and’ an arsenic, directly bonded to

. . Ao
o] . a3
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them.*® For a tetrahedral cluster to be.chiral, however, it
is not always hecessary that the stoichiometric makeup of
its four vertices be different. As a number groups have
demonstrated, it is possible to have a chiral tetrahedral

cluster with either two Co(CO),, 37, or three Co (CO) 4, 38,

vertices present by incorporating a chiral natural product

71,72 34,73

into the alkynyl substituent, reépect-

or carbynyl

ively. In these cases, the chiral centre is not present in
the tetrahédral core of the cluster,.rather itﬁis located on
oﬁé of the substituents.

While the three cobalt vertices in the carbynyl
cluster 38 can be equilibrated by a simple‘rotat;oh about
thé‘alkylidyne ——‘a—cargdn‘bond (recall this was the case

Hfor the“simple ethane described bgfore),"this is not true
for the cobalt carbonyl vertices in the bimetallic cluster

37. As can be seen from the Newman projection of this

cluster, (with 1, 2, 3 re@fesénting the chiral substituent)

i
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_the'situation'is very similar to tQat:bf the_previpusly
discussed substituted chiral ethane. . Now} however, it is .

the tricarbonyl cobalt vertices which are diastereptopic

R

I
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ihsteéd of the protons and theoretically there would be two
resonances in the “’Co NMR spectrum of such a cluster (one
for each unique cobalt). In order to generate diastereo-
topic Co(CO), vertices in the tricobalt cluster 38, it is
necessary to substitute one of the cobalt cérbonyi moieties
by an isolobal metal fragmeﬁtlto give a molecule like 393
Aétualiy; it was the existence of chemically distinct cobalt
tricarbonyl vertices in clusters such as these that provided
the stimulus for this series of ihvestigatioﬁ;:

One of the assumptions that has been made regarding
the possiblé use of organometallic qlustersras catalysts in

. 7
organic syntheses4

is that a process which is clusterf
catalyzed é@ould be capable of inducing optical activity in
the product when the cluster itself is chiral. It logically n
follows, thereforé, that if the cluster waS'eﬁantiomerically
éur? then the produ;t formed dpring the reaction would be of
‘only a single enantiomeric form. With an enantiomerically
pure homo~bimetélliC'cluster such as 37, there are two /&
potentially catalytic meta§>sites present which are differ-

o

entiated by their spatial orientation with respect to the

chiral substituent. As a result, éach of the sites coxld
possiblngiﬁe ri;e to a di%ferent product. Moreover, by
tailoring the chiral group in the cluster it miéht be
possible to carry out.reactions with 100% selectivity for

T - . . .
one vertex to give only a single enantiomerically pure

“product. Indeed, it was recently observed in our laboratory
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that the chiral substituents in some trimetallic tetrahedral

systems can help to influence the course of ligand substitu-
tion reactions.{ | | |

By using'BlP NMR spectroscopy,34 Clark and per
colleagues demonstrated that reactions of bulkf phosphines
with clusters of the type RfCCdz(Cb)GMo(CO)z(CsMeS), 39,
where R is derived from”a natural product such as a
terpenoid, occurfed to a different degree or exhibited
chiral discrimination aﬁ_the diastereotopic cobalt vertices.
Since these-hetero-trimetallic:carbynyl clusters are iso—
lobal with dicocbalt alkyne clusters (a CpMo(CO)2 m01ety is
1solobal with a CH fragment), it was proposed that vertex
selectivity by an incoming phosphine might also be obsarved
in enantiomerically pure homo—blmetalllc clusters whlch
possessed dlastereotoplc cobalt vertlces Furthermore,“the
intrinsic diastereotopic nature of the cobalt vertices in
these homo—bimetailic clusters also raised the possibility

that the chiral substituents could be used to control the

site of substitution of one metal fragment by an isolobal

| noiety; theoretically, one could therefore generate an enan-

Jtiomerigally pure chiral hetero-bimetallic cluster without

i

resorting to time-consuming diastereomer separations. To

‘this end, we have prepared several different enantiomerical-

‘ D - o
sly pure dicobalt p-alkyne clusters by incorporating}natural

products into the complexes and performed both ihdividual

ligana and complete vertex substitution reactions on them.
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3.2 Dicobalt Clusters

'Dufing the course of this project, three Aiffereét
enantiomerically;pqxe chiral dicobalt n-alkyne clusters were
used as starting materials. Two of these dicobalt "species
were synthesized by following the same general rouéeras was
used by Sc:l'n:'eiber"'2 and involve the incorporation of a
natuéal product into an e31st1ng bimetallic cluster. As
shown in Scheme 14, the reactlon of Co,(CO)4 with propargyl
alcohol in THF at room temperéture generates, in good vield,
the Ql-alkyne species 40 bearing a hydroxymethyl substituent.
After recrystallizing this achiral cluster from hexane, -

subsequent. treatment with a CH,Cl, solution of either

(1R, 25, 5R) - (-) -menthol or ‘[ (1S) -endo] - () -borneol in the

. presence of an acid catalyst {(i.e., HBF ,~Et,0)} over acti-

vated 4% molecular sieve gives the‘enantiomerically pure
chiral ether clusters 41 and 42, respectlvely This reaction
presumably 1nvolves the 1n1t1al generation of the cluster
stabilized cation by protonating the a-hydroxy group of 40
and then losing water from that species. 1In turn,
electrophlllc attack by the cluster cation at the hydroxyl
oxygen of the chiral alcochol, follow§d by proton
elimination, gives the neutral ether derivatives. . =
The second approach taken to generate a chiral .

cluster invelved the'reaction of dicobalt octacérbonyl with

an alkyne derivative of a natural product. In this
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instance, it was decided to position the,chiral_entity |
closer to the cobalt vertices when forming the résultant-
bimetallic p-alkyne compound. This was accomplished by
first allowing the propynyl anion, formed frém the reaction
*of'KOH and propyne, to react with (18)—(+)—camphor. rAs

ﬁillustrated, the presence of the bulky dimethyl bridge
causes- the alkyne anion to~approach the ketonic carbon only
f;Om the lower face of the molecule thus generating 2-endo-
propynylborneol; 43, exclusively'.-'5 Subsequent reaction

with Co,(CO)g led to the desired molecule 44.

’ ) V A ) L= ‘ - OHC o B .
. . CHeC=CK o+ —_— C | |
. - - ' 0 :
- ¢ .
‘ ; I E |

. CHs
*\ . ’ 43
SN ] ‘

' lCOa(CO}a-‘

A\l

OH T

| b
' ' : c ¥
[00)30551\ _~Co{C0)3
Z - . I
: . ‘ Lhs

44
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These clusters, along with all of the others

reported herein, were fully characterized by using a variety
of techniques inclﬁding 13C, 'H and *'p NMR as well as I.R.
spectroscopy, mass spectrometry and elemental_analyses,
Conventional one-~dimensional e wr experiments,,such'as
the "spin sort"™ and the "gated_decoupled" experiments which'
allow the identity of carbon atoms to be determined by the

phase of the signal and the multiplicity of the signal,

respectively, were used. Furthermore, some two-dimensional

NMR spectroscopic techniques were employed to help in the

assigning of the spectra. .ﬁ

For the starting cluster 44, these included the ‘H~

-

13473

L
JH"COSY and the }Hi/L shift-correlated NMR experlments

" and the spectra obtalned from both experiments are shown in

=1

Figures 9 and 10, respectively. The two-dimensional spec-

'trum from the first experlment is presented as a contourQ

. plot in which the conventional one dimensional 'y spectrum

lies along the diagonal and the orf-diagonal contours corre-

late those protons which are cohnected via soalar coupling.

Thus, it is relatively straightforward to assign the proton

resonances in a molecule by determining where scalar

coupliné is present. kThese assignments can be confirmed by
using the second NMR technioue, the Ht}ac‘shift—correlated
experlment, whose spectrum consists of a one—dlmenelonal H
spectrum pro;ected along the vertlcal axis while the one-“

dlmensional 3¢ spectrum is aligned along the horizontal

ashs
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axis. The determination of which protons are boﬁ&ed to a
particular carbon can be made by examihing the éontour map.
Furthermore, in an attempt to gain ah understanding
of fhe steric factors involved in these substitution
reactions, the structure of the chiral dicobalt éluster'u
was determined X-ray crystallographically by Dr. C.S.

Frampton.
33 X;ray Crystal Structure of 44

Reddish—bléck.prismétic crystals of 4 were grown
from dichloromethane/hexane. Figure 11 shows a viéw of the
molecule showing the atom numbering scheme, while a stereo-
view of the unit;cell.contents down b appears as Figure 12. °
The é;ystallographic data for molecule 4ii;re collected in
Tables ? thrdugh 8 and reveal that the alﬁyne-dicobalt
moiety adopts the characteristic pseudo-tetrahedrél core
typical of such clusters. As shown in Figure fi, the Coé%
cluster is indeed attached to the borneol at the 2-endo-
position thus confirming that the attack bf the propynyi

anion at the ketonic carbon’ in the camphor had occurred on

.the less hindered face. The bondiné within the cluster

: . » 3 » ' + 7 N ?
fragment is rather reminiscent of that previously reported7

for-(t—Bu—gECféu-t)Coz(CO)s, 45,. in which the alkyne substi-
tuents are sterically demanding. Thus, .for 44 and 45, the

Co-Co distances are 2.467(1) & and 2.463 (1) A, respect-

N
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iveiy. The average Co-CO and CoC-0 distances (1;811 and
1.129 & for 43; 1.805 and 1.133 for 45) are also similar.
The cobelt—falkyne—carbon bonds average to 1.985 A and 1.996
.A for'£1and‘ﬁ,.respectively, but the alkyne carbon-carbon
bonds are rather short at 1.327 & for 44 and 1.335 A for 45.
These values may be compared torthose for clusters bearing
less bulky substituents in which alkyne carbon-carbon dis-
.tances normally range from 1.35 A to 1.38 A.78% 14
alkyne—dlmetal cluster complexes the R—C‘C R moiety is no
longer llnear and in 44 the substltuents are bent back by
lapproxlmately 35"” Eqrthermore, in+*44 the bu;k 0of the sub-
‘stituents leads to a twisting of the C(12)-C(13) bond

relative to”the C(ll)?C(Z)mvector;‘this.dihedrafiangle is i

11.7°. Figure 13 depicts a view elong the C(2)—C(ii) bond’
:and shows the “staggered—ethane type" conformatlon adopted
by this fragment. The dlhedral angle C(1) C(2) C(ll) C(12)
would be 60° for perfect staggering and is ?0.4' in 4. An
interesting point is the orientation of the ¢-hydroxy su?-
stituent which is directed between the two cobalts. Only

two other systems of this type'appearete‘have been charac-

&

terized crystallog’raphically'az'ee3

In both cases the
_hydroxy .group is orlented in a 51m11ar fashlon to H and 1t
: mlght be speculated that there is am 1nteract10n between the

hydroxy m01ety and the cobalt atoms. - ‘ &

i

a

[T

7
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Figure 12: Stereoview of the unit cell contents of 44, the view is down the b axis.

"

Figure 13: - View along lhe‘C(z)---C(ll) bond in 44 showing the approximately
staggered orientation of this "ethane-type" fragment, '

[}

3.,
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34 Substitutions with Phosphines

'As an extension of the p;evious work done in cur
laboratory on reactions of chosphines with carbyne—capped
trimetallic tetrahedral clusters, each of the bimetallic
clusters,'viz., 41, 42 and.44 was subjected to ligand
substltutlon reactions inveolving a variety of phosphlnes
It is possxble to replace a carbonyl llgand in a cobalt
'cluster with a phosphine by using any one of a number of
techniques, including both thermal and catalytic routes.
The method employed in this work .for ‘the generation of the
mono- phosphlne substituted clusters was modelled on that of

fRoblnson et al. in which a THF solutlon of the cluster and

the phosphlne was stlrred at room temperature along with .

benzophenone ketyl (BPK) under an atmosphere of3nittooen.

This synthetlc technlque is advantageous in that it allows

one to generate the mono- substltuted cluster in good yields

under mild conditions. The latter point is very significant
. o

when one wishes to carry out the substitution reactions

under kineticlcontrol.

The cobalt carbonyl vertices in clusters 4l and 42

are dlastereotoplc and hence should not be equally suscept-

1ble to the substltutlon of a carbonyl group by a phosphine

"llgand In the trlmetalllc clusters descrlbed prev1ously,

the extent of phosphlne attack at the two cobalt vertices

- wWas mon;tored via P NMR-spectroscopy.q'-If one carbonyl
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of each tricarbonyl—cebalt vertex was replaced by a phos-
phine to give both possible pentacarbonyl-monophosphine
clusters; a pair of diestereomers would be generated and
phosphorus nuclei attached to different cobalt 51tes would
be expected to glve rise to dlfferent P NMR resenances.

By using two different phosphine ligands, triphenyl phos-
phine ahd tricyclohexyl phosphine,:in conjunction with the
starting clusters it wae hoped that a simple reactivity
pattern could be established from the 31P‘NMR results on the
mono—phosphine—substituted clueters. Because tricyclohexyl
phosphine is of comparabie'basicity to triphenyl phosphine,
any difference in the degree of select1v1ty exhibited by the
phosphlnes for cne of the cobalt carbonyl vertices in a
spec1f1c cluster could be correlated to the dlfferences 1n'
the sterlc bulk of the 1ncom1ng phosphines. (The cone
angle, a barpmeter for the Bulkiness of the liéand, illus-
trated below is 170° for trlcyclohexyl phosphlne while in

trlphenyl phosphine it is 145°, 85) On the other hand, by

comparing the degree of selectivity observed in the clusters

by a particular phosphine it might be possible to comment on .

7
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. which of the chiral substituents was the one better able to

bring about diastereoselective substitutions. Accordingly,

PPh, and PCy,; were allowed to react with the ether clusters
41 and 42 to give the complexes 46 through 49, as in Scheme
15.

The two pairs of mono-phosphine-substituted dicobalt
clusters were synthesized, characteﬁized and examined for
diastereoselectivity by using *1p NMR. However, in each of

the four cases, the Slp spectrum consisted of a single line.

This observation could be interpreted in two way: either (i)

the substitutions were completely selective (i.e., 100%

diastereoselectivity)'for'one cobalt vertex over the other

in all cases, or (ii) it wés;not possible in these molecules

to resolve theﬁdifferent,reeonances for the two diastereo-
topic substitution sites because the chemical shift differ-
ences were small. Although acceptihg the first explanation
would have fulfilled the goal of the experiments, the more
conservative boeition was-adopted and it was decided to Efy
to establish the exmstence of two overlapplng resonances.

The first attempt made to determlne if there was a
more than one type of phosphorus present in the mono-
bhosphine—substituted olusters, i.e., if a mixture of
diastereomers existed in solution, involved using the DANTE
NMR puise sequence86 to perform a "hole borﬁing"experiment“
on the phosphine substituted clueter 49. Theoretically,

from this NMR experiment if there were two distinct

bl
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phosphorus nuclei present the peak associated with one of
the groups should hahedcollapsed during the irradiation
while the other phosphorus peak remained unchanged On the
other hand, if only one type of phosphorus environment
existed the irradiation should nave collapsed that peak to
give a null spectrum. In our.casei.however, the results of

the experiment proved inconclusive. Although the single 31p

\

resonance was observed to collapse upon'lrradlatlon, it

could not be certain if the condltlons of*the‘"hole burning"

experiment, which require the chemlcal shlfts of~the nuclei
to be suff1c1ently dlfferent to allow selective 1rrad1atlon

of a single signal, had been met, It scon became apparent

i

‘that another approach would have to be taken. a é;ij;

To this~end, the molecules 50 and 51, each of which
contain the bridging diphenylphosphinomethane ligand, were
prepared from the two starting hexacarbonyl clustérs by
stirring them under reflux in hexane with dppm. (It is
necessary to use a thermal route to bring about the forma-
tion of the bridging ligand in dicobalt clusters bezause the
catalyticﬁapproach is known to yield a.chelated cluster.®)
In‘both cases, mass spectral analysisccon§irmed the success-"

Q2

ful replacement of . two carbonyl groups by dppm while the ™*

“C
NMR spectroscoplc results demonstrated that the dppm was
bridging the two cobalts rather that forming a chelate at a
single cobalt centre. (The carbonyl region of the dppm T

;brldged clusters appeared as two peaks in the ratio 1:1. 1If
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~chelation had occurred, two peaks in a 3:1 pattern would
have been expected.) Since there can be no doubt that two
unique -phop‘\horus enviionments were present in 50 and 51, it
follows that two different resonances should have been
observed in the 3P NMR of 50 and 51, provided the chemical
shifts of the nuclei were well separated and did not over-
lap. The 3p NMR spectra obtained for both 50 and 51 were
single lines clearly indicating that the phosphorus nuclei
in these clusters did not possess distinct chemical shiff.s
and in fact were overlapping, even at high magnetic field.
The same explanation, i.e., overlapping 31p r\esonances, can
thereforer be invoked for ﬁhe 'monb—phosphine—shbstituted

clusters 46 through 49,

R

o
N T i 5 C\
/- R g / \— 7
(OC)aCO\ / T—E' : (OC]aCU/-': / :
. ©~Co(C0)3 Phap /Co(CO)a
s ® | h "~ \__PPh,
41 R =H, R*s -CH~D-menthyl 50 R = H, A= -CH,-0-menthyl
42 R =H R% -CH-0-bornyl 51 R =H, R's -CH,~0-bornyl
44 R = CH, R¥ borneol 52°R = CH, R*= borneol
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Nevertheless, this does not answer the;guestion of
whether any diastereoselectivity was occurring onring the
ligand substitution reactions. Although it was not |
possible to observe two .resonances in the 3p NMR spectra;

pairs of correspondlng carbons in the two . dlastereomers were

detectable in the Be NMr spectra and ltnwa‘”apparent that

"'-\

some degree of select1v1ty by the 1ncom1n§ phosphlne had

taken place. By comparing the 1nten31t1es ‘of the correspon—

Sl

dlng carbons, it was possible to draw conclusrons regardlng"

the extent of selectlve ligand substltutlon When trlphen-

ylphosphine is used as the attacklng llgand on either of~the
startlng clusters there does not appear to be any selectlyfjij_
ity and the two possible diastereomers are formed in eq§i€a%§¥<x

lent amounts; the ratio of the diastereotopic palrs TQE i

carbons is 1:1. 1In contrast, use of trlcyclohexyl phosphlnenﬁ;

‘as the 1ncom1ng ligand towards elther 41 or¢42 reveals (see

\

Flgure 14) that one dlastereomer 1s belng preferentlally

<

'?formed over the other 1somer in a ratio of approx1mately

3 2, in both cases. Slnce the 1atter ligand possesses a
" larger cone angle than does triphenylphosphine the small
discrimination in seleotivity is presumably_governed largely
by steric factors. It wouldhalso appear that both of the ..
chiral-sﬁbstituentS“were equaily effective in their influ-

o

ence on the select1v1ty shown by the 1ncom1ng llgand because

3
of thelr similiar dlastereomer ratlos
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Section of the 62.5 MHz 13c NMR spectrum of 49 shm\mg the presence

* of major and minor d:astereumers derived from the reaction oI‘
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In the cluster #4, which is derivéd-from 2-endo-

propynylbornecl, the chiral substituent is'situated substan-

tially closer to the cobalt vertices than is the case for

the ether clusters 41 and 42 discussed above. It might be

anticipated that for 4 even greater discrimination beﬁ%éeh

-the two vertices would be observed. Indeed, the corresﬁdﬁd-‘

~ing dppm derivative, 2, which was synthesized by the

thermal reaction of dppm with the hexacarbonyl cluster 44,
exhibited two well separated ‘P NMR resonances. However,

treatment of 44 with PhiP under catalytic conditions yielded

~only a 1:1 mixture of the diastereomeric mono-phosphine-

subsﬁituted clusters §3. This was an unexpected and puz-
zling result until molecular modelling'(CHEM—X)_studies were
carried oﬁt‘én the cluster # using its crystélloéraphiéall}
determined co-ordinates. They revealed that incorporation
of a bulky.triphenylphosphine ligand’into an equatorial |
position mans to the cobalt-cobalt vector leads to major
ste?ic problems. Consequently, it was concluded that_the‘
phosphine had to be replécing a pseudo-axial ligand in &4,
rather than a pseudo-equatorial ligand. Thus, thé
diaste?éééelectivitylﬁgs:much leSs influenced bf the.chiral
substituent than would otherwise have been the case.
Attempts to éarry out the aqalogous substituion rééction
with tricyclohexylphosphine were unsuccessful so at this
point it was decided to focus on complete vertex

substitution.
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335 Hetera-bfmelallic_ Clusters

Hetero-bimetallic u—elkyne transition metal clusters
'have been the subject of numerous investigations over the

,70,87-90 '
2479_ 3 These compounds are normally

past few years.
generated either through the interaction of an alkyne with e
heterobimetallic complex or by the isolobal substitution of
a dlfferent organometallic vertex 1nto an appropriate
alkyne--homo-bimetallic cluster. The presence of the bulky
chiral substituent in the enantiomerically pure dicobalt
clusters suggested that it might be feasible to generete
mlxed metal bimetallic clusters with some degree of control
over the ratic of the. diastereomeric products. Through the
use of hlghbfleld L3¢ NMR, it is p0351ble to estimate the
degree of chlral dlscrlmlnatlon that occurs in the substitu-
tlon of a (cyclopentadlenyl)dlcarbonylmolybdenum or ‘
'~tungsten fragment for a Co{C0), moiety. This is accom- ~
plished hylcomparing the intensities of.the peaks,assigned
to corresponding pairs of carbons in the two diastereomers
(as before). However, in order‘tofensure that the *c NMR

results obtained would not prejudiced as a consequence of

dlfferent relaxation times for the correspondlng carbons in

"

the resultant dlastereotoplc mixed metal clusters {as well
as confirming_that the corresponding pairs of carbons were
-actually visible for comparison), two different routes to

the chiral mixed metal ether clusters were derived.

|
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As shown in Scheme 16, the diastereomers are neces-
sarily formed in a 50 50 ratio by the first route. Once
again the propargyl alcohol-derived dicobalt u—alkyne
species‘m was used as the primary starting matefial. In
prder to prepare the mixed metal cluster derivative, it is
necessary fo eubstitute.ankisolobal metal fragment for one
of the Co(Cb)3 vertices; in our work these included
(CgH) Mo (CO),, (CgH,CH,)Mo (CO), and (C5H4CH3)W(CO)2. To
achieve this substitution, the cyclopentadienyl hetal
trlcarbonyl anion was first prepared by reducing a THF
sclution of the corresponding metal dlmer with finely
‘divided sodium metal undér an atmosphere of dry nitrogen
ges. ‘Aféercfiltering under hitrogen to'remove excess
sodium, a salple of the hydroxymethyl cluster 40 dissclved
in THF was added to the solution and the combination was
'stirred under reflux to give an equimolér‘mixture of the
hetero~bimetallic enantiomers, 54, 55 or $6. A racemic
mixéure is obtained because at the time of the isolobal
substitution therefis no‘waQ for the incoming metal fragment
to differentiate between the two cobalt carbonyl moieties.
These racemic eomplexes were then treated with either
(1R, 2§, 5R) - (-) -menthol 'qr'[(ls) —endo]—_(-)—bornedl and an acid
catéi&st over acti#ated 4k molecular sieve to give 50:50
_ diastereomeric mixtures of the hetero-bimetallic epecies
possess1ng a. chlral natural product substltuent, 57 through

62. Now a 51mple reversal of these steps results in

4
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conditione.io‘whigh there is the potential for selective
vertex replacement. ReaEEion of the (cyclopentadienyl)—
M(CO)3_ anions with the already enantiomerically pure chiral
clusters 41 and#n produces diastereomeric mixtures of
clusters 57 through 62 whiohlare not necessarily in a 50:50
ratio. | ; |

By following this procedure, the 13C NMR spectra of
the 50: 50 mixtures obtained via the first synthetlc proced-
ure could be used as standards agalnstvwhlch to normallze |
the spectra obtalned for the substitution products derived
from the latter route. A careful scrutiny of the normallzed
B3e spectra rerealed a small deéree'of diastereoselectivity
during the course of the vertex substitution reactions on 41
and 42 such that the hetero-bimetallic diastereomers were
present in a ratio ofrapproximateiy 55:45 in all cases.

In an attempt to improve upon thejchirai discrim-
ination observed with the ether c;ueters 41 and 42, a
similar set of isolobal replacement reactions was carried
out with the 2-emm-propynylborneol cluster 44 in.which the

chiral fragment.is situated much closer to the Co (CO

o

)3
vertices. Graté%yingly, the c NMR spectra of the reaction

produots revealed that isolobal replacement of a

tricarbonylcobalt vertex by (CgHg) Mo (CO) , yielded a 65:35

mixture of the diastereomeric hetero-bimetallic clusters,

63. Furthermore, the analogous reactlon w1th (CSHS)W(CO)3

gave a 75: 25 dlastereomerlc mixture 64 of the tungsten
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containing species. This diastereoéelectivity is quite
evident in Figure 15 which depicts the resonances associatedl
with the carbonyl and cyclopentadienyl carbons derived f:om

the tungsten reaction. -

& &

(uc)ar;a-—\—"c"mm’ tcg-s)u(co)a N tu")atw-am—/-\-—‘mcm’ + (081300—/-‘ >thltcn)z
J c/// : \m/// \m///

I - o |

Chy R : Ch - o CHa

4 P . , ' 63 M = Mo )

Efforts'to_obtain crystals of the hetero-bimetallic
' clusters suitéble for X-ray diffraction studies were
unsuccessful so, at this point; an attempt was made to
‘determine the solution structures of the two diastereomers
of 63 and 64 in order to identify which isomér'was béing
formed préferéntially. ‘By synthesizing the dimolybdenum and
ditungsten complexés.of 2-emm:pfopynylborneol, viz., 65 ahd
66, it was anticipated that.NMR studies (in particular,-nOe
”measuremenﬁs) would allow the_orientations,of the cyclo-
pentadienyl rings.with respect to the bridgehéad methyl of
- the borneol td be determihgd.j A'comparison of the NMR
' shifts of the diastéﬁeoﬁeric hetero-bimetallic mixture and
of'tie homd—bimetallic clustér would_then”allow cohclusioné

to be drawn regarding which vertex in the dicobalt-u-alkyne

QT -
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starting cluster was the preferred site for substitution.
Unfortunately, the proposed NMR experiment was -circumvented

by the inability to synthesize either of the clusters, 65

and 66.

0H : B : OH
C + [CpM(C C 85 M=

K PM(CO)ale D> // N

: B6 M =
m _ |  cpico )| —Hcocy ‘
| ‘
CHy | : o . [i:
' CHs

VAs the final synthetic aspects of this work were
being completed a paper appeared in the llterature whlch
described reactions of trlphenylphosphlne with racemic
mixtures of (H~C=C-CH(R)OH)Co,(CO), clusters.® In these
systems, the:chiral nature of the t-carbon rendered the
Co(CO),; vertices diastereOEopic.and selective substitﬁtion
of triphenylphosphine for CO at one cobalt vertex was |
qbserved. Furthermore, it was established crystailographic—
elly that the carbonYl.ligand which had Been prefe;entially
replaced was aﬂﬂequatorial ligand: trans tO‘ﬁhe cobalt-cobalt
bond and situated progimal to the less(sterically demanding
hydrogen atom. In llght of these 1nterest1ng observatlons,
it was decided to ewtend our study to lnclude racemic

propargyl alcohol complexes of the type descrlbed by

Nicholas. Theccompound,(HCEC—CH(Et)OH)Coz(QO)W 67, was
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selected as being a representative cluster which had not
been previously examined. Treatment of 67 with Ph,PCH,PPh,

31

yielded the complex 68 which exhibited only a single ~'P

signal despite the diastereotopic chéracter of the
phosphorus nuclei. The 1‘3CO peaks appeared a‘é two broad
resonances at 207.9 and 203.9 ppm. As aﬁticipated from the
work of Nicho'las,' the reaction df 67 with triphenylphosphine
gave major (67%) and mino_r (33%) diastereomers, :6%9a and 69b,
respectively, which were separable Iby column chromatography:

the disubstituted cluster 70 was also obtained.

H : “H .
Etg?,OH Et\CfOH ’
c\;\\\. .
/ Sgolcvle \/CD(CU)a
H_.c;:::; PPh; H__c«*” PPhy
Co(Cw Co[CU)a
‘ N\
PhyP PPha
68 R 70 o -
Et Et
=iy o
/ __~Co(C0)s ///CO{CU)E
— PPh
H-—'C H-—-C 3
T~C4(c0)z T~ C4(C0)s
\
PPhs

ey

93 | 69b
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The rationale for the noticeably better diastereo-
selectivity observed for the attack of Ph,P on 67 (and the
related clusters described by Nicholos) than that found with
the o;rneol cluster 44 is really quite simple. 1In the
former cluster(s), there exists the possibility of substitu-
ting at the pseudo-equatorial positions which are differen-
tiated to a greater degree by being either proéimal ar
distal to a hydrogen atom on-the a¢-carbon, as Nicholas’
crystal structure deoonstrated. Oo the other hand, the
inability uolsubstitute anywhere but at a pseudo-axial
positioo in 4 means that the chiral substituent does not:
tplay a significant role in the diastereoselectivity.
| Treatment.of the dicobalt cluster 67 with the
;(cyclopentadienyl)tricarbonyl molybdenum anion led to a
70'30 diastereomeric mixture, ‘7; the diastereomer ratlo was
readlly determined from the relatlve 1ntensmt1es of the
.51gnals in the *®c mnMR spectrum. Although these molybdenum
clusters were not readily separable‘chromatogfaphically, the
analogous tungsoen complexes, 72, were synthesized io a
60:40 ratio and the major isomer (the first to elute from
the column) was cleanly isolable. It must beGreiterated,
however, that the,phosohino—substituted or metal—substifuted
" clusters obtained‘by attack on such systems as 41, 42 and 44
are diastereomers and are optically active whereas the
products 69a and 69 (which wefo obtained via the Nicholas

procedure) and also the mixed metal clusters 71 and 72 are
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still racemic mixtures since the starting cluster 67 is a
racemate. (For simplicity only a single enantiomer of each

cluster is shown.)

H .5 §t
\/CD(CU)a {C&%}M{CU)a \/Cﬂlco)a. /\ M(CO )2l Cats)
H—C::: H_c\\\ + p-Cz
€a(co)s M{COa( Catis) T~ co(co)a
67 - 71 M = Mo
72 M=

To conclude, in chirél hexacarbonyl-dicobalt p-
alkyne plusters, the sites of carbonyl ligand substitutions
.or of tricarbonyl ﬁertex substitutions by & variety of
isolobal orgahometallicgfragments can be influenced by the
nature and proximity of the alkyne substituents. The
obsérved prefefential formation of one diastereomer over
another suggests.that careful-cont;§1 of vertex substitution
reactions may provide a simple aﬁd direct route to
enantiomerically pﬁre heterobimetallic chiral clusters

a

without the need for tedious separations.




 CHAPTER FOUR

MIXED METAL CATIONIC CLUSTERS

4.1 Background

During the investig;tion of diastéreoseleptive
ligand and vertex substitution reactions on the enantiomer-
- ically pure (p-alkyne) dicobalt cluster, 44, it was proposed
that the analogous dimolybdenum cluster, 65, which also
contained the natural product “borﬁeol" as a substituent be
syntﬁesized and examined by NMR spectroscopy. In an attempt
to obtain this complex, alproduct was isolated which the Be
NMR and méss spectroscopic data indicated to be the alkene

cluster 73 and not the sdught after species 65.

C

L
-'(UC]ZCDMD.Z- ——MaCp(C0)a
) % CH 85

ﬁ +  [CoMo(COel | ”

c
S \
{ thy
.43

. | ™ |
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(0C)LpMa— .
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The formation of the dimolybdenum complex 73 was

1nterest1ng in its own rlght and when su1table purple—black

. prismatic crystals were obtained an X-ray dlffractlon study,‘
was undertaken. Figure 16 shows a.view of the moleculeﬂﬁ'
ahd reveals that the original borneol moiety has .indeed been
dehydrated across the C{2)-C(3) bond, as indicated from the .
Aspectroscbpic data. Unlike the dicobalt complex 44, in B
which the tetrahedral neture of the C(é) centre brings about
some degree of steric crowding at one of the Co(C0O),
vertices (end thus accounts for the diastereoselective
vertex substitutions observed), the two diCarbonyl(eyclo—
pentadienyl)molybdenum fragments are relatively unencumbered
by the chirai otganic group. Thesp2 character of C(2) in

73 leaves the cluster core‘splayed away from the terpene and.
the basic Mo,C, framework adopts the tetfahedral geometry so

typical.of these molecules.?'"?1+%2

_ The Mo-Mo bond length

of 2.972(1) A is in the normal range for these systems.® The
pcrystallographic detarimcluding_all the important bond
lengths and angles are collected in Tables 9 through 11.

A characteristic feature of many of these (2~
alkyne)Moz(CO)qcp2 clusters is.the asymmetric nature dethe'
tetrahedral unit. As was first pointed out by'Cotton,BT the
two cyc10pentad1enyl rings are orlented so as to generate a
system w1th almost C symmetry, moreover the chlral nature

of the tetrahedron is accentuated by the presence of a semi-

brldglng carbonyl ligand. This asymmetry 1svalso apparent
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B

Figure 16: View of'(I,7,7-trimethyl;uz-2-pr_opynyInorbornene)bis(cyclopentadienyl)te’tra- _
' -+ carbonyldimolybdenum, 73, ' ‘
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in cluster 73; the cYclopentadienyl rings are twisted so as
to make a Cp (centroid) -Mo-Mo-Cp (centroid) dihedral angle of
143°*. As expected, one of the carbonyls‘occupies a semi-
bridging position; the Mo(2)-C(21)-0(3) angle is 167"
whereas the corresponding angies for the terminal Mo-CO
ligands are = 178*. As discuséed earlier, Cotton and others

37,
were able to demonstrate 38

that two fluxional processes
are détectable:in these systems 5y NMR:speétroscopy: the
first involves an exchange of terminal and semi—bridging
carbonyis while the seéond‘process.equilibrates the environ-

ments of the cyclopentadienyl units. 1In the present mole-

" cule, the chiral nature of the terpene group renders all

- four molybdenum carbonyls non-equivalent even at room

temperatufe.and>so,:at low temperature when these'fluxional

processes are slow on the NMR time-scale, one can detect

' diastereomers in the ®c nMr produéed by having semi-

bridging carbonyls in different positions. Figure 17 shows

the limiting spectra'dbtained for this system as weil‘as two

possible diastereomeric forms. However, a full discussion

1

. of the variable-temperature NMR spectra of 73 will not be

undertaken_at,thé present time.

The unéxpecﬁed appéarénce of the "alkene" clustef 73
led us to p9nder'its mechanism of formation. The molecular
quelling progi‘am_CH_E:M-X66 was used to examine a model of
the ahticipated.éluéter 65, constructed-from the crystallo-

graphically détermined'cofordinates of 44 and‘73, and found
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that its.formation was not sterically forbidden . Thus, a
plausible route to 73 involves the in:itial formation of 65,
protonation of its hydroxyl function, loss_of'water to yield
- the cation 74, and finally deprotonation to give the alkene
3. The presumed interﬁediacy of the metal, cluster-
‘stabilized cation raises two'key questions (i) can one
isolate the cations 74 and 75 b} protonation of 73 and 44,
respectlvely (11) are the cations stable or do they undergo.
rearrangement as is common for terpeno:Ld systems° In o
connection with the latter point, it was learned that the
low. temperature protonation of the steroidal complex‘m
ylelds the cation 77 which undergoes methyl group migration

. at ambrent temperature.94

4.2 Protonation Studies &

‘Upon protonation of a‘CD Cl, solution of either 44
~or 73 in an NMR tube with HBF,~Et,0 at approximately —40 c,

an immediate colour change to a deeper red was observed Ih
each case,*the- H and C NMR spectra of the catlons at
—=40°C were readlly 1nterpretable in terms of a 31ngle
unrearranged spec1es. .-The resonances were once again
assrgned Wlth the ald of conventlonal two dlmen51onal NMR
,technlques and the spectra obtalned from the 500 MHz lg- H

' COSY and H— C shrft correlated experlments on the dlcobalt

A

5

cation 75 are glven 1n Flgures 18 and. 19 respectively.

]
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Upon raising the temperature to +20°C no noticeable spectral
changes were observable; apparently the presence of either a

dicobalt or dimolybdenum tetrahedral cluster in a position «

» to the cationic site successfully stabilizes the terpene

moiety against skeletal rearrangeﬁéh;. ~Furthermore, when a
cooled samplé of thé dicobalt cation 55;was quenched with
H,0 and allowed to warm gradually to room’temperatdre the
product was shown by 13Q NMR spectroscopy éo be not the

: originél alcohol 44 but rather the dicobalt alkene cluster
78 analogous to 73. These observations support the proposal
that the‘cation 74 acts és an intermediate in the dehydra-
tion of the ﬁydroxylated cluster 65. A similar picture can
also account'foi an observation made by'Seyferth who'
descrlbed the generation of Co3(CO)9CCMe OMe from [Co3(C0)9
CCMeZ] PF "and MeCH. It was found .that the product '
obtained was critically dependent on’ the work-up procedufe.
: Sublimation of the crude product mixture gave the desired
product, while dolumn chromatography on silicic acid yielded
the alcohol derivative Coa(CO)QCCMeon.95 It would appear
that, under acidic conditions, fhe ether cluster gave rise
to the metal-stabilized cation which subsequently reacted
with traces of water to give the alcohol.

NMR observations on dimetal}a—tetrahédrane cluster
cations have been previously reported by a number of groups.
Nicholas®® has shown that the methyl ‘groups in [Co,(CO) ¢~
(HCEC~CMe2)y+79 are non—equivalentlﬁﬁ?lgﬁ ﬁemperature; this

[
R
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behaviour - supports the idea that the positive charge is not
sited merely on an upright a@-carbon, 79a, but rather is
delogalized onto the cluster. This could come about as a
result of a direct bonding interaction between the CMe,

fragment and either one vertex, b, or both of the cobalt

vertices, 79.

Me<_"_Me o

[I: c“\\‘Mﬁ ‘ < _—‘+

C c=n

\\\\ C’<\a+ - \\Me
_~ColC0)s : _-ColCols _-Lo(C0)3

-t / : e\ H-c/
Co(C0)s ~~~colcols - Toolcols
79a | ~ 7%b - 7%c

This work has since been elegantly extended by

 Schre1ber who, .in an approach that mirrored the one used
by Mislow for‘the.tricobalt cétion 21 discussed p‘r':eviously,q‘ts
demonstrated that the vinylidene moiety in_[Coz(CO)g(R—CEC—“
CR(CHMeé)Iﬂ 80, had to be leaning towards oné vertex

(rather than being stabilized between two vertices) in order
to bring about the observed dlastereotop1c1ty of the iso-
propyl methyl groups in this cation. 1In addition, Schreiber
was able to detect the appearance of diastereomers by NMR
because the triangular base towards which the vinylidene
ligand was bending no longer possessed the pseudo C,,
symmetry found in 21. This ultimately allowed the estab-
lishment of the existence of two distinct fluxional

processes in the cation 80 which led to an equilibration of
Vs

h]

\

.

3y
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all pqssible isopropyl methyl group environments, as
depicted in Scheme 17: (i) a low energy (= 10 kcal/mole)
antarafacial migration of an alkylidene moiety from one
Co(CO) 4 to the other, entirely analogous to the known
behaviour of [Co,(CO),C-CH(CHMe,) 1" reported by Mislow; (ii)
a higher energy.précéSS (= 13 kcal/mole) which equilibrates
syn and anti isomers. The presumed existence of an upright

carbocationic intermediate fof the latter exchange is in  .
accord with the observation that the energy barrier for the
second fluxional'process\is lower for 3° than for 2° |
cationsg it might be-reasohably assumed that the more
stable carbocation, viz., thel3°:system, has less need fof
anchimeric assistance from'a‘metal‘than does the 2" tarbo-
cation. Althdugh not observed experimentally, Schreiber
proposad that the barrier to the first ex;?ange process
would increase as the stablllty of the carbocation decreased
from 3° to 2° to 1°, also as a result of the intermediate
having to endure increased localization of poSitive charge
on the a—éarbon. )

| Fufthermore; following earlier NMR reports by

9
» and more recently

Russian workersgv,_Curtis?B, Green
Jaouen® heve obtézned X-ray cf?stallographic evidence which
confirms the\ldea of the ‘carbocationic vinylidene centre
interacting with a single metal vertex in [Mz(CO)4Cp2](R-:
CEC-CR2)+ clusters, wgére M = Mo or W. Oncé again,'these'

molecules exhibit flg%ional behaviour on the NMR time-scale
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(CO)s (CO)3

\/g\/R [ / \

The fluxional processess occurring in [Co,(CO)s(HC=C-CRR")]* systems:
(i) antarafacial migration resnlting in racemization of the complex;

_(ii) interconversion of.diastereomers, presumably via an upright cationic
centre as in 79a. .

5}
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~and Green demenstrated that the C=CMe, fragment in 81 can
migrate from tungsten to tungsten (presumably via both of
the above mentioned processes) with an activation energy

barrier of approximately 10 kcal/mole.”?

Interestingly, in
the [(C4H,Me) Mo, (CO),(R-C=C-CH,) 1" systerh, 82, studied by

: Curtisgs'the activation energy for migration ef the C=CH,
moiety from mclybdenum to moledenum via (i) (which was
detected as an equilibratien of the methylcyclopentadienyl
rings) is noticeably higher (= 17 kcal/mole) than for the
correspondlng C=CMe, exchange between tungsten sites.
 Moreover, the higher energy process {ii) which exchanges the
two methylene proton signals and is thought to require an
upright carbocation”is not observed for this primary.(—CHéH
species. Both of these results are in agreement with

Schreiber’s proposal outlined above. 2

\\‘Me " \\\H ”:.\—‘
G ==Mc £ C=H
/ . ; C///’\ R e
/N(CO)a(C5H5] ' \ " p{} ! U)a(CsH‘:ME) 1=
( CsHs) (co]p_w/ / E ' (CsHaMe) (CO)aMo/ o
\ | : ‘ \ :\'
H : R
81 . - g2 -

These published results on homo—blmetalllc specles,
together with our own observatlons on the behavrour of the
I;dlmolybdenum and dlcobalt cluster catlons 74 and 75 led us to
consider which organometalllc fragment, namely Co (CO) 4 or‘

(CgHg )M(CO)Z, where M = Mo or W, was better able‘to stabil~- .

]
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ize a positive chargerin the ¢ position.
Although the work in the previous chapter had
established the synthetic routes to the hetero-bimetallic
analogues, 63 and 64, of the dicobalt borneol cluster 44 in

which both a Co(CO); and a (CgHG)M(CO), vertex were present,

the complexity of the spectra associated with these systems

would undoﬁbtedly have proven overwhelming if we had tried
to carry .out a competitive protonation stddy on them.
Instead we chos'e to examine the simpler propargyl aléohol
derlvatlves of hetero-bimetallic clusters which had also

been synthes:.zed during our cl:.astereoselectnrlty study.

A A

/\___.Cotcnla +

63 M
64 M

Mo

‘___..M(CDI =Cp

Cp(COIM— (0C)3C0

il
-

c .
, !
CH3 : CHy

React:.ng (propargyl alcohol) -Co, (CO) . (40) with

(CSH ) Mo (C(‘J)3 or w1th (C H Mt-:-)W(CO)3 yields the chlral

-hetero—blmetalllc clusters {Co (CO) aM] (u -HC=C-CH20H_):_, where -

M = (CgH )Mo(CO)2 54, or M = (CgH 4Me)W(CO)2 58. Treatment
of a CD,C1, SOllJ.thl’l of the alcohols 54 or 55 in an NMR tube _
with HBF,-Et,0 generates the cations [Co(CO)aM] (n?-HC=c-

CH,) 1" 83 and 84, respectively.:
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CHeOH : s
C : - e
/ >M HFEtD / D
H—C<CD(/CO)3 CD:C1x . | H,C<Coé}3
54 M = (CqHg) Mo (CO), | 83 M = (CgHg) Ma (CO),
55 M = (CgHMe) W (CO), B4 M = (CHMel WICO),

First of all ' the simplest system will be examined
to see what 1nformat10n can be extracted from its NMR behav-
iour. The catlon'[(C H )Mo(CO)2Co(CO)3(HCEC-CH ¥, &,

vields a room temperature H NMR spectrum con31st1ng of four

resonances in the ratio 5:1:1:1. The same pattern is obser- ‘

ved over the entire range. of temperatures from +30 C down to
-90°C, Clearly then the methylene hydrogens are magnetlcal-
ly non- equlvalent in thlS catlon and do not 1nterconvert on
the NMR time- scale. ‘This means the CH2 groups is not a
vertically oriented freely splnning carbynyl substituent.
(Had‘this'been the case, the methylene protons would reso-
nate at the same frequency 9 Instead, the v1nylldene unlt
must be leanlng or bent over towards the Co-Mo-C trlangular
base to generate a cluster of C, symmetry.‘ In accord with
this view, the ¢ NMR spectrum of 83 exhibits a 51ngle
‘cyclopentadlenyl 51gnal two separate molybdenum carbonyl i

resonances, a 51ngle trlcarbonylcobalt peak and also three

31gnals attrlbutable to C, CH and CH env1ronments Analo-

gously, in the sllghtly more. complex [(C H,Me) W (CO) 2Co(CO) ;- ==

.ﬂ
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‘(HCEC—CHZ)]+, 84, similar peak patterns are observed over
the range of temperatures from -80°C up to aﬁbient tempera-—
ture except that, instead of the single cyclopentadienyl
resonance; the methylcyclopentadienyl ring gives rise to a
CH, and four different cH signals in both the 'y and'13C NMR
spectra. ‘By using a combination of ‘H-3C heteronuclear‘
double-resonance and ‘H-'H CQOsY experlments it was p0551ble
to 1dent1fy the orlgln of the peaks.

The reactlon of (CgH )W(CO)3 with Co, (CO), [H C=C-
CH(OH)Et] 67 ylelds (Cs H 5) W(C0O) ,Co (CQ) ;[H-C=C- CH(OH)Et],
‘.Wthh exists in two-dlastereomerlc forms (60:4C).. The iso-

mers ere.separeble and the major diastereomer was protonated
at -40°C to minimize thefpossibility of proton elimination
from the cation"to give the corresppndin§ alkene (Csﬁs)w—
(€0),C0(CO) STH-C=C-CH=CHMe] .  As shown in Figure 20, the %
MR s spectra of the resulting product, [CsHy )W(CO) Co(CO)s—
u(HC-C CHEt)] ; 85, revealed that the protonatlon of a single
dlastereomer of 72 yielded two cations in the ratio of
approximately.Z:l. These cations were not intercoovertible
on the NMR time-scale. : : : “

| HIt has already' been pointed out thet sntarafacial'

migration (i) of vinylidene fregments from Co to Co or from
WtoWw have'barriers of = iO kcal/mole.- In all of the Mo-Co

or W—Co catlonlc species descrlbed herein there is no

&

' ev1dence for a flux1onal process whlch stops at low tempera—

ture.' It is dlfflcult to env1sage an exchange process

& i

)
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between the two metal sites with a barrier too low to be
detected even when using an 11.7 Tesla instrument (500 MHz
for H 125 MHz for C). In particular, if mlgratlon
between cobalt and molybdenum (tungsten) were occurrlng, one
would expect to freeze out two chemically dlStlnCt CsHg
env1ronments in the C NMR spectrum at low temperature,
typically, in [(CsHs)Mo(CO) Co(CO)3(HC_C CH )] . 83, a
single sharp cyclopentadienyl resonance is observed at all
temperetures. _

The most stralghtforward explanation for these
observatlons is that the C=CR’R" moiety lies above and is
d;rectly bonded to only one of the metal vertices --
probably the CpM(CO), vertex. Thus therNMR spectra of
[ (C5Hg) Mo (CO) Co(CO)a(HCHC CH )] : 83, and [(C HMe)Wo(CO)2
Co(CO) (HC_C—CH )], 84, reveal in each case a single
species in which one of the methylene hydrogens is qm to
the alkyne CH group while the other is anti. Q Slmllarly, in
[C5H ) W{CO) Co(CO)a(HC_C CHEt)] ’ 85, the diastereomers
differ. in that the ethyl substituents can be either sy or
anti to the alkyne CH unit. 1In partlcular, the large
chemlcal shift dlfference between the e resonances of the

-CH ,Me substltuents 1n the syn and anti - 1somers should be

- -noted certalnly, these methylene carbon nuclei could be in

'very dlfferent env1ronments relative to the anlsotroplc

shleldlng cones ‘associated with the. cyclopentadlenyl

groups.lop The-ready isolation and crystallographic'charao-.
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terization of Mo- and W—stabilized cations suggests that the
vinylldene moiety is localized on the Group VI vertex rather -
than on the Co{CO), unit. To assess the viability of this
hypothesis, the trimetallic.cation I(C-H ) Mo (CO) 2Co, (CO) C~
CMe ], 88, in which an 1solobal replacement of CH by
Co(CO)3 has been reallzed was synthe31zed and examrned by

C NMR. The procedure descrlbed by Seyferth was used to
prepare the alkene cluster [Co (CO) CC(Me)—CH 1, 86. Vertex
replacement of a Co(CO) 4 fragment by the 1solobal {CH )Mo-
(CO)2 group ylelded 87 and subsequent protonatlon of the
capplng -C(Me) =CH, moiety led to the de31red isopropyl. |
catlon, 83. _ ) ¢

| 'it is relevant to mention that,-althouchithe present
work describes cationic clusters with capping vinylidene
groups, there are crystallographically characterized neutral
clusters whlch have the same overall electron count. In
[(C Hg) ,W, (CO) sFe{CO) ;C= CH ], 89, and in [Coz(CO) Ru(CO)3
C=CH/Bul, 90, the V1nylldene ligand leans towards the
FeitO)anor Ru (CO) , vertex, respectively-vml'102 One can
- thus formally assrgn an elghteen electron conflguratlon to
'all three metal atoms in each cluster Had the v1nylldene
m01ety leaned towards a (CzH )W(CO)2 in 8 or a Co(CO)3 N

vertex in 9 it would have been necessary to write formally

h

l ZW1tterlon1c structures, as in 91. In such cases the system
frequently trles to ‘address the electron imbalance via a

seml—brldglng carbonyl 1nteractlon, as in 92. In the
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cation'ss, there is no obvious aprioi reason for prefer-
entially localizing the charge on a (CgHg)Mo(CO), rather
than a Co(CO), vertex and so, in principle, 882 and 88b are
both viable isomers.

Now if the reasonable assumption is .made that any
vinylidene migration process would be slow on the NMR
time-scale at low temperature, it should be possible to
dlfferentlate between 88a and 88 (or a mixture of both)
simply on the basis of molecular symmetry In 88a, the
cluster has. C, symmetry and the two methyls would remain
degenerate; 1n.8m)the chiral nature of the cluster would
render these nuclei magnetlcally non—equlvalent. The exper-
llmental result is rather clearcut the methyl groups
‘malntaln thelr sharp C;31nglet character over the tempera-

'ture range 0°* to -90°C. One must thus conclude that the

v1nylldene group remains flrmly attached to the molybdenum o

vertex.

It is noteworthy that in [Cog(CO)QC-CMeé]+, which’is
well established to adopt a bent structure, the 13C'NMR _l
spectra of the carbonyl llgands exhlblt a 6:3 pattern at low
temperature. ThlS observatlon is in accord with the Beo
data on [Co3(CO)9C—C—O] (d;scussed.prev1ously).whlch alSo

yields a 6:3 pattern at 163 K,

2

[+
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43 EHMO Calculations

In light of these observations, an orbital explana-

tion was sought for the marked preference of the vinylidene

group to lean towards the molybdenum rather than remain
upright or bend towards-(or between) the Co(CO)3 vertices.
To complement the experlmental data on cluster ‘cations; mol-

ecular orbital calculatlons at the extended. Huckel level

- were carried out. As was first shown’® by Schilling and

| Hoffmann, [Cos(CO) C=CH, 1t can be constructed'from a tri-

cobalt nonacarbonyl fragment, represented formally as
[Cog(CO) 13 ,‘and a vinylidene moiety , [C=CH ] The

former presents a set of three orbitals (2a + 2e) well

orlented for 1nteract10n with a capplng unit. Below them

lles another set of three frontler orbitals (la, + 'le).
There is a strong stablllzlng interaction of the vinylidene

lone pair with the vacant 2a, frontier orbital of‘the metal

. System. However, the ‘relatively low energy of the x e

orbital of the vinylidene produces a rather low—lylng LUMO,
Overall thlS vields a small HOMO—LUMO gap which leaves open
the p0331blllty of geometric deformatlon to stabilize the
system When the v1nylldene cap bends towards a cobalt
atom, there is a very favourable 1nteractlon between the
symmetrlcal component of the 2e set of the metal trlangle
and the & orbltal of the C= CH,, unlt ' The latter orbital is

well locallzed on the methylene carbon and creates direct
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bonding between this carbon and a cobalt atom (see Figure
2la); as a result, the HOMO-LUMO gap increases markedly on
bending the C=CH, vertex towards a Co (CO) ; vertex.

In an earlier study on trimetallic clusters,
McGlinchey103 described how the doubly degenerate frontier

orbitals of the M, moiety split when one of the Co (CO) 4

units is replaced by an isolobal fragment; this is observed - -

for the [(CgHg)Mo (CO),Co,(CO), 1% fragmentl in Figure 22.

- The 4s orbital in this M; unit is still capable of accepting
the vinylidene lone pair in either the upright or bent mode
and a strong Stabilizing interaction is observed. An impor-
tant'new factor which differentiates_the.[(CSHS)MO(CO)ECOZ—
(CO)S]3+ fragment from the.[Coa(CO) ]3+ triangle discussed

‘previously is the very locallzed nature of the 3s orbltal on.
Mo. {40% vs 4% for the Co atoms) The;fllled T orbltal of\ﬁ
the C=CH, unit (too low in energy to be dlsplayed in thlS
‘flgure) interacts w1th the empty 35 orbital of the metal

fragment the energy of the former decreases sllghtly whlle

o

the energy of the latter 1ncreases The relatlvely lowr

¥
T = o

'energy of the vinylidene n orbltal remalns 1mportant
_because, as before, 1ts 1nteract10n w1th the 3s metal frag—‘

ment orbltal produces a rather low—lylng“LUMO _ Once agaln,

- *'thls ylelds a small HOMO LUMO gap and ralses the p0551b111ty

K AN

"'fof a geometrlc deformatlon to stablllze the catlon
| Figure 23’ shows the effect of tlltlng ‘the C= CH

Q.‘cappihg group towards either a Co(CO)_3 or a (CSHS)MO(CO)2

=

4

f ]
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[N

Figure 21: The interaction of the methylene p orbital with cobalt dz?
orbital(s) in [Coy(CO)yC-CH;]* (A) when the vinylidene fragment is
bonded to a single Co(CQ); centre and the molecular mirror plane bisects

the CHz unit and (B) when the CH; moiety is migrating from one cobalt
vertex to another.
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Figure 22:

Orbitat interaction diagram showing the formation of [(CsHs)Mo(CO),-

Co,(CO)sC-CH,]* from [(CsHs)Mo(C0)3Co5(CO)sI3+ and [CH,C=C)*
fragments, "

(7]
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degrees) of the capping vinylidene unit from the axis perpendicular to the
plane of the metals in the cationic clusters 88a and 88b.
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vertex. The mosit favourable interactioh occurs between thé
35 metal orbital and the & orbital of the C=CH, unit to
create a direct bond between the hethylene carbon and the
molybdenum. The preference for bonding.to the molybdenum
rather than to a cobalt is augmented if the entire (CHg) -
Mo (CO), fragment is allowed to swivel 10° downwards away
from'the;approaching vinylidene group. This has the effect
of minimizing unfévourable sterié interactions with the
molybdenum'carbonyls and concomitantly increases‘the HOMO-
LU&O gap. Schilling and Hoffmann®® noted that antarafacial
migration of the C=CH, cap in [Co,(CO),C=CH,])® is facili-
tated by an intefaction between the antisyhmetric component
of the triCobalt‘Ze set with the n orbital of the vinylidene
group, as sﬁown in Figure 21b. ‘in contrast it can be¢ seen
from Figure 22 that in the [(CgHy)Mo(CO),Co, (CO) C=CH,]*
system no such stabilization is available in terms of a
’ suitable‘out—of-phése combination of Mo and Co d,z orbitals."
Thus any migration of the C=CH, gfbﬁp,between these two
metals must inevitably surmount a rathef 1£rge barrier.v

To conclude,’ therefore, the vihylidene capping unit
is particularly well stabilized by direct'interaction with
the‘molybdenumﬂatom whiie migrétion to a cobalt centre is
severely disfavoured. 'ngse EHMO results are in excellent
accord with the experimental data and together thef provide

a consistent picture of these fascinating cationic clusters.



CHAPTER FIVE : ¥

EXPERIMENTAL

All reactions were carried out under an a;mosphere
of dry nitrogen employing conventional benchtop and glovebag
techniques. All solvents were dried according to standard
procedures before use.*%? Removal (evaporation) of‘solvents
was accomplished undef reduced pressure by_using either a
;otovap or.a vacuum ;ihe. 13C--NMR speétra were recorded
using Bruker AM 500, WMl250 and AC 200 spectrometers. 'y
NMR spectra were recorded using Bruker AM 500 and AC 200 and
Varian EM390 spectrometers. 3p NMR spectra were recorded
using a Bruker WM 250‘spectrometefu 3¢ and ?H chemical
shifts reported were referenced Eo tetrametﬁylsilane while
3p chemical shifts were referenced to 85% H,;PO,. [When
diastereomeré are presentfin other than a 50:50 ratio, the
resonanceé attributed to the minor isomer are marked with an
asterisk. Exw hydrogens (Hx) are situated prbximal to the
dimethyi bridge; analogously, endo hydroéens (Hn) occupy
positions away from the bridgih§ group.] Infrared spectra
were recorded on a Perkin-Elmer 283 instrument using KBr
solution cells. Mass spectra were obtained with a double-:

focusing VG ZAB-E mass spectrometer'under positive ion fast

" atom bombardment (FAB+) andﬁnegative ion fast atom

140
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bombardment (FAB-) conditions. 3-Nitrobenzyl alcchol was
used as the matrix and xenon was the bombarding spécies (8
keV). Microanalytical data are from Guelph Chemical

Laboratories, Guelph, Ontario.

Co,4(CO) o (R°-CCH (p~CgH,~OCH,) ,) , 30. A THF solution

(100 cm3) of Co,(CO}y (10.88 g, 31.8 mmole} and Methoxychlor

{6.11 g,‘17.7~mmoie) was stirred at reflux under an
étmosphere of.Nzlfor é hours. The solution was allowed to
_cool to room temperature and filtered (under N, pressure)
:té remove any cobalt salts.. The solven£ wa$ rembved under
reduced pressure and the residue was dissolved in hexane.
After any insoluble material was filtered off,Athe‘hexane
solution was evaporatéd°and-purification of the résultantu”
solid by flaSh.chromatoéfaphy:on silicg‘gel‘(eluent, ether/
hexane, 10/90i yielded the‘product 30m(ﬁf 0.30) as purple
crystals (1.32 g, 2.0 mmole, 11.2%). 1H.NMR (C¢Dg) : d 7.65
(d, 2H); 6.92(d, 2H); 5.95(s, 1H); 3.76(s, 6H). '°C NMR
(CDCl,) (room” temperature): & 311.1 (alkylidyne C); 19%8.7
{(carbonyls); 158.9 (Me0-C); 138.9(C—1f ipso carbqns){_l29.7
(C-2, C-6)s 114.1 (C-3, C-5); 76.8 (Ar-CH-Ar) ; 55.3 (0-CH,) .
3¢ NMR (CD,C1,/CFCL;) (-120°C): 8 202.3(3, axial
carbonyls); 198.0(6,‘equatoriai carbonyls) ; 157.5 (MeO-C) ;
137.8(C-1, ipso carbons); 129.3, 128.8(C-2, C-6); 113.1,
112.7(c—3,_c-5). I.R. (CH,Cly): vg, at 2100 (m), 2050 (vs),

2030(s), 2010 (sh) cmdlf Mass spectrum (FAB+): miz (%) 668

)
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(3) CpsHys0;,Co5 (MY 640 (12) (M-CO)*; S84 (100) (M-3CO)*;

556 (50) (M-4CO)*; 528 (28) (M-5CO)*; 500 (48) (M-6CO)*; 472

(25) (M-7CO)7; 44 (22) (M-8CO)*; ‘416 (18) (M-9CO)*.
Analysis: Found: C, 44.69; H, 2.22. C,H,,0,,Co, caled.: C

!

44.94; H, 2.26%.

(HC (Ph,P) 3) Co5 (CO) ¢ (L°-CCH (p-CeH,~0CH,) ), 31. A
solution of Coa(co)9(p34CCH(p-c6H4~QCH3)2), 30, (0.486 g,
0.73 mmole) and (PPh,) ,CH (0.417 g, 0.73 mmole) in toluene
(100 cm®) was stirred é£.70'c uhder an atmosphere of Nz‘for
14 hours. After removing the solvent, flash chromatographic
purification of the.residueu(initial eluent, ether/hexane,
30/70; £inal eluent, ether/hexane, 50/56) yielded a red-

‘brown solid. The impurities were removed by dissolving this
solid in a ;inimum amduht of CCl, and filtering the slurry
througﬁ glass wool. The red solidrcollected on the glass

. wool (0.035 g, 0.030 mmole, 4.1%) was the desired product
31. ¥P NMR (CH,C1,): § (Room temperature) 45.5; (-100°C)
45.1. *c NMR (Carbonyl Kegion) (CH,C1,/CFCl,): & (-65°C)
206.0(6 cérbonyls); (-110°C) 206.6(3 carbonyls)land 204.7(3
carbonyls). I.R. (cH2c12): Veo 2t 2010(m), 1990 (vs) and
1960 (sh) em™t.. Mass spectrum‘(FAB+): mz (%) 1152 (10)
CSQH“oaP3Co3_ a*; 1124 (8)  -cor*; 1097 (22) '(M+u-2c0)f,-
1068 (12) (M-3C0)*; 1041 (32) (M+H-4CO)*; 1013 (44) (M+H-

<

5c0)*; 1012 (68) (-5c0)*; 984 (100) (-6CO)*. Analysis:

[

Found: C, 61.70; H, 4.09; P, 8.23. CsoHi604P5C04 caled.: C,

142
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61.48; H, 4.02; P, 8.06%.

C04 (CO) o (W3-CCH (0-CH,~C1) (p=C¢H,~C1)), 32. A THF
(35 cm3) solution of Coz(CO)s-(1.74.g, 5.09 mmole) and o,p-
DDT (1.00 g, 2.84 mmolef was stirred at reflux under an
atmosphere of N, for 3‘hours; The solution was allowed to
cool torroom temperature . and filtered (Unde£ N, pressure) to
remove any insoluble specieé. The solvent was evaporated

and the residue was purified by flash chromatography on

'silica gel (eluent, ether/petroleum ether, 15/85). Thei

first band, an oily purple material, was recrystallized from
hexane to give the product 32 as purple crystals (0.815 g,

1.20 mmole, 48.4%). 'H NMR (d-6 acetone): 7.75(m, 8H,

- phenyl H's) and 6.82(s, 1H, Ar-CH-BAr). '°C NMR. (CH,C1,)

" (room temperature): 8 199.6(carbonyls); 143.9, 142.5, 133.4,

130.2, '130.0, 129.8, 129.0, 128.7, 127.1(phenyl carbons);
70.7 (Ar-CH-Ar). 3C MR (Carbonyl Region)'(bﬂ2c12/a£eon)
(-126'0): d 202.6(3, axial carbonyls) and 198.3(6, equator-
ial carbonyls). I.R. (c52C12):’xbo'at 2100 (), 2050 (vs);
2040(vs), 2020(s) cm '. Mass Spectrum (FAB+): m: (%) 648

(14) Cp,Hy0,C1,Co, (M-CO)*; 620 (20) (M-2C0)%;.592 (16) (M-

'3C0)*; 564 (100) . (M-4CO)*; 536 (44). (M-5C0)*; 508 (8) (M-

6CO)"; 480 (9) (M-7CO)*; 452 (24) (M-8CO)*; 424 (55) (M-

9co)*; 389 (8) (M-9co-cl)t. Analysis: Found: G, 40.63; H, -
: : G : :

1.54%. Cp3Hg0,Cl,Coq caled.: C, 40.80; H, 1.34%.
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(HC (Ph,P) ;) Cog (CO) ¢ (13-CCH (0-CyH,~C1) (p=CgH,~CL), 33.
A toluene solution (50 cm®) of Co,(CO) 4 (L3~CCH (0-C¢H,~C1) (p-
CeH,~C1), 3, (0.60 g, 0.89 mmole) and (Ph,P),CH (0.506g,
0.90 mmole) was etirred under an atmosphere of N, at 70°C
for 24 hours and then at 85°C for a further 48 hours. After
cooling to‘reom temperature and evaporating the toluene, the
residue was filtered through silica gel (eluent, CHZClz)_to-r
give a crude productf 'Recrjstallization from'CCl followed
by flash chromatographlc purlflcatlon on 3111ca gel (eluent,
ether/petroleum ether, 40/60), yielded the product, 33 as a

sred solid (0.073 g, 0.068 mmole, 7.6%). 3P NMR (CHZClé): 3

\\( -30°C) 44.9; (-110°C) 45.0. '3 NMR (Carbonyl Region)

(CH,C1,/CFC1l,): & (room temperature) 205.8(6 carbonyls);

(-120°C) 206.6 (3 carbonyls), 204.6(3_carbonyls). I.R.

(CH,Cl,) : vy at 2020(m), 2000(vs) and 1965(sh) cm™>. Mass

© Spectrum (FAB+): miz (3) 1160 (6) CgqH004CL,P5C0, (M)*:e
1048 (8) (M-4C0)*; 1020 (100) (M-5C0)*: 992 (25) (M-6co}*t

Analysis: Found: C, 58.66; H, 3.60; P, 7.71%.

C57H4006012P3_C03 calcd.: C,_58.94‘; H, 3.47; P, 8,00%.

(HC (Ph,P) ;) Co, (CO) ¢ (R°~CCH,) , 3¢. A toluene solution
(60 cn’) of Co,(CO)4(3-CCHy)' (0.950 g, 2.08 mmole) and’
(Ph,P),CH (1.03 g, 1.81"mﬁoie) was stirred under an
atmoephere of N, at 70°C for 12 houre ‘After evaporating

the solvent, the re31due was purified by flash chromato-

- graphy on smllca gel (eluent, ether/petroleum ether, 40/60)
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to yield the product 34 as a red solid (0.216 g, 0.23 mmole,

12.7%). P NMR (CH,Cl,) (Room Temperature): & 46.2. ‘H

NMR (d-6 acetone): § 7.4(m, 12H), 6.8(m, 15H), 4.05(g, 1H)
and 2.7(s, 3H). 3¢ NMR (THF): & (Room Temperature) 206.1
(6 carbonyls); 135.6 (Cl,ipso‘Cj; 134.1(ortho C€); 129.0 (para
C); 127.3(meta C); 47.6(CH;); (-85°C) 206.6(6 carbonyls); .
134.7, 133.2(C, and ortho C); 129.1(para C); 127.5, 127.1
(meta ©); (-110°C) 207.4(3 carbonyls), 205.7(3 carbonyls).
I.R. (CH,Cl,): vgy at 2020(s), 2000 (vs) and 1960 (sh) cm™
Mass Spectrum (FAB+): m/r(%ﬂ94l (10) C“95506P3Co3 (MfH)+;

912 (5) (M-CO)*; 884 (7) (M-2c0)*; 856 (74) (M-cO)*; 828

(54) (M-4c0)*; 800 (35) (M-5C0)";772 (100) (M-6CO)*

Analysis: Found: C, 57.66; H, 3.43; P, 9.51. C,4H;,0,P,Co,

~caled.; C, 57.47; H, 3.64; P, 9.88%

[{CC) Co—Co(CO) ] [HC=C-CH,0H], 40. A THF solution

| {100 cm® ) of Coz(CO)a (13 812 g, 40. 39 mmole) and preopargyl

3

alcohol (2 4 cm ' 41 23 mmole) was stlrred for 1 hour at

. room temperature under an atmosphere of N, After the

solvent was removed, the cluster 40 was obtained]gn:approxi-

mately 83% vield by recrystallization from hexane.

= =

[(OC) Co-Co (CO) 4 ][HC—C CH, -0-menthyl], 4. A solution
of [Coz(CO) ][HC-C CH OH] 40 (0.568 g, 1.66 mmole),

(1R,28,5R)—(-)—menthol (0.478 g, 3.06 mmOle) and HBF,-Et,0

(4 drops) in CHzci2 (30 em®) was stirred under N, in the
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presence of activated 44 molecuiar sieve for 0.5 hours. The

soiution was filtered to_separate off the molecular sieve.

Removal of the solvent andiflash chromatographic purifica-

tion of the residue on silica gel (eluent, ﬁexane) yielded

41'(Rf 0.22) as a red-orange oil-(0.606 g, 1.26 mmole,

£75.9%) . 'H NMR (CeDg): 8§ 5.50(s, 1H); 4.44(d, 1H); 4.14 (d,

1H);'3.01(m,-lH):_2.42(m, 1H); 1.92(d, 1H); 1.50(d, 1H):;

"_1.30(m, 1H); 1.14(m, 1H); 0.96(d, 3H); O.92(m, 1H); 0.84
(ovefiapping peaks, BH)Aand 0.75{(m, 1H). C NMR (Cq D ) : 5
199 9(carbonyls), 93. S(alkyne quaternary Cy: 79. 2(C-1),

.71 l(alkyne CH); 68. 0(~CH —-0-); 48.3(C-2); 40. 2 (C-6); 34. 5
(C-4); 31.5(C-5); 25.6(C-7); 23.3(C-3); 22.2 (C-8); 20.9
(C-10) and 16.2(C-9). I.R. (CHCL,): v, at 2090(m);V2050‘
(s} and 2020 (vs) cmfl. Mass spectrumA(FAB+): miz (%) 480
(10) CygH,0,Co, (M)*; 452 (20) (M-CO)*; 424 (38) (-2c0) *
396 (100) (M-3C0)*; 368j(90) (M-4C0)*; 340 (16) (M-5C0) *;

312 (12) (M-6C0)%; 325 (52) (M-(-0- menthyl)) ;297 (617 M-

(-0-menthyl)-co)*; 269 {33) (M—( O-menthyl) -2co)t; 241 (25)
(M- (~O-menthyl) -3¢0j *; 213 (12) * (M- (~O-menthyl) -4c0) *

An;lYSis:k Eound: C, 47.32; H, 4.65. CIQQQO7C02 caled.: C,
47.52; H, 4.%62%. | |

. o
= .
o

Q

[ (0C) 3C0=Co (CO) 5] [HC=C-CH,-0-bornyl], 42. A solution

© Of [C0,(CO) ] [HC=C-CH,OH] 40 (0.685 g, 2.00 mmole), [ (15)-
: Q

endo] - (~) -borneol :(0.591 g, 3.83 mmole) and HBF, Et 0 (4

.

drops) 1n CH2Cl2 (35 cm ) was stlrred under an atmosphere N,

&
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iﬁ the presence of excess activated 4A molecular sieve for 2
hours. After filtration to remove the molecular sieve and
‘evaporation of the resultant solution, the crude material
was purified by flash chromatography on silica gel (eluent,
hexane) to give 42 (Re 0.30) as a red-orange oil (0.728 g,
1.52 mmole, 7670%) - 'H NMR (CD.) : § 5.50(s, 1H), 4.33(d,
1H); 4.22(d, 1H) ; 3.60(d, 1H); 2.33(br., 1H); 2. 03(br., 1H) ;
1.74(br., 1H); 1:60(br., 1H); 1.34(m, 2H); 1.08(d, 1H); 0.98
(s, 3H); 0.83(s, 3H) and 0.82(s, 3H). **c NMR {CDg) s O
1 200.2 (carbonyls); 93, 6 (alkyne quaternary C); 85.3(C-2);
71.0(alkyne CH); 69. 8(-CH =0-); 49.7(C-1 or C-7); 48.1(C-1
or €-7); 45. 5(C-4); 36. 3(0-3). 28.6(C-5); 26. 9(c—s), 19.9
(C-9); 19.0(C-8); 14. .1(C-10) . I.R.(CHZClz). Veo @t 2085(m),
" 2045(s)_and 2020(vs) cn™l. Mass spectra: (FAB+): m: (%) 450
(14) C,gH,,0,Co, (M-coy*; 422 (15) (M-2€0)*; 394 (100) (M-
3C0)"; 366 (95) (M-4C0)*; 338 (36) (M-5C0)*; 325 (33) (M-
(~0-Bornyl))*; 310 (10) (M-6CO)*; 297 (56) (M-(- 0~ bornyl)—
CO)*; 269 (45) (M-(-O-bornyl)-2c0)*; 241 (48) (M- (-0-
bornyl)-30)*; 213 (20)° (M- (<0-bornyl)-4c0)*. (FAB-) : mz
(%) 450 (100) (M-CO)"; 421 (32) (M-H-2C0)~; 394 (20) (M-
3C0)"; 338 (11) (Mf?CO)-,‘ Analysié: Found: c,'47.50; H,
-4:17. CygHyg0,Co, caled.: C, 47.72; H, 1.22%,

C‘ _ [(OC)3C0-Co(C0) I[CH -C=C- borneol], 4. A solutlon
of Coz(CO)a (1.694 g, 4 95 mmole) -and endo-2-propynyl borneol'

43 (0.768 g, 4 00 mmole) in THE‘ (40 cm) was stirred under a
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nitrogen atmosphere for 0.5 hours. After removal of the
!ysolvént, the crude mixture was purified by flash chromato—
graphy on sxllca gel (eluent, hexane) to give &4 (R, 0.18)
_as a red SOlld (1 290 g, 2.70 mmole, 67 5%). H NMR (CeD¢) :
‘8 2.32(3H, alkyne CH;); 2. 25(1H,.H 3x); 1.71(1H,-0M); 1.62
(1H, H-4); 1.61(1H, H-6x); 1.41(1H, H-3n); 1.31(lH, H-5%);
| 1.23(1H, H-5n); 0.95(H, H-6n); 1.19(3H,. CH,;-8); 0.91(3H, °

cH-10); 0}79(3H,_CH5—9). 3¢ NMR (CeDg) 5 200.5 (carbon-
yls); 108.3, 94.2(alkyne quaternary C’'s); 82.9(C-2); 55.1
{C-1 or €-7); 53.0(C-3); 51.5}&—1 or C=7); 45.7(C-4);
30.8(C-5); 27.8(C-6); 21.7(C-9); 21.6(C-8); 21.2(alkyne
CH); 10.9(C-10). I.R. (CH,Cl,) : vy, at 2080(m), 2040(s)
\:and‘2020(s) emt. Mass specﬁra:_(FAB+): mz (%) 461 (14)
C1¥Q30;C02(M-OH)+; 450 (45) (M~CO)*; 433 (15) (M-OH-CO)Y;
422 (90) (m-200)*; 405 (18) (M~OH-2CO)*; 394 (100) (M-3CO)";
377 (14) (M-0H-3c0)*; 366 (13) (M-4cO)*; 338 (55) (M-5C0)*;
310 (52) (M-6CO)+;:293.(10) (M-OH-6CO) ", - (FAB-): mz (%)
-477f(16y (M-H) ; 450 (100) . (M-CO)™; 422 (24) (¥-2C0) ; 393
:(9) (M—H-ﬁCO)-} 366 (6) (M—QCO)-. Analysis: Found: C,

47.73; H, 4.12. Cy4H,,0,Co, caled.: C, 47.72; H, 4.22%.

- Benzophenone Ketyl, (BPK). As descfibed.by Robinson

| and Simpsonaq, a solutlon of benzophenone ketyl can be -~
O
prepared by reflux1ng benzophenone 1n deoxygerated tetra~

“hydrofuran w1th_afsllght molar excess of sodlum.' However,

as Suggested'by:the authorS?q; for most of the reactions
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described herein the BPK solution was simply syringed from a

still used to purify THF.

| [PhsP(OC)2Co-Co(CO)3][HCEC-CHz—O—menthyl], 6. A
solution of [ (OC) ;Co-Co (CO) ;] [HC=C-CH,-O-menthyl] 41 (0.385 |
, g,‘0.80 mmole), triphenylphosphine (0.262 g, 1.00 mmole) and
BPK (1;5 cm3) in THF (35 ecm’) was stirred ovérnight under an
atmosphere of N,.. The reaction was monitored by TLC on
Kieselgel (eluent, ether/hexane, 5/95) which showed the
formation of the product as reddish band (Rf'0.32). lAfter
the solvent was removed, the crude materigl wés burified by
flash chromatography on silica gel (eluent, hexane) to give
46 as an orange-red solid (0.475 g, 0.66 mmole, 82 5%) con-
talnlng an approx1mately 50: 50 mixture of the dlastereomers

*'p NMR -(CD,Cl,): & 54.2 (single peak). -"*3C NMR (CD,CL,): &
205.9(2 carbonyls); 202.5{3 carbonyls); 135.4(d, ipsq C's of
phenyl rings, {Iﬁac—“?)=41.0sz;_133.6(d, ortho C's of
pﬁé;yloringS, %IHJC—NP)=}0.5HZ{; 13Q.7(§aramC's,of phenyl

rings); 129.0(d, meta &’s of phenyl rings, 3J(lac—31

P)=

9.5Hz); 90.5(alkyne quaternary C); 79.7(C-1); 72.0 (alkyne

. CH); €8.9, 68.5(-CH,~0-); 49.1, 48.9(C-2); 41.4, 41.1(C-6):
35.1(Co4); 32.1(C=5); 25.7(C=7); 23.8(C-3); 22.6(C-8); 21.4
(€-10); 16.5(C-9). T.R. (CH,CL,): vg, at 2050 (m), 2000 (s)
and 1970(sh) cm™ . Mass spectra: (FAB+): mz (%) 630 (6)
"CaaHyy03PC0o,  (M-3C0)*; 602 (12) (M-4CO)*; 574 (100) (M-

5CO)". (FAB-): m: (%) 452 (100) (M-PPh,)™; 423 (30) (M-H-
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PPhy-CO); 396 (12) (M-PPh,-2CO) . Analysis: Found: C,
60.22; H, 5.41; P, 4.48. Cu.H,,0.PCo, calcd.: C, 60.52; H,
5.22; P, 4.33%. |

[CyBP(OC)ZCo—Co(CO)S][HCEC*CHZ—O-menthyl], 47. A ”
solution of [(OC)4Co-Co(CO),] [HCSC-CH,-O-menthyl] 41 (0.358
g, 0.75 mmole), tricyclohexylphosphine (0.266 g, 0.85 mmole)
anﬁ BPK (1.5 cm®) was étirred in THF (35 cm®) overnight
under an atmosphere of N, The reaction was monitored by
TLC on Kieselgel (eluent, hexane) which. showed the formatlon
;f the product as orange-red band (Re 0.20). The solvent |
was removed and the crude material purified by flash chroma-
tography on siiica gel (eluent, hexane) to give 47 as an
orange-réd solid (0.228 g, 0.31 mmole, 41.3%) containing an
approxlmately 60:40 mixture of the dlastereomers 3p NMR
(CDg): & 65.3 (single peak). 3¢ NMR (CDg) : & 20874,

207.2, 202.9(carbonyis, 1:1:3 ratio); 88.7(alkyne quaternary
C): 79.8, *78.5 (C-1); 70.3, *69.9 (~CH,-0-); 67.9, *éﬁ.S
(alkyne CH); 49.0(C-2); 41.3(C-6); 37.3(d, ipso'Q’s of
cyclohexyl rings, 'g(*c-*'p)=15.9Hz); 34.9(C-4); 31.9(C-5);
30.0(d, ¢ C's of “‘cyclohexyl rings, 2J(13C—31P)=]..4.7Hz);
27.9(B C’'s of cyclohexyl ring); 26.6(Y C's of cyclohexyl
rings); 25.8(C-7); 23.7(C-3): 22.6(C-8); 21.3(C-10); 16.6
(C~9). I.R. (CH,Cl,): y., at 2040(m), 1995(s) and 1950 (sh)
cm™'. Mass spectra: (FAB+): mi (%) 648 (100) C,,Hy,0,2Co,

(M-3c0)*; 538 (22) (%gz(CO)SPCy3)+. (FAB-): miz (%) 537 (5)
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' ({C0, (CO) PCy3) -H) ; 452 (100) (M-PCy;)”; 423 (65) (M-H- -
PCy,-CO} ; 396 (23) (M-PCy,-2CO)~. Analysis: Found: C, -
58.69; H, 7.72; P, 4.12. Cg¢H,,0,PCo, calcd.: C, 59.02; H,

7.57; P, 4.23%.

[PhyP (OC) ,Co~Co (CO) ;] [KC=C-CH,-O-bornyl], 4. A
solution of [(bC}3Co-Co(CO)3][HCEC-CHZ—O—bornyl] 42 (0.499
g, 1.04 mmole), triphenylphosphine (0.273 g, 1.04 mmole) and
BPK (1.5 cm®) was stirred in THF (30 cm’) under an atmo-
sphere of Né. -Thé reacﬁion wés monitored by TLC on Kiesel—-
gel (eluent, hexane) and the formation of the prbduct as_éh

crange-red band (R, O.iT) was detected. After stirring the

migture overnight, the solvent was removed and the residue °
purified by flash chromatography‘on.silicafdel (eluent,
hexane) to yield=$ as an oranée-red solid (0.409 g, 0.57
mmole, 54.8%) containing an approximately 50:50 mixture of
the diastereomers. 3P NMR (CD,C1l,): & 54.4 (single peak).
YC NMR (CDC1,): § 205.7, 205.5, 201.8(carbonyls, 1:1:3
ratio); l35.0(d,:ipso C's of phenyl rings, 1J(13C-3IP)=
40.9Hz); 133.0(d, 6rthons of phenyl rings, aJUjC-31P)=
10.9Hz);:13p.1(para C’'s of phenyl rings); 128.2{(d, meta C's
of phenyl rings, *3(*°c-*'p)=9.5Hz); 90.3, 89.9(alkyne
quaternary C); 84.9, 84.5(C-2); 70.8, 70.3(-CH,-): 69.8,
69.4 (alkyne CH); 49.4(C-1 of C-7); 47.9, 47.4(C-1 or C-7);
45.2 (C-4); 36.2, 35.9(C-3); 28.2(C-5); 26.9(b—6): 19.8

Faaey

(C-9); 18.9(C-8); 14.0(C-10). I.R. (CH,Cl,): vg, at 2050
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(m), 2000(s) and l970{sh).cm‘1, Mass spectra: (FAB+): mhz

(%) 656 (4) C,,H,0,PCo, (M-2C0)}*; 628 (13) (M-3C0)*; 600

(24) (M-4co)*; 572 (100) (M-5C0)*. (FAB-): 450 (100) (M-
PPhy) "7 421 (29) (M-H-PPh;-CO)”; 394 (13) (M-PPh,-2C0) .
Analysis: Found: C, 60.98; H, 5.27; P, 4.13. C46H350,PCo,

calcd.: C, 60.69; H, 4.95; P, 4.35%.

[CyP (OC) ,C0-C0 (CO) ;] [HCSC~CH,-O-bornyl], 4. A
solution of [(OC)4Co-Co (CO) ;] [HC=C-CH,~O-bornyl] 42 (0.377
g, 0.79 mmole), tricyclohe#ylpﬁosphine (6.331 g, i;18 mmole)
and BPK (1.5 em®) in THE (35 cm®) was stirred under an atmo-
spﬁere of N,. ?he reaction was monitored by TLC on Kiesel-
gel {(eluent, héxane) which show;d the formation of théQ
product -as an orange—red-band (Rg 0.20) . After further
stirrin> of the mikture gyernight, the solvent w;s removed
and the fesidue purified by flash chromatography on silica
gel (eluént, hexéne) to yield 49 as an orange-:ed‘solid
(0.287 g, 0.39'mmoie, 49.4%) contaiq}ng an approximately
‘%0;40 mixture of the diastereomers. 3p NMR (CDg) : & 65.6
(single peak). '3C NMR (CD.)}: & 208.3, 207.1, 203.0
(carbqnyls, 1:1:3 ratio); 88.9, *88.6 (alkyne guaternary C);
85.2, *85.5(0—2);‘71.4, *71.8 (-CH,-}; 67.1, *67.4(alkyne
CH); 49.9(C-1 or C-7); 48.0(C-1 or C-7); 45.7(C-4); 37.2

o

(d, ipso C’'s of cyclohexyl rings, lJ(13C;31P)=16.4Hz); 36.5,

1

*36.7(C-3); 29.9(d, & C’'s of cyclohexyl rings, 2J('3c-*'p)=

17.0Hz); 28.7{C-5); 27.8(d,\B C’'s of cyclohexyl rings,

&
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of phenyl rings, J( c-3 P)=4.1Hz); 98.6(alkyne quaternary
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{jﬁjc_ﬂP)=9.3Hz); 27.1{(C-6); 26.5(7'C's of cyclqyéQQI
rings): 19.9(C-9); 15.1(C-8); 14.3(C-10). I.R/ (CH,CL,):

Veg @t 2045(m), 2000(s) and 1950(sh) cm ®. Mass spectra:

(FAB;;): mz (%) 730 (7} C3¢Hs30PCo, (M7 702 (25) (M-CO)*:
675 (5) (M+H-2C0)*; 646 (100) (M-3CO)*; 577 (14) (M- (-O-

bornyl))¥: 549 (11) (M-(-@-bornyl)-cO)*; 493 (11) (M- (-O-
bornyl)-3co)”. (FAB~): miz (%) 450 (106) (M—PCyg)‘; 421

(44) (M-H-PCy,~CO) . Analysis: Found: C, 59.71; H, 7.43; P,

4.15. Cu¢H530,PCo, caled.: C, 59.187 H, 7.31; P, 4.24%.

[ (dppm) ((OC) ,C0=Co (CO) ,) ] [HC=C-CH,-O-menthyl], 50. A
solution of [ (OC) 3C0-Co (CO} ;] [HC=C-CH,~0O-menthyl] 41 (0.408
g, 0.85 mmole) and dppm (0.461 g, 1.20 mmole) in hexane (30
cn®) was stirred at reflux underlah atﬁosphere of N, for 2.5
hours. :The reaction‘was'monitored by TLC on Kie%elgel
(eluent, ether/hexane, 10/90) which showed the formation of
the product as an o;ange-red band (R, 0.31}. ‘After cooiing :
to room temperature and removal of the solvent, the residue
was purlfled by flash chromatography on silica gel (eluent,
ether/hexane, 3/97) to give 50 as an orange 01ly material
(0.596 g, 0.74 mmole, 87 0%). p NMR (CD Cl ) & 42.0
(single peak). %c NMR (CD,C1,): & 207.4, 204.6(carbonyls,
2:2 ratio); 137.5(d,‘ipso C's of phenyl rings, IJT}ac-alP)=
20.4 Hz); 132 3(d, ortho C’s of phenyl rings, 23 M 31P)

5.7Hz); 129. 9(para C's of phenyl rings); 128.7(d, meta C's

It
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C); 73.8(C-1); 74.4(alkyne CH); 72.0(-CH,~); 49.1(C-2}; 41.6
(t, CH, of dppm, 'J('°c-*'P)=20.8Hz); 41.3(C-6); 35.3(C-4);

- 32.2(C-5); 25.9(C-7); 23.9(C-3); 22.7(C-8): 21.4(C-10);

16.6(C-9). I.R. (CH,Cl,): vy at 2010(m), 1995(s), 1970 (m),
1950 (sh) cm™'. Mass spectra:-(FAB+): miz (%) 780 (12)
C41H40,P,C0, (M-COY*; 724 {35) (M-3CO)*; 696 (100) (M-

4C0)*; 625 (5) (M-(-O-menthyl)-CO)*: 542 (20) (M+H-(-O-
menthyl)-4C0)*; 425 (62) (M+H-dppm)*. (FAB-): 807 (100) (M-
H)"; 780 (97) (M-CO)T; 752 (10) (M-2C0); 586 (20)

(Co, (CO) ;dppm) .  Analysis: Found: C, 61.34; H,'S.SB: P,

7.58. C,,H,,0.P,Co, caled.: C, 62.39; H, 5.48; P, 7.66%.

[ (dppm) ((0C) ,Co~Co (CO) ,) | [HC=C-CH,-O-bornyl], s1. A
solution of [(0C);Co=Co(CO),] [HC=C-CH,-O-bornyl] 42 (0.589
g, 1.23 mmole) and dppm (0.614 g, 1.60 mmole) in hexane ({35
cm?) was stirred at reflux under an atmosphere of N, for 6.0
hours. The reaction was monitored by TLC on Kieselgel
(eluent, ether/hexane, 5;95) which showed the fdrmatibn of
the product as an orange-red band (R, 0.17);l Aftef cooling -
to room temperature and removing the solvent, the residue
was purified by flash chromatography on silica gel keluent,
éthér/hexane, 5/95) to give 51 as an orange-red solia,40.166
g, 0.95 mmole, 77.2%). °“'P NMR (CDCl,): § 42.3 (single
peak). 3¢ NMR'(CDClB{:'S 206.8, 203.8(carbonyls, 2:2
ratio); 137,0(d, ipso-C's of phenyl rings, Hjﬂac-mP)=18.8

Hz); 131.8{ortho-C’s of phenyl rihgs); 129.4 (para C's of
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ohenyl rings}; 128.2(meta C’s of phenyl rings); 97.9(alkyne
quaternary C); 84.2(C—2); 73.5(alkyne CH); 72.6(-CH,~);
49.4(C-1 or C-7); 47.9(C~1 or C-7); 45.2(C-4); 41.4(t, CH,
of dppm, 'J3(*°c-*'P)=20.3Hz); 36.2(C-3): 28.3(C-5); 26.7
(C-6); 19.9(C-9); 18.9(C-8); 14.1(C-10). I.R. (CHCl,): Veo
at 2010(m), 1995(s), 1975(m), 1950(sh) cm'. Mass spectra:
(FAB+) : 778 (15) C,H,,0,P,Co, (M-CO)'; 722 (40) (M-3c0)*;

634 (100) (M-4C0)*; 542 (100) (M+H—(-o—boﬁny1)f‘4c0)*; 502

(45) (Cozdppm)+; 443 (65).(Co(dppm))+; 425 ({59) (Cozdppm—

. CeHs)': 348 (40) (Co,dppm-2C.Hc)*. (FAB-): 805 (95) (M-H)";

778 (100) (M-CO)7; 750 (18) (M-2CO)™; 721 (7) (M-H-3C0) .
Analysis: Found: C, 62.87; H, 5. 42; B, 7.68. C42H,,05P,C0,
caled.: C, 62.54; H, 5.25; P, 7.68%.

[(dppm)((OC)ZCo-Co(CO)Z][CH3—CEC—borneol], 52. A
solution of f(OC) 3Co-Co (CO), 1 {CH;-C=C-borneol] 4 (0.623 gq,
1.30 mmole) and dppm (0.650 g, 1.69 mmole) in hexane (50.
cm ) was stirred at reflux under an atmosphere of N, for 1.5°
hours. The reaction was monltored by TLC on KléSelgel
(eluent, ether/hexane, 5/95) which showed the formatlon of
the product as a red band (R, 0.15). After cooling the
mixture to room temperature and removing the solvent, the
residue was purlfled by flash chromatography on silica gel

(eluent, ether/hexane, 5/95) to yield 52 as an orange-red

solid (0.577 g, 0.72 mmole, 55.4%). >'» NMR (CDCl,): &

42.1(d, 23(*p-*'p)= 125Hz); 40.9¢(q, 23 (*p-3'p)=125Hz) .
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¢ NMR (carbonyls) (CDCly): § 207.3, 206.7, 204.3, 203.7
(1:1:1:1 ratio). I.R. (CH,CL): ve at 2005(m), 1990(s),
1965(m), 1940(sh) cm . -Mass spectra: (FAB+): 789 (3)
é;ZHMFMPZCoZ (M-0H)*; 778 (11) (M-CO)*; 761 (5) (M-OH-CO)*;
732 (3) (M-H,0-2C0)"; 722 (16) (M-3CO)*; 704 (9) (M-H,0-
3c0)*; 694 (11) (M-4C0)*; 676 (100) (M-H,0-4C0)*; 502 (33)
(Co,dppm) 125 (30) (Copdppm—Cgliy) *; 348 (27) (Co,dppm~
2C4Hy) . (FAB-): 805 (100) (M-H) ; 778 (74) (M-CO)™; 586
(30) (Co,(CO) ;dppm) ; 393 (26) (M-CO-dppm-H) . Analysis:
Fbund: C, 62.54; H; 6.17; P, 7.53. C4,H,,0:P,Co, calcd.: C,

62.54; H, 5.25; P, 7.68%.

[PhsP(OC)ZCO—Co(CO)B][CH3-CéC-borneol],.53. A
solution of [(0QC),4Co-Co{CQ),] [CH,-C=C-borneol] 44 (0.453 g,l
0.95 mmole),‘triphenylphosphine (Q.248 g, 0.95 mmole) and |
BPK (1.5 cm®) in TH? (35 cm’) was stirred overnight under an
atmoéphere of N,. The reaction was monitored by TLC on
Kieseigel (eluent, ether/hexane, 5/95) which showed the‘
formation of the product as an red band (R 6.27). The
solvent was removed and the residue purified by flash
chromatography on silica gél (eluent, ether/hexane, 1/99) to
vield 53 as a red oily material (0.132 g, 0.19 mmole, 20.0%)
containing an approximately 50:50 mixture 6f the diastereo-
mers. P NMR (CDCly): § 48.8, 44.2 (1:1 ratio). °C NMR
(carbonyls):(CDél3): 205.4, 201.5 (2:3 ratio). I.R.

(CH,C1,) : v, at 2040(m), 2000(s), 1995(s), 1960(sh) cm .
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Mass spectra: (FAB+): m: ) 695 (2) C36H3405Pcd2 (M-OH) *;
684 (2) (M-CO)*; 667 (2) (M-OH-CO)*; 656 (19) (M-2C0)*; 639
(6) (M—on-zcm”; 628 (2) (M-3c0)*; 600 (100) (M-4co)*; 572
(78) (M-5C0)"; 554 (13) (M-H,0-5C0)*. (FAB-): 711 (5) (M-
H)7; 450 (100) (M-PPh,)7; 422 (30) (M-PPh,-CO)™; 393 (11)
"(M—PPh3f2CO-H)'; %58:(44) (Coz(CO)S)_. Analysis: Found: C,
58.03; H, 5.12; P,ﬂ 4.64. cssnssospc:o,_: caled.: C, 60.69; H,
4.95; P, 4.34%. ‘

(CquR)M(CO)s_Nag (R = H, CHy; M= Mo, W. To a
solution of [(CgHRIM(CO),)1, (1.0mmole) in THF (25 cn’) was
- added an ekcess ef finely divided Na metal. The mixture was
stirred at room temperature under an atmosphere of N, until
'the solution lost the red colour assocmated with the
presence of the dimer and toock on the yellow colour of the
anion. Filtration under N, to remove any solid preseht gave
a clear solution of the anion which was then used in
subsequent reactions.

[(CSHE;)MO(CO)z-Co(CO)_,‘] [HC=C-CH,OH], 5. A solution
of .(CSHS)MO (CO}, Na' (prepared as described above) and
[Co, (CO) 6] {HC=C-CH,0H] 40 (0.342 g, 1._'0 mmole) in THF (25
cm®) was stirred at reflux fdr 30 minutes under an
atmosphere of N,. The reaction was monltored by TLC on
Kleselgel (eluent, ether/hexane, 35/65) which showed the

a
formation of the product as an orange band (R, 0.14).
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Removal of the solvent and flash chromatographlc purifica-
tion of the re51due on silica gel (eluent, ether/hexane,
35/65) yielded the product %4 as an ‘orange- red, solid (0.326
g, 0.78_mmole, 78.4%). ‘H NMR (C¢Dg) : 8 S. 58(5, 1H, alkyne
CH), 5.35(s, 5H, Cp'ring‘Hfs), 4.71(m, ZHﬂ CH 2~) end |

1.46(br, 1H, -OH). *3C NMR (CDCl;): 8 225.1 (molybdenum

‘carbonyls), 203.0 (cobalt carbonyls), $0.4(Cp ring CH's),

74.5(alkyne CH) and 66.5 (-CH,-) (Note: Despite running the
sample in a variety of solvents the alkyne-queternary carbon
was not found). I.R. (CH,Cl,): vg, at 2050 (m), 1990 (s),

1950 (br, sh) and 1890 (br, sh) cm_l. Mass spectrum (FAB+): m:

(%) 418 (27) Cy4H,0¢MoCo M *; 401 (16) (M-OH)*; 390 (73)
(M-CO)*; 373 (35) (M-OH-CO)*; 362 (100) (M-2C0)*; 334 (40)

R
(M-3c0)"; 317 (13) (M-0H-3cO)*; 306 (31) M-4CO)*; 278 (40)
(M-5C0)*. Analysis: Found: C, 37.85; H, 2.39. C,3Hy0MoCo
caled.: C, 37.53; H, 2.18%.

[(CSH CH ;W(CO)z—Co(CO) ][HCEC—CH OH], 55. A solution
of (Cq H CH )W(CO)3 Na® and [Coz(CO)sj[HC_C CH,OH] 40 (0.513
g, 1.50 mmole} in THF (35 em® ) was stirred at reflux for 30
minutes under N, The reaction was monitored by TLC on

Kleselgel (eluent, ether/hexane, 50/50) which showed the

‘formatlon of the product as an orange spot (R, 0.22).

Removal of the solvent and purlflcatlon of the re51due by
flash chromatography on silica gel (eluent ether/hexane,

30/70) yielded the product 55 as a burnt-orange solid (0 451 .

158
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g9, 0.87 mmole, 58.0%). 'H NMR (CDCl,): & 5.35(s, 1H, alkyne
CH}, 5.27(br, 4H, Cp ring H's), 4.90(m, 2H, -CH,-), 2.16(s,
3H, Cp ring CHy) and 1.43(m, 1H, O . ‘%c NMR (ch13): 8
212.6, 212.3(tungsten carbonyls, 1:1 ratib); 202.0(cobalt
carbonyls); 106.0(Cp ring quaternary ¢y, 89.7, 88.4, 88.0,

87.7(Cp ring CH’s); 84. G(alkyne quaternary C); 67. B(alkyne

CH) ; 66 4(-CH,-) ; 14 O(Cp rlng CHj). I.R. (CH Cl,) tveg 2L

2040 (m), 2000(s), 1980(s), 1940 (br,sh) and 1880 (bz, sh) cm™ .
Mass spectrum (FAB+): miz (%) 518 (23) Cy,H,0,CoW (% 501
(18) (M-OH)¥; 490 (45) (M-CO)*; 477 (28) (M-OH-CO)®; 462 -
(100) (M-2c0)"; 445 (13) (M-OH-2CO)*; 434 (42) (M-3co)*; 417
(9) (M-0H-3C0)*; 406 (33) (M-4C0)*; 389 (12) (M-OH-4CO)*;
378 (31) (M-5C0)"; 361 (12) (M-OH-5C0)*. Analysis: Found:

C, 32.78; H, 2.24. C,H,;|OMCo calcd.: C, 32.46; H, 2.14%.
R //f,/ - .

s

T (C5H,CH;) Mo (CO) ,~Co (CO) ,] [HC=C-CH,OH], 56. A
solution of (CgH,CH,)Mo(CO),Na' and [Co,(CO) ] [HCSC—CHZOH]
40 (0.%22-g, 1.82 mmole) in THF (30.cm3) was- stirred at
reflux for 30 minutes under an atmosphere of N,. The

reactioh was monitored by TLC on Kieselgel (eluent, ether/

<

hexane, 30/70) and the formationﬂof the product as an orange
band (Rg 0.16) was observed. Removal of the solvent and
flash chromatographlc purlflcatlon of the re31due on 3111ca
gel (eluent, ether/hexane, 25/ﬂ5) yielded the product 56 as
a red oily solid (0 384 g, 0. 89 mmole, 48, 9%) B NMR )

(CeDg) = 226.5, 226.4(molybdenum carbonyls, 1:1 ratio); 204.3
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{cobalt carbonyls); 108.4(Cp ring quaternary C}; 91.3,'90;3,
90.2, QQ}B(Cprring CH’S);-TS.G(aikyné'CH);.66.1(—CH2;): 13.7
(Cp_riﬁg:CH3) (Note: alkyne quaternary C not located). I.R.
(CHyCl,) : vge at 2040(m), 1990(s), 1945(br,sh), 1890 (br, sh)
cn™'. Mass spectra: (FAB+): m: (%) 432 (12) C,,H,,0,CoMo
(M) 7; 415 (16) (M-OH)*; 404 (38) (M-CO)*; 387 (48) (M-OH-
co)t; 376 (100) (M-2¢0)*; 359 (40) (M-OH-2C0)*; 348 (66) (M-
3co)t; 331 (24) (M-OH-3CO)*; 320 (40) (M-4co)t; 303 (25) (M-
OH-4C0)¥; 292 (49) (M-5CO)*; 275 (30) (M-OH-5CO)*. (FAB-):
431 (78) (M-H)7; 387 (45) (M-OH-CO) ; 401 (100)-(M-chzoaj‘;
359 (28) (M—OH-Z&O)—;?STB (60) (M-CH,0H-CO) ; 331 (345 (M-
OH-3C0) . Analysis: Found: C, 38.47; H, 2.60. C, 4H;,0¢MoCo

caled.: C, 39.10; H, 2.58%.

[ (CgHg) Mo (CO) ,~Co (CO) 5] [HC=C-CH,-O-menthyl], S57.
(Method 1) A solution of [(CgHs)Mo(CO),-Co(CO) ] [HC=C~
CH,OH] 54 (0.262 g, 0.63 mmole), (1R, 2S,5R)~(-)-menthol

.(0 196 g, 1. 26 mmole) and a small amount of pTsOH (S0 mg) in®
CH Cl2 (25 cm® ) was stirred under Nz in the presence of
excess activated 4A molecular sieve for 18 hours. The
reaction was monitored by TLC on Kieselgel (eluent, ether/
hexane, 15/85f which showed the5formation of the product as
a red band (R, 0.50): After the solution was filtered to
reﬁove the molecular sieve and the solvent was evaporated,l
f%gsh chromatographic purification of the residue on silica

géi.(eluent, ether/hexane,'15/85) yielded's7,as a red-orange
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0il (0.240 g, 0.43 mmole, 63.0%) containing 2 50:50 mixture
of the diastereqmers. (Method 2) A solution of (CgHg)Mo-
{CO)yNa® and [(0C) zCo-Co (CO) 4] [HC=C-CH,-O-menthyl] 41 (0.20

g, 0.42 mmole) in: THF (25 cm’) was stirred at reflux for 1.0

hours; undefxanxﬂzxgtmosphere. Removal of the solvent and
. S '
- flash chromatograpgéc purification of the residue on silica

: W
gel (eluent, ether/Hexane, 5/95) yielded the product 57 as a

\

red-orange oil (0.187f§2 0.34 mmole, 81.0%) containing an
approximatély'55:45 mixture of the diastereomers. >3¢ NMR
(CGDS): 3 90.5(Cp ring CH’s); 89.4(alkyne quaternary C);
79.2(C-1); 74.2, *74.7(alkyne CH); 71.9, *71.6(-CH,-);
-48;8(C-2);'40.7(C-6); 34.8(C44);.31.8(C—5): ?5.9(C—7); 23.6
(C-3); 22.6(C-8); 21.3(C-10) and 16.5(C-9). I.R. (CH,Cl,):
veo at 2040 (m) , 1990(s), 1940 (br,sh) and 1880 (br,sh) .cm .
Mass spectrum (FAB+)::-mz (%) 500 (34) C,iH,,0,CoMo (M-
200)*; 472 (100) (M-3CO)*; 444 (5) (M-4CO)'; 416 (12) (M-
SCO)+; 401 (8) (M—(-O—menthgi))+f -Analysis: Found: C, g\éﬁﬁ‘jb.

N -—.‘"'\\
_—CT
T

49.59; H, 4.68., Cy,H,,0,CoMo calcd.: C, 49.83; H, 4.91%.
. - &

[ (CgH,CH,) W (CO) ,~Co (CO) ;] [HC=C-CH,-O-menthyl], S8.
(Method 1) A solution of [(Csﬁgﬂg)W(CO)z-Co(CO)3][HCEC;
CH,0H] 55 (0.473 g 0.91 mmole), (1R,28,5R)—(;)-menthol {0.354
g, 2.27 mmole) and a small amount of HBF,-Et,0 (6 drops) in
CH,Cl, (30 cm®) was stirred in‘the presence of activated 4A
molecular sieve under_an.athSPhere of N, for 18 hours. The

reaction was monitored by TLC on Kieselgel (eluent,
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ether/hexane, 5/955 which showed the formation of the
product as an orange-red band (Rg 0.30). The solution was
filtered to remove the molecular sieve and the solvent was
evaporated. Flash chromatographic purification of the
residue on silica gel (eluent, ether/hexane, 2/98) yielded
58 as an orange-red oil (O.ilz_g, 0.17_mmole, 18.7%)
‘contéining_a 50:50 mixture of the diaﬂtereemers. (Method 2)
A solution of (CgH,CH,)W(CO);™Na* and [(0C),Co-Co (CO) 4]~
[HC=C-CH,-O-menthyl)] 41 (0.600 g, 1.25 ﬁmole) in THF (30
“emd) under‘én atmosphere of N, was stirred at‘reflux for 1.0
hours. Removal of the solvent ‘and flash chromatographlc
purlfleatlon of the residue on 3111ca gel (eluent, ether/
hexane, 5/95) yielded the product 58 as an orange- red oil
'T(O "473 g, 0.72 mmole, 57. 6%) contalnlng an approx1mately
55:45 mixture of the diastereomers. 3¢ NMR (CeDg): ®
213.6, 213.4(tungsten carbonyls, 1:1 ratio); 202.9(cobalt
carbonyls)} iOS.G(Cp ring quaternary C); 89.8, 89.3, 88.7,
88.2,$87.7, 87.4(Cp ring CH's); 83.6(alkyne. quaternary C);
79.2, *79.1(c51); 72.0, *71.5(~CH,~); 67.8 (alkyne CH); 48.9,
*48.7(C-2) ; 40.8(C-6); 34.8(C-4); 31.8(C-5); 25.8(C-7); 23.6
(C-3); 22.6(C-8); 21.3(C-10); 16.5(C-9); 13.5(Cp ring CH,):
I.R. (CH,Cl,): vy, at 2035(m) 1995(s), 1980(s), 1940 (br,sh),
1870(br,sh)-cm'1. Mase spectra: (FAB+): miz (%) GQQ {29)
‘nghgo CoWw (M-2co)” 572 (100) (M?300)+: 544° (9) kM-—4CO)+
516 (20) (M-5CO)*; 501 (4) (M—(-O-ﬁenthyl))+; 473 (15) (M-(-

O-menthyl)~CO)*; 445 (12) (M-(-O-menthyl)-2C0)*. - (FAB-):

b
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655 (8) (M-H) ; 627 (100) (M~H-CO) ; 600 (28) (M-2C0) ~
Analysis: Found: C, 44.01; H, 4.05. C,,H,,0.CoW caled.: C,

43.92, H, 4.45%.

'[(CJQCHS)Mo(CO)z—cO(CO)3L[Hcsc—CH2-o—menthy1], 59.
(Method 1) A solution of [(c5H4CH3$Mo(cojz—cd(CO)s][HCscr
CH,0H] 56 (0.262 g, 0.61 mmole), (1R, 25, 5R) - () -menthol
(0.302 g, 1.93 mmole) and HEF, Et20 (6 drops) in CHCl, (35
cm ) was stirred overnight under N, in the presence of an
excess of actlvated 4A molecular sieve. The reaction was
monitored by TLC on Kleselgel (eluent, ether/hexane, 5/95)
which showed the formatlon of the product as a red band {Rg
0.42) . The solution was flltered to remove the molecular _
sieve. 'Removal of the solvent and flash chromatographlc

purlflcatlon of the re51due on silica gel {eluent, ether/

hexane, 3/97) ylelded 59 as a red 011 (0.126 g, 0.22 mmole,

36 1%) containing a 50 50 mixture of the diastereomers.
«(Method 2) A solution of (CgH,CH 3)Mo (CO) 4~ Na® and [(OC)3C0-
Co (CO) ][HC—C ~CH, -0- menthyl] 41 (0.417 g, 0.87 mmole) in THF
(30 cm ) was stirred at reflux for 1.0 aours under N,.
Removal of the solvent and flash chromatographic purifica-
tion of the Eesidue on silica:gel (eluent, hexane) yielded
the product 59 as a red oil (0 436 9 0.77 mmole, 88.5%)

contalnlng an approxlmately 55 45 mixture of the dlastereo-

. mers, C NMR (C.D.): 8 226.9, 226 S(molybdenum carbonyls,

- 1:1 ratlo), 204.3 (cobalt. carbonyls), 108.3(Cp rlng quater-

Y

{ i : _‘ ' e
\ Loy i

A

L



R R

P s

ST TRLS

]
5
i.'u
b
%

IREE

164
nary Cy; 91.6, 91.3, 90.8, 90.5, 90.4, 89.9, 83.6(Cp ring

CH’s); 89.4(alkyne quaternary C); 79.2, *79.1(C-1); 775.4,

*75.2 (alkyne CH); 71.8, *71.3(-CH,-); 48.8, *48.6(C-2);
40.7(C-6); 34.8(C-4); 31.8(C-5); 25.7(C-7); 23.5(C-3); 21.5
(C-8); 21.3(C-10); 16.5(C-9); 13.8(Cp ring CHy) . I.R.
(CH,Cl,) t vy 2t 2040 (m), 1990(s), 1940 (br,sh), 1885 (br,sh)
cm™l. Mass spectrum: (FAB+): miz (%) 542 (10) C,,H,,0.,CoMo
(M-CO)*; 514 (30) (M-2C0)*; 486 (100) (M-3CO)°; 458 (8) (M-
4CO)4; 430 (18) (M—5C0)+. Analysis: Féund: C, 50.62; H,

5.38. C,,H,40,CoMo caled.: C, 50.72, H, 5.14%.

[ (C¢Hg) Mo (CO) ,=Co (CO);] [HC=C-CH,~O-bornyl}, 60.

(Method 1) ‘A solution of [(CgHg)Mo (CO),~Co (CI),] [EC=C-

CH,OH] 54 (0.365 g, :0.88 mmole), [(15)-endo]l-(-)-borneol

(0.403 g, 2.61 mmole) and pTsOH (50 mg) in CH,Cl, (25 cm’)

was stirred under an atmosphere of N, in the presence of

excess activated 4A molecular sieve for 18 hours. The

. reaction was monitored by TLC on Kieselgel (eluent, ether/

W

hexane, 5/95) which showed the .formation of the ‘product as a
red spot (Rg 0.41) . The solution was filtered to remove ‘the
molecular sieve. Removal of the solvent and flash chromato-
graphlc purification of the residue on silica gel (eluent,
ether/hexane, 5/95) yielded 60 as a red o:.l (0. 334 g, 0. 61
mmole, 69. 3%) containing a 50 50 mixture of the dlastereo-
mers. (Method 2) a solutlon of (CgHg )Mo (CD)3 Na* and

[(OC) ,Co-Co (CO} ;] [HC=C- CH2 0-bornyl] 42 (0.300 g, 0.63
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mmeole) iﬁ THF (25 cm’) was stirred at reflux for 1.0 hours
under N,. Removal of the solvent and flash chromatographic
purification of the residue on silica gel (eluent, ether)
hexane, 5/95) yielded the product 60 ae 2 red oil (0.224 g,
0.41 mmole, 64.4%) cohtaining an approximately 55:45 mixture
of the diastereomers. °C NMR (CD.): § 225.9, 225.a,

225. 7 225, 6(molybdenum carbonyls, 1:1:1:1 ratlo) 204,4
(cobalt carbonyls), 90.4(Cp ririg CH’s); 88.9(alkyne quater-
nary C); 85.0, *85.1(6—25; 74.5, *74.3(alkyneCH); 73.5

(<CH,=); 49.6(C-1 orC-7); 48.0(C-1 or C-7); 45.5(C-4); 36.4,

*36.3(C-3); 28.6, *28.5(C=5); 27.0(C-6); 19.9(C-9); 19.0(C-

8); 14.3, *14.1(C-10). I.R. (CH,Cl,): vy, at 2050 (m),

1985 (s), 1945 (b;,sh) and 1885(br,sh) cm'. Mass spectra:
(FAB+) :'miz (%) 554 (6) Cp3H,g0MoCo (My*; 498 (56) (M-2C0)*;
470 (100) (M-BCO)“; 442 (18) (M-4CO)¥; 414 (12) (M-5C0)*;
401 (10) (M-(-O-bornyl))*; 373 (22) (M-(-O-bornyl)-CO)*; 345
(20) (M- (-O-bornyl)-2¢0)*. (FAB-): 553 (10) (M-H)7; 525

(100) (M-H-CO)™; 497 (35) (M-H-2€0)”. Analysis: Found: C,

'49.59; H, 4.73. C,,H,.0,CoMo calcd.: C, 50.02; H, 4.56%.

[ (CsH,CH,3}W(CO) ,-Co (CO) 5] [HC=C~CH,~0-bornyl], 61.
(Method 1) A solution of [(C5H4CH3)W(CO)2-CO(CO)3][HCEC-
CH OH] 55 (0.451 g, 0 87 mmole), [(1S)~endo]-( ) -borneol
(0. 402 g, 2. 61 mmole) and HBF,-Et,0 (4 drops) in CH 2Cl, (30

cm® ) was stirred under an atmosphere of N, 1n the presence

. of activated aA molecular sieve overnlght. The-reactlon was

o~

v
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monitored by TLC on Kieselgel (eluent, ether/hexane, 6/94)
which showed the formation of the product as a red spot (Rg
0.47). The solution was filtered to remove the molecular
sieve and then the solvent was evaporated. Flash chromato-
graphic purification of the residue on silica gel (eluent,
ether/hexane, 1/99) yielded 61 as aﬁ orange-red oil (0.089.
g, 0.14 mmole, 16.1%) containing a 50:50 mixture of the
diastéreomers. (Method 2) A solution of (CgH,CH,)W(CO),
Na' and [(0C)4Co-Co (CO) ] [HC=C-CH,-O-bornyl] 42 (0.609 g,
1.27 mmole) iﬂ‘THF‘(BS cm®) undér N, was stirred at réflux ‘
for 1.0 hours. Removal of the solvent and flash chromato-
graphic‘purifipation of the residueé on sil%gg‘gel (eluent;
hexane)'yielded the product 61 as an”orangé§igéyoil (0.552
g, 0.84 mmole, 66.9%) containing an approxiﬁatef§\55:45

C S N #
mixture of the diastereomers. '°C NMR (CeDg) = & 213%4,

==

. 212.9 (tungsten carbonyls, 1l:1 ratio); 203.0(cobalt carbon-

yls); 105.6(Cp ring quaternary C); 89.6, 88.4, 88.3, 87.8

(Cp ring CH's); 85.1, *85.2(C-2); 83.1l(alkyne quaternary C)i.

73.6(-CH,-); 68.1, *68.3(alkyne CH); 49.7(C-1 or C-7); 48.0
(C-1 or C-7); 45.6(C-4); 36.4, *36.5(C-3); 28.6(C-5); 27.1
(C-6); 19.9(C-9); 19.0(C-8); 14.3(C-10); 13.5(Cp ring CHy).
I.R. (CH,Cl,): v at 2040(m), 1995(s), 1980(s), 1940 (br,
sh), 1880(br,sh) cm™ . Mass spectra: (FAB+): miz (%) 626 (8)
C,3H,,05CONW (M—coig; 598 (40);(M42CO)+; 570 (100)P(M33CO)+;
542 (20) (M-4CO)*; 514 (24) (M-5CO)*; 473 (19) (M- (-0~

bornyl)-CO)*; 445 (15) (M-(-O-bornyl)-2c0)¥. (FAB-): 653

I
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(15) (M-H); 625 (100).(M-H-CO) ; 597 (51) (M—H~2C0) "; 570
(27) (M-3C0)7; 542 (15) (M-4C0)~. Analysis: Found: c,

44.21; H, 4.38. C,H,;0,CoW calcd.: C, 44.06; H, 4.16%.

- [(C5H,CHZ) Mo (CO) ,-Co (CO) 4] [HC=C~CH,-0-bornyl], 62.
(Method 1) A selution of [(Cngﬂg)MO(CO)z—Co(CO}aj[HCEC-
CH,OH] 56 (0.341 g, 0.79 mmole), [ {1S) -endo]l~- (-} -borneol
(0.359 g, 2.32 mmole) and a small amount of HBF,-Et,0 (2
drops) in CH,Cl, (30 cm’) was stirred under N, over an

excess of activated 44 molecular sieve for 1.0 hours. The

kreactibn was monitored by TLC on Kieselgel. (eluent, ether/

hexane, 3/97) which showed the formation of the product as a

red band (R 0.30). After fllterlng off the molecular sieve

and remov1ng the solvent, flash chromaEpBraphlc purification

(
of the residue on silica gel (eluent, ether/ hexane, 3/97)

yielded 62 as a red 0il (0.202 g, 0.36 m§51e, 45, 6%).
containing a 50:50 mixture of the~d£eetereomers /?ﬁethoé\Z)
A solutlon of (CgH,CH )Mo(CO)3 Na® and [ (OC) ;Co~Co (0) 3l=
[HC=C—CH2—O—Dornyl] 42 (0.532 g, 1.11 mmole) in THF (30 cm’)
was stirred at reflux for.1.0 ﬁours under aﬁketmosphere of

N,. Removal of the solvent and flash#chromatographic

purification of the residﬁe\on silica gel (eluent, hexane)
yielded the pfoduct 62 as.a red oil (0.342 g, 0.60 mmole,
54.1%) contalnlng an approx1mately 55:45 mlxture of the- N
diastereomers. 3¢ NMR (Cq D : 0 226 5, 226. 4(molybdenum'

carbonyls, 1:1 ratlo), 204. 5(cobalt carbonyls), 108. 2(Cp

[

R
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ring quaternary C); 91.3,‘90.4, 89.8(Cp ring CH's); 88.9
{alkyne quaternary C); 85.0, *85.2(C-2); 75.2(alkyne CH);
73.4, *73.3(-CH,~0-); 49.7(C-1 or C-7); 48.0(C-1 or C-7);
45.5(C-4); 36.4(C-3); 28.6(C-5); 27.0(C-6); 19.9(C-9);
19.0(C-8); 14.3(C-10); 13.8(Cp ring CH;}. I.R. (CH,CL,):
wo @t 2040(m), 1985(s), 1940 (br,sh), 1890 (br,sh) cm:.
Mass spectrum: (FAB+): mfz (%) 540 (9) C,;H,,0.CoMo (‘M—-CO)“;
512 (56) (M-2C0)*; 484 (100) (M-3C0)*; 456 (18) (M-4cO)*;
428 (14) (M-5C0)T; 387 (19) (M- (-O-bornyl)-Cco)*; 359 (12)
(M- (-0-bornyl) -CO)*. Analysis: Found: C, 50.71; H, 5.05.

C,4Hp0,CoMo calcd.: C, 50.90; H, 4.81%.

[ (CH )MolCO)z—Co(CO) 1 [CH,=C=C -borneol}, 63. A
solution of (CSHS)MO(CO)3 Na' and [(OC)3Co Co(CO) } [CH;-C=C~

borneol] 44°(0.629 g, 1.32 mmole) in THF (55 cm’) was

. stirred at reflux for 2.0 hours under N,. The reaction was

monitored by TLC on Kieselgel (eluent, ether/hexane, -5/95)

which showed thé formation of the product as a' red band (R

0.25). After cooling to room temperature} the reaction

mixture was allowed to stir overnight. Removal of the
solvent and flash chromatographic purification of the
residue on silica gel (eluent, ether/hexane, 2/98) ylelded .

the product 63 as a red solid (0. 319 g, 0.58 mmole, 43. 9%)

containing an approx1mately 65:35 mlxture of the diastereo-

mers.” C NMR (CeDg) : 6 227.1, *228.8(1 molybdenum carbon-

yl); 225.3, *226.9(1 molybdenum carbonyl); 204.5(cobalt
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carbonyls); 102.2, *102.6(quaternary C); 90.5, *90.7(Cp ring
CH’s); 85.2, *85.4 (quaternary C); 55.3, *56.1 (quaternary C);
53.5, *50.9(Cc-3); 51.5, *Slrﬁ(quaternary C); 49.9%(quaternary
C); 45.9, *45.4(Cc-4); 33.0, :27.4(c—5 or C-6); 30.4, *28.0
(¢S or €-6); 22.5, 22.1, 21.6, 21.3(alkyne CH,, C-8 and C-
9} 12.0, *11.4(C-10). I.R. (CH,Cl,): vy, at 2025 (m), 1995
{(s), 1980 (br), 1935(br) cm'l. Mass spectra: (FAB#): miz (%)
526 (30) C,,H,.0.CoMo (M-CO)*; 498 (100) (M-2C0)*; 480 (44)
(M-H,0-2C0)*; 470 (24) (M-3co)*: 452 (95) (M-H,0-3C0)".
(FAB-): 553 (19) (M-H)™; 526 (12) (M-CO)"; 373 (13) (M-
borneol-co)”; 334 (18) (CpMoCo(CO),)"; 306 (100)
(CPMoCo (CO) ;).  Analysis: Found: C, 49.57; H, 4.41.

o

| Cp3H,s0,COMo caled.: C, 50.02; H, 4.56%.
” o R ﬁfks
[(CSHS)W(CO}Z-CO(CO)SI[CH3—CEC-borneol], 64. A
-solution of (CSHS)W(CO)a'Na+ and [(0C)aco-Co(CO)3][CH3—CEC—
borneol] 44 (1.371 g, 2. 86 mmole) in THE (65 cm®) under N,
‘was stirred at reflux for 3.0 hours. The reaction was mon-
1t0red by TLC on Kieselgel (eluent, ether/hexane, 5/95)
wth% showed the formation of the product as a red—orange
ey :
band (R, 0.07). Removal of ' the solvent_and flash chromato-
graphic purification of‘the residue on silica gel (eluent,
ether/hexane, 5/95) yielded the product 64 as é red-orange
solﬁdk(0,280'§,“0;44 mmole, 15;4%) cqntaining an appr5§14
mately 75:25 mixture of the diéstereomers. 3¢ NMR. (C.D) :

8 214.7, *216.4(1 tungsten carbonyl); 211.4, *213.2(1
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- tungsten carbgnyl); 204 (cobalt carbonyls); 95.7, *96.3
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(quaternary C); 88.6,‘*88.9(Cp ring CH's); 84.9, *86.3
{(quaternary €); 55.3, *55;9(quaternary C); 53.5, *50.7(C-3);
51;5, *51.2 (quaternary C); 49.0(quaternary C); 46.0, *45.2
(C-4); 30.2, *33.0(C-5); 27_.'9, *27.4(C-6); 22.2, 22.1 21.6,.
21.3(alkyne CH;, C-8 and C—S)} 12.2, *11.4(C-=10). 1I.R.
(CH,CL,) : v, at 2020(m), 1995(s), 1975(br), 1925 (br) cm .
Mass spectra: (FAB+): miz (%) 640 -(3) Cy3H,50,CoW (M)+; 623
(3) (M-0H)¥; 612 (12) (M-CO)*; 595 (5) (M-OH-CO)*; 584 (95)
(M-2C0)*; 566 (3-0) (M-H,0~2C0)"; 556 (11) (M~3C0); 538 (95)
(M-H,0-3C0)"; 528 (38) (M-4CO)*; 510 (100) (M-H;0-4C0)*; 500
(22) (M-5C0)"; 482 (25) (M-H,0-5C0)*. (FAB-): 639 (88) (M-

H) ; 612 (78) (M—CO)‘; 583 (34) (M-H-2CO) ; 459 (100) (M-

borneol-CO)”; 431 (26) (M-borneol-2C0)7; 420 (83)

(CPWC0(C0),)~. Analysis: Found: C, 42.58; H, 4.3L.
Cp3Hps0COW caled.: €, 43.15; H, 3.9493.

{(OC) Co- CO(CO) } [HC=C~ CH(OH)Et], 67. A solution of
Co, (c0)B (3.964 g, 11.59 mmole) and l-pentyn-3-o0l (1.0 cm3,
11.5% mmole) in THF (40 cm ) was stlrred under N, for 2
hours. After the solvent ﬁaS'removed and the residue
extracted with hekane; the cluster 67 was obtained‘as a
reddish oil (3.809 g, 10.29 mmole, 88.8%). 'H NMR (CDCL,):
o 6;06(5,'1H);‘4.60%t, lH);.l.BO(dverlapging multiplets,
3H); 1.14(t, 3H). I.R. (CHCl,): vy at 2090(m), 2050(s),

2030(s) cm™'. .Mass Spectra: fFAB+): miz (%) 3@2 (8)
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C13Hg0,Co, (M7 353 (20) (M-om)*; 342 (65) (M-coy*; 325
{38) (M-OH-CcO)*; 314 (97)_(M—2co)*; 297 (21} (M-OH-2C0)%;
286 (100) (M-3co)*; 269 (12) (M-OH-3C0)*;4258 (38) (M-4c0)*;
241 {(23) (M-0E-4CO)*; 230 (11) (M-5C0)*; 213 (12) (M-OH-
5c0)*; 202 (14) (M-6CO)*. (FAB-): 369 (35) (M-H)™; 342
(100) (M-CO) ; 314 (30) (M-2CO)7; 286 (16) (M-3CO)~; 258
(20) (M-4CO)"; 230 (9) (M-5C0) . SR

[ (dppm) ((QOC) ,Co-Co (CO) )] [HC=C- CH(OH)Et}, 6. A
solution of [ (OC) ;Co-Co (CO} 4 ][HC—C CH(OH)Et] 67 {O 570 g,
1.54 mmole) and dppm (0. 576 g, 1.50 mmole) in hexane (50
cm ) ;;s stirred at reflux under an atmosphere of N, for 1.0
lhours. The reactlon was monitored by TLC on Kieselgel
-(eluent, ether/hexane, 15/85) which showed the formation of
the product as a blood red band (R 0.11). After remov1ng
the solvent the residue was purified by flash chromato-
graphy on silica gel {eluent, ether/ hexane, 15/85) to give
6 as a red solid (0.369 g, 0.53 mmole, 35.3%). 3P NMR
(CH,C1p) : & 43.0(single peak). '*c NMR (CH,Cl,): § 207.9,
203.9(cafbonyls, 2-2); 136.6(d, ipso C's of phenyl rings,
1J(1 P)—19 9Hz), 132.0(d, ortho ¢’s of phenyl rings,
2J11 c- P)—l4 GHz), 129. 8(para C's of phenyl rings); 128 4
(meta C’s of phenyl rlngs) 107.2 (alkyne quaternary C); 75.6
(~CH~-); 73. 1(alkyne CH); 41.3(t, CH, of dppm, 3 (*3c-3p) =
21. 5Hz); 32. 7( CH 27)7 10.7(~CH,). I;R. (CH,CL,): vy at

2010(m), 1995(s), 1970(m) cm '. Mass spectra: (FAB+): ms

N
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(%) 681 (2) CuyH00,P,Co, (M-OH)*; 670 (14) (M-CO)’; 642 (4)
(M-2C0)"; 614 (43) (M-3CO)*; 586 (65) (M-4CO)*; 568 (10) (M-
H,0-4C0)7; 519 (35) (M-H,0-3CO-C.H.)*; 502 (28) (éozdppm)*;
443 (100) (M—GH-3CO-2C5H5)+; 425 (30) (Co,dppm-CH.)*; 348
(26) (Co,dppm-2C(H)*. (FAB-): 697 (95) (M-H)™; 670 (100)
(M-CO) "; 641 (20) (M~H-2C0) ; 586 (14) (M-4CO) .

Thermal reaction of Ph,P with [(OC)4Co-Co(CO),]-
[HC=C-CH(CH)Et]. A THF/Et,0 (40.cm3/15 em®) solution of

[ (OC) ;,Co- CO(CO) ] [HCSC-CH (OH)Et] 67 (0.617 g, 1.67 mmole)

- and trlphenylphosphlne (0.350 g, 1.34 mmole) was stirred at

50°C under an_atmosphere of N, for 5 hours. The reaction

was monitored by TLC on Kieselgel (eluent, ethér/pentane,¢

X
reddish-orange bands (R.’s: 0.28, 0.18, 0.10). After cool-

20/80) which showed the formation of three preducts as o

ing to room temperature and allowing the mixture to stir
overnight,fthe solvent was removed and the crude mate'rial
purified by flash chromatogréphy on s%;ica gel (eluent,
Et,0/pentane, 20/80). The three bands were collected and
subsequently-identified as-thelmajor monO*substituFed

diastereomeric product 6%a (0.411 g, 0.68 mmole, 56.8%),'the

" bis(triphenylphosphine) substituted cluster 70 (0.111 g,
-0.13 mmole, 12.9%) and the mineor mono-substituted diastereo-

‘meric product 6%b (0.201 g, 0.33 mmole, 24.6%).

Major Diastereomer 69a: “'P NMR (CH,Cl,): & 54.1 (single

peak) . °C NMR (CH,Cl,): & 205.9, 205.3, 201.8(carbonyls, -

& .
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1,13

1:1:3); 134.3(d, ipso C’'s of phenyl rings, "J( C—319)=7

41.8Hz); 132.9(d, orthb C’'s of phenyl rings, ZJ(13C—31

P)=
11.1Hz); 1‘Z§_0.4(para C’ ‘s'A_,-of phenyl rings); 128.5(d, meta C’s
of pr}_enyl r‘}.ngs, 3J(J’S(;.‘,'-—al.P)=9.8Hz); 96.4 (alkyne gquaternary
) M2.6(-cH) ; 71.7(alkyne CH); 33.3(-CH,-); 10.3(-CH,) .

I.R. (CH,Cl,): v, -at 2060(m), 2005(s), 1970(sh) cm '. Mass
spectra: (FAB+): mi (%) 604 (3) C,gH,30,PCO, (M7¥; 587 (4)

(M-OH)*; 576 (2) (M-CO)*; 559 (4) (M-OH-CO)"; 548 (18) (M-
2c0)*; 531 (4) (M-om-2C0)*; 520 (35) (M-3CO)*: 503 (7) (M-

i

OH-3CO)*; 492 (55) (M-4C0)*; 475 (6) (M-OH-4CO)*; 464. (100)
(M-5C0)*; 447 (8) (M-OH-5C0)"; 397 (60) (M-H,0-4CO“Y g)";
321 (50) (M-OH-4CO-2CH,)* . (Fﬁis)ﬁ 603 (15) (M-H)\, 342
(100) (M-PPh,)™; 314 (25) (M-PPh,-CO) ; 286 (12) (M-PPhy-
2¢0)”. L
Disubstituted Cluster 70: 3P NMR (CH,CL,): 51.6, 50.0 (2
signals in a 1:1 ratio). - 13¢-NMR {carbonyls) (CH,Cl,): )

207.3 (single resonance). I,R. (CH,Cl,): v, at 2020(m),

S

1990 (w), 19?0(sl,br) cm™l. Mass spectra: (FAB+): miz (%) 810
(2) C4yH;50,P,Co, (M-CO)*; 782 (4) (M-2C0)%; 726 (22) (M-
4c0)*; 642 (10) (Co,(PPhy),)*; 565 (110) (Co,(PPhy) ,~CHg) '
520 (8) (M-PPh,-2C0)%; 492 (10) (M-PPh,-3C0)*; 464 (10‘0)'(M_-
PPhy;-4C0)*. (FAB-): 837 (15) (MZH)™; 576 (90) (M-PPh;);
314 (100) (M-2PPh,)". | |

..Minc_;r D:i,ast'ereome:.: 6% ‘371}? NMR (CH,C1l,) : § 53.0 (single

peak). °C NMR (CH,Cly): & 205.9, 205.2, 201.9(carbonyls,

1:1:3); 134._5\‘(-d,; ips-o"""C's of phenyl rings, 15(130-31P)=

fi
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41.6Hz); 132.9(d, ortho C’'s of phenyl rings, 2J(*3c-3'p)=

11.1Hz); 130.4(para C’s of phenyl rings); 128.6(d, meta C’s
of phenyl rings, 3J113C—31P)=9.8Hz); 96.4 (alkyne quaternary
C); 72.7(-CH-); 72.4(alkyne CH); 32.3(-CH,~); 10.6(~CH,) .
I.R. (CH)Cl,): vg, at 2060(m), 2005(s), 1970(sh) cm™'. Mass
spectra: (FAB+): miz (3) 587 (3) C,gH,,04PCo, (M-OH)*; 559
(3)‘@M-0H~60)+f 518 (15) (M-2c0)*; 531 (4) (M-0H~2C0)*; 520
(30) (M-3CO)*; 503 (6) (M-OH-3C0)*; 492 (49) (M-4C0)*; 475
(4) (M-OH-4CO)*; 464 (100) (M-5CO)*; 447 (9) (M-0H-5CO)*;
397 (62) (M-H,0-4CO-CeHg)*; 321 (48) (M-OH-4CO-2CHq)*.
(FAB-): 603 (15) (M-H)"; 342 (100)'(M—Pph3)‘; 314 (27) - (M-

PPhy~C0)"; 286 (14) (M-PPh,-2C0)7; 258 (11) (M-PPh,-3CO) .

[(CSHQ)Mo(cb)z—Co(CO)a}[HCsc—CH(QajEt],'vl. A
solution of (CgHg)Mo(CO), Na* and [ (0C) ;Co-Co (COJ 4] [HC=C-
CH(OH)Et] 67 (0.556 g, 1.50 mmole) in THF (65 cm’) was
stirred at reflux for 0.5 hours under an atmosphere of N,.
The reaction was monitored by ILC on Kieselgel (éluent,
ether/hexané, 25/75) which showed the formation of the
proddct as a red-orange band (R, 0.15). Removal of thgv
solvgnt and'flash chromatographic purification of the ™

residue on silica gel‘(eluent, ethef/pentane, 15/85) yielded

..‘\

" the product 71 as a.red-orange oily material-(0,4€0 g, 1.04

mmole, 69.3%) containing an approximatelyf70:30 mixture of
the diastereomers. °C NMR (CeDg) : & 226.5, 225.4 (molyb-

denum CO’s, 1:1 ratio); 204.6(cobalt CO’s); 92.6, *92.2
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(alkyne quaternary C); 90.3, *90.0(Cp ring QH's); 78.0,
*79.2 (alkyne CH); 77.0, *77.2(-CH-); 34.3, *33.1 —CH,-) ;
11.1(~CHy) . I.R. (CHyCL,): v, at 2040(m), 1990(s), 1950
(sh), 1885(sh) cmI. Mass spectra: (FAB+): mfz (%) 446 {(17)
C1sHy30,CoMo (M)*; 418 (40) (M-CO)*; 390 (200) (M-2¢0)*; 362 .
(50) (M-3co)*; 334 (45) (M-4cO)™; 306 (30) (M-5C0)*; 288"
(15) (M-5CO-H,0)". (FAB-): 445 (95) () 7; 418 (100) (M-CO)~;
389 (40) (M-H-2C0)". Analysis: Found: C, 40.36; H, 3.03.

C15H;30sCoMo caled.: C, 40.57; H, 2.95%.

[(csﬂs)wtc0)2~cQ(Co)3][HCac—chOH)Et], 72. A solution
of (C.H )W(CO);Na+ and;[(OC)3Co-C0(CO)3][HC=C—CH(OH)Et] 67
{(0.715 g, 1.93 mmole) in THF (60 cm ) was stirred at reflux:
for 1.0 hours under an atmosphere of N, The reaction was
monltored by TLC on Kleselgel (eluent, ether/pentane, 20/80)
whlch showed the formation of the product as a red-orange
band (R 0. 14) - .Removal of the solvent and flash chromato—
graphlc purlflcatlon of the re51due on silica gel {(eluent,
ether/pehtahe, 20/80) yielded the product 72 as a reddish
oily material (0.311 g, 0.58 mmole, 30.1%) containing an-
approx1mately 60:40 mlxture of the diastereomers. [Note: The
major diatereomer could be isolated by flash chromatography
on silica:gel (eluent, ether/pentane, 5:95)1 ¢ NMR
(CGD Y 212.4, *213 4(1 tungsten carbonyl), 211.0, *211.0
(1 tungsten carbonyl), 203 0(cobalt carbonyls), 88.0, *88.2

(Cp ring CH’S); 85.9(alkyne quaternary C); 77.7, *77.2
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(-CH-); 72.6, *71.3(alkyne CH); 33.4, *34.7(—632-); 10.8,
*11.2(4CH3). I.R. (CH,Cl,): v, at 2040(m), 2000(s),
1985(s,br), 1940({(sh) ceml. Mass spectra: (FAB+): mfz (%) 552
(15) CygHy30,CoW (M) *; 515 (7) (M-OH)*; 504 (40) (M-CO)*; l
487 (10) (M~OH-CO)*; 476 (100) (M-2C0)*; 453 (10) (M-OH-

2c0)*; 448 (43) (M-3CO)*; 431 (14) (M-OH-3CO}'; 420 (22) (M-
4c0)¥; 403 (21) (M-0H-4CO)*; 392 (32) (M-5CO)*; 375 (20) (M~
OH-5CO)T.  (FAB-): 531 (100) (M)7; 504 (95) (M~CO)7; 476
(30) (M~2C0)™; 448 (65) (M-3C0)7; “419 (56) (M-H-4CO) ; 392
(24) (M-5C0)". Analysis: Found: C, 33.30; H, 2.55.

C,5H,30,CoW caled.: C, 33,86; H, 2.46%.

(Z-CH3-CEC—norborn—2—ene)[(C5H5)2M02(CO);], f3. A
| §olution off[(CSHS)Mq(CO)B]2 f1.062'g, 2.17 mmole)Ain ' !
: toluene (200 cm3) was heated at reflux with.a slow flow of &

N, béésing over the surface for 24 hbugs. At that time, 2-
‘M‘eﬁb-propynylbofneol 43 (0.420 d, ?.ia mmole) dissolved in |

" toluené/THF (15 cm®/50 cm®) was added and the mixture was

'ﬂﬂ_ stirred at reflux for a further 20 hours. The reaction was

o

S

monitored by TLC on Kieselgel (eluent;fether/pentane,J2/985
which showed the formation ofuthe product as a red band (R;
0.25), Afterzcoolihg to room temperature, the sonenp was

. Fémoved ahd_the residue$extracted w&th peﬂﬁane.“ Evapbraﬁion
-offthe solvent and purification:o% the resultané solid:by
flash chromatqg;aphylon silica gel (eluent, ether}péﬁtane,

2/98) gave 73 as a red solid (0.453 g, 0.74 mmole, 34.1%).
e ' : L g -

-~
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"B NMR (CDg): § 5.52(d, 1H, H-3, J, ,=3.3Hz); 4.94(s, SH),
4.93(s, 5H) (H’s of'cyclopentadienyl rings); 2.77(d of d,
1H, H-2, J,_,= 3.3, 3= 3.5Hz; 2.66(s, 3H, alkyne CIj);
1.86(d of d of d of d, 1H, H-5x, J5,_,=3.5Hz, Jg = 11.5
Hz, Jg_¢=8.6Hz, J_,=3.6Hz; 1.45(d of d of d, 1H, H-6x,
J¢ =8.6Hz, Jo o= 3.5Hz, Jo_=11.7 Hz; 1.24(d of d of
d, 1H, H-6n, Jg ¢ =3.6Hz, J, =9.2Hz, J, .= 11.7Hz;
1.10(d of d of 4, 1H, H-5r, Jg_ =11.5Hz, Jo_.= 3.5Hz,
Jgpe,=9-2Hz; 1.01(s, 3H), 0.73(s, 3H) (H-8 andﬁ!1~9); 0.70
(s, 38, H-10). 33 NMR (CDg) : & 234.3, 233.9, 230.8, 230--‘@.:

(carbonyls); 151.9(6—2);_137.8(6-3): 108.2 (alkyne qu§:ér-
nafy C); 92.8, 92.3(CH's of cyclopentadienyl rings); 60.8,
_58{2, 57.2(alkyne quaternary C, C-1 and C-7); 52.0(C-4);
32.1I(C-_5); 26.2(C-86); 26.0(alkyng7_CH3); 20.4, 20.2(C-8 and
€C-9); 14.0(C-10). T.R. (CH,Cl,): v at 1990 (mj, 1920 (s)

. and 1830(m) cm™. Mass Spectrum (FAB+): (ms) (%) 608 (12)
CpqHpg04Mo, ()7 552 (74) (M-2¢0)*r 524 (9) (M-3C0)*; 496

(100) (M-4C0)*; 450 (15) (M+H-norbornene-C0)’; 421 (10) (M-
norbornene-2C0)*. Analysis: Found: C, 52.20; H, 4.65;
C,,H,,0,Mo, Calcd. : C, 53.30; H, 4.64%.

R Protdh;tion of (2-CH;-C=C-norborn-2-ene) [ (CgHg) 5~
‘Mo, (CO) ,] 73 .to‘gi\.r"e 74. A solution of (2-4CH3—.—CEC—norb0rn-
2-ene) [ (CgHg) Mo, (CO),] 73 (0.30 g, 0.5 mmole) in CD,Cl,
(1.0 cm®) was filtefgd into a Smm NMR tube and cooled in a .

dry ice/ acetone bath. Under an atmosphere of N, in a
) ' L -



ey

£

s

178

glovebag, 4-5 drops of HBF,—Et,0 was added to the solution.

The tube was then transferred to the spectrometer (AM 500)

where the probe temperature had already been cooled to 0°C.
After allowing:;he'tempe:ature of the NMR sample to warm up
and stabilize aé 0°C the spectra of the cation 74 were
recorded. 1H NMR (CD,Cl,, 0°C): & 5.60(s, 5H),.5.56(s, SH)
(i's of cyclopentadienyl rings); 2289(5, 34, alkyne CH;) ;

2.29(m, 1H), 1.81(m, 1H) (H-3zx and H-3n); 2.03(br, 1H),

i

1.23(br, 1H) (H-6x and H-6n); 2.00(br, 1H, H-4); 1.98(br,

1H), 1.36(br, 1H) (H-5r and H-5n); 0.92(s, 3H), 0.80(s, 3H)

(H-8 and H-9); 0.82(s, 3H, H-10). *3C NMR (CD,Cl,, 0°C): &

227.1, 226.5, 223.0, 220.0(carbonylsf; 181.7(C-2); 94.0,
92.8 (CH's"of cyclopentadienyl rings); 63.3, 5kX.4{(C-1 and
C-7)§ 46.0 (C-3); 43.3(C-4); 41.9(C-6); 27.6(C-5); 27.4

(alkyne CHy): 20.2,  19.3(C-8 and C-9); 14.2(C-10). a

Protonation of (24endo—propynylborneol)[Coz(EO)d 44
to give 75. A sample of (2-endo-CH,-C=C-borneol) [Co,(CO) ]
4 (0.50 g, 0.4 mmole) was dissolved in CD,Cl, (1.0 cn’),
filtered into a 5mm NMR tube and cooled in a dry icé/acetone

¢

bath. = Under an atmosphere of N, in a glovebag, 4-5 drops

of HBF,-Et,0 were addéd to the sample.  The tube was then

transferred to the spectrométer (&M 500) whe:e‘the@probe
temperature had already been cooled to -40°€. After allow-

ing the témpgrature~of the NMR sample to stabilize at -40°C,

‘the spectra of the cation 75 were recorded. 3C NMR
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(CD,C1,, -40°C): & 194.4, 192.2(carbonyls); 180.3(C-2);

103.5, 102.9(alkyne quaternary C’'s); 64.5(C-1); 52.1(C-7);
24.5(C-3); 43.7(C-4); 39.8(C-6); 27.5(C-5); 21.4(alkyne

CHg) ; 20.3, 19.3(C-8 and C-9); 13.2(C-10). 'H NMR (CD,CL,,
~40°C): 8 2.86(s, 3H, alkyne CH)); 2.57(m, 1H, H-3x); 2.19
(m, 1, H-4); 2.12(m, 1H, H-5x); 2.10(m, 1H; H-60); 2.01(m,

1H, H-3n); 1.57(m, 1H, H-5n); 1.36(m, 1H, H-6x); 1.03(s,

3H), 0.94(s, 3H) (H-8 and H-9); 0.85(s, 3H, #-10). The

'éample‘was'removed from the spectrometer, immediately

| quenchéd with Hzo and allowed to warm to room temperature

overnight. After decanting off the water layer, the solut-
ion was“dried over MgSO;fand then the solvent was removed.

The °C NMR of the quenched sample was recorded and it was

identified as the elimination product 78 analogous to 73.

13¢ NMR (CD,C1,): & 146.3(C-2); 139.7(C-3); 95.1, 86.9
(aikyne quaternary C's); 57.5, 57.2(C?l and‘C—T); 52.8(C-4);
32.1(Cc-8); 25.4(Cc-6); 21.8, 19.6, 19.5(alkyne Cﬁa,:C;B and »
c-9); 12.9(C-10). | |
z L . : Qo

. Protonation of (H—céc—CHzon)[(CSHS)Md(c0)2Co(CO)5
54 to give 83. In a glove bag containing ahlatmosphere of
N,, a sample of (H~C=C-CH,OH) [ (CgH.)Mo (CO),Co(CO)5] & (0-15C
g, 0.36 mmole) was dissolved in CD,C1, (i cm?) a;d filtered
into a 5mm NMR tube. HBF,-Et,0 (4-06 drops) was aéded to the

solution and the NMR spectra of the cation 83 were recorded.

'H nMR (CD,Cl,, ambient temperature): & 6.42(s, 1H, alkyne

4



£}

180
CH); 5.84(s, 5H, eyclopentadieﬁYl ring H's); 5.77(br, 1H)
and 4.94(br, 1H) (CH). *°C NMR (CD,Cl,, ambient tempera-
ture): 0 216.2, 209.2 (molybdenum carbonyls); 198.9 (cobalt
carbon&ls); 132.0 (alkYne‘quaternary C);-92.1(cgclopenta—

drenyl ring CH’s); 86.3(CH,); 83.1l(alkyne CH).
Protonation of (H-C=C-CH,O0H) [ (CH,CH,)W(CO),Co(CO),]
55 to dive 84. . Under a N, atmosphere in a glovebag, a
| sample of (H-C=C-CH,OH) [ (CgH, CH,) W(C0) ,Co (CO) 3] 55 (0. 16 g,
0.34 mmole) was dlssolved in CD,C1, (1 cm %) and flltered @
1nto a 5mm NMR tube. HBF,-Et,0 (4-6 drops) was added to the:
'eolutlon and the NMR'sﬁectra oﬁ:the catien 84 were recorded.
1y NMR‘(CDZClz, ambient:temperature):_S 6:36(5, 1H, aikyne
CH); 6.27(br, 1H) gndi‘S.lS(br,' 1H) (tf}?_); 5.92 (br, 1H), 5.78.
(br,”lH), 5.73(br, 1H), 5.68 (brf 1H) (ring #H’'s); 2.42(5, |
3H; ring CHy). ’c mR (cnzc:l;}" -20°C): § 203.0, 194.9
(tungsten carbonyls); 197.3(cobelt carbonyls); 132.7{alkyne
qﬁaterner§ C); 107.8(ring quaternary C); 90.5, 89.0, 88.7,
87.9(ring CH's); 84.9(CH); 72.7 (alkyne CE).
= . _
" Protonation of (H-C=C-CH (OH) (CH,CH,) ) [ (CgHg) W (CO) 2=

Co (CO_)3]372Mto give 85. A sample of (HC=C~-CH (OH) (CH ,CHy) ) - .
[ (CgH )W(CO)2C0(CO) 1 72 (the major diastereomer isclated in
the substitution reaction) was dlssolved in CDMCl2 (1 cm® ),
flltered 1nto a 5mm NMR tube and cooled in a dry ice/acetone

a2

;KPath. Under an atmosphere of N, in a glovebag, 4 drops of
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HBF,~Et,0 were added to the solution. The tube was then

transferred to the spectrometer where the probe had been
cooled to -40°C. After allowing the temperature to stabil-
ize,. the B3¢ ar spectra of the cation 85 were recorded.

3¢ NMR (CD,C1,, -40°C): & 202.3, *201:5(1 tungsten

carbonyl); 194.9, *195.9(1 tungsten carbonyl); 197.7, *197.7

{cobalt carbonyls); 122.6, *123.2(alkyne quaﬁernary C): -
118.7, *121.0(-CHEt); 90.9, *88.9(ring CH’s); 73.9, *71.6

(alkyne CH); 28.9, *37.3(CH,): 15.4, *17.2(CH;).

[(Csﬁs)Mo(CO)ZCoz(QO)6CC(CH$)=CH2], 87. A sample of
kCo3(CO)QCC(éH3)=CH2] 86 (6.964 g, 2.0 mmole)-dissolved in
THF. (10 cm’) was added to a solution of (CgHg)Mo(CO), N§+

in 50 ‘cm® of THF and the mixture Q;sHséirred at reflux for
45 minutes under aﬁ atmosphere of N,. The ‘reaction was
monitored by ?LC on Kieselgel (eluent, ether/pentane, 5/95)
which iﬁdicéted the formation of the product as a green band
(R 0.32). Af€er cooling thebéolution to room temperature
and rgmoving the solvent, the crude solid was purified by

flash chromatography on silica gel {eluent, ether/pentanef

3/97) to give the product 87 as a green solid® (0.68% g, 1.22

mmole, 61.0%). 'H NMR (CgDg): & 5.04(br, 1H) and 4.72(br,

1H) (CH,); 4.48(s, 5H, ring H’s); 2.06(s, 3H, CH,). ~°C NMR

(CGDG):gS 163.5(alkene quaternary C); 111.3(CH,}; 92.1(ring;

| CH'S); 28.6(CH;). I.R. (CH,Cl,): vg at 2075 (W} 5y 2060 (w),
2020 (m), 2010(s), 2005(s), 1940 (br, sh), 1885(br) cm ’.

-

o [
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Mass Spectra: (FAB+): (miz) (%) 558  (4) ClﬁgﬂOECono“}M)+'
530 (20) (M-cO)™; 502 (57) (M~2c0)*; 474 (100) (M-3CO)t; 446
(75) (M-4C0)"; 418 (48) (M-5CO)*; 390 (28) (M~6cO): 362
(17) (M-7C0)*; 334 (M-8CO)* (24). (FAB-): (mi) (%) 530 (100)
Cp,H,00sCo,Mo (M-CO)¥; 502 (83) (M-2c0)*; 474 (72) (M-3C0)*;

446 (63) (M-4cO)*; 418 (23)  (M-5cC0)*.

[ (C5Hg) Mo (CO) ,C0, (CO) (CC (CHy) 1" PF,, 88. - Using a

syringe,‘GO% HPF‘ (0.10 cm3, 0.67 mmole) was added to a

solution of [(C Hy) Mo (CO) Coz(CO) CC(CH )—CH 1 87 (0. 298 g,
0.53 mmole) in propionic anhydride (4 cm ) under an N,
atmosphere. The solution was stlrred for 0 5 hours during
Wthh time a noticeable quantlty of the desired prec1p1tate
was observed to form. In order to ensure maximum precipi-
tation of the/salt, dry ether (15 cm3) was added. The
mixture was filteréd under nitrogen and the product was
further washed with anhydrous ether (15 cm3). After being
dried invacuo at room temperature for one hour, the solid
was collected and transferred to a. 10mm\NMR tube. \It was
subsequently dlssolved in a mlxture of SO, (5 cm ) and
Cb,Cl, (1 cm® ) {the latter added to prov1de a lock signal)

and the NMR tube was sealed The sample was transferred to

the spectrometer (WM250) . where the probe had been cooled to

0°C and after allow;ng time for the temperature to stabil-

ize, the c NMR spectra of 88 were recorded. °C NMR (50,/

CD,Cl,) s 8'(0'C) 203.7 (broad, molybdenum and cobalt carbonf



‘(CSHS)MO(CO)zcoz(CO)GC-Ph.42 The atomie parameters used

183

_yls);‘153.0(CMe2); 96.0(ring CH's); 35.3(CH,"s); (-9G *C)

296.0(alkylidyne quaternary C); 198.7(broad, molybdenum and
cobalt carbonyls) ; 147.5(CMe,); 95.4(ring CH’Ss);
34.7(CH,’s) .

e
Wy

i

{Cos(CﬁT;EC(CH ) ]+ PF, . Under an atmosphere of NJ
GO%ZHEFG (0.14 cm®, 0.95 mmole) was added to solution oé\
[?oS(CO)QCC(CH3)=CH21 (0.350 g, 0.73 mmole) in proplonlc
anhydride (4em’). #rter strrring for 0.5thours,kether (15
cmé) was added to eusure_complete precipitaion of the salt
and then the mixture was filterea under nitrogen. After
washlng the SOlld w1th addltlonal ‘ether (20 cm ), the sample
was dried invacuo for one hour at room temperature and then |
transferred into arlomm NMR tube. The salt was dlssolved in
a mixture of SOz/CD Cl, (5 cm /1 cm ), the NMR tube was - a
sealed and the speptra of the catlongs\recorded. C NMR'

_ | ! _
(50,/CD,CL,, -110°C): 5 197 8(3 carbonyls), 191.5(6 carbon-

[al

o I
yls); 149.6(CMe,); 33. 2 (CHy! s) .
i - e N
.

« Molecular Orbital Calculations: All cdlculations
G ‘1
were carrled out within the Extended Huckel formallsm

07

105, 106

using the weighted ?ﬁ formula. The bond lengths and . -

angles were taken from the X-ray crystal structure of

-

hesd

£i

‘were taken from reference 103.
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‘initial data treatment have been described.

° symmetry-equivalent data were then averaged'(R

CHAPTER SIX

X-RAY CRYSTALLOGRAPHY
‘?‘Crystals of [(HC(thP)a)Co3(CO)6CCH3], 34, ﬁg;é grown
from CH,Cl,/pentane. The density was determined by suspen-
sion in an aqueous solﬁtion of 2ZnCl,. Reddish/purple prié*
matic cryétalé wgte examined under a polarizing microscope
for homogeneity. A well formed crystal, 0.3‘x 0.3 xzo.éhm,
was selected and mounted on the tip of a glass fibre with
use of epoxy cement. Unit cell parameters were obtained at
-80°C from a least squarés fit of X, G,°and'2§ for 15
reflections in the range (18.1° < 28 < 25.%‘) recorded on a
Nicolet P3 diffractometer with use of graphite monochromated
MoKa radiation (2=0.71069A at 22°C). Intensity data were
also recorded on a Nicolet P3 diffractometer at -80°C with

use of w-scans, for 5871 reflections in the quadrant Chictl)

with 28 < 45°. The method of selection of scan rates and

108,109
Correc-

ﬁions for Lorentz?éolarization effects were applied to all
reflections. Two.sténdafdgreflections (4,4,832.1% and -6,
4,8;1.85%) monitored every 48 reflections showed no sign of
crystal decomposition or instrument instability. Systemat-
ically absent reflecéions (296) were exc}uded and 459

e = 0.0147)

, 184
Gy

i

& N
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to give 5116 unique'reflections; A&summary of crystal data

is given in Table 3.

The coordinates of the cobalt atoms were found from

a three-dimensional Patterson synthesis with use of the
. . . ey -

program SHELXS-86.11°

Full-matrix ieast¥sqﬁa:es refinement
of these coordinates folldwed_pyf; thréefdimensional elec-
tron density synthesis revealed all'the'non—hydrogen"atoms
and confirmed the positionai‘assignments for thé'heavy
atoms. After refinement the température_factors of the non-
hydrogen'atoms, which were previouély isotropic, were made
anisotropic andlfurther cycleé of ;efinement revealed the
positional parameters for all of the hydrogen atoms; "These

- were included in subsequent cycies of refinement (U fixed étc

0.082%) . Further refinement using full-matrix least-squares.

minimizing Iw({F,|-1F_|)® was terminated when the maximum ' _

shift/error reached 0.001. Correction for secondary extine-

tion was:made by the method in SHELX-76.''! Final

' R,=0.0682, R,=0.0728 for 5116 reflections. Throughout the
‘réfinement, scattering curves were-taken from Ref. 112 and
anomalous dispersion corrections from Ref. 113 were applied

to the curve:for'cobalt. All calculations were performed on

I

a VAX 8650 computer. Programs used: XTAL,I.J‘4

data'f

110 111

reduction; SHELXS-86, structure solution; SHELX-76,

Lstructure refinemeht:_MC)LGE‘.OD&!,,”‘5 molecuiar géometry and

s 0

p) P .
SNOOPI,116 diagrams. - Final atomic positional parameters are

given in Table 4, selected bond lengths and bond angles are

= n



186

‘given in Table 5.

Crystals of [ (Co(CO) ), (C,3H,,OH) 1, 44, were grown
Afrnm CH,C1, /hexane. The den31ty was determlned by suspension
in an aqueous solutlon of ZnCl Reddlsh/black prismatic
crystals were examined under a polarizing microscope for
homggeneity. Alwell formed crystal, 0.64 x 0.42 x 0.26mm,
wagrselected‘anduﬁounted on the tip of a’g;aSS-fibre witha
use of eﬁoxy cement. . Unit cell parameters were obtaided H
from a least squares fit of X, @, and 28 for 15 reflections -
in the rahge (21.6° < 20 < 28.7") recorded on a Nicolet P3
diffractdmeter with use of graphite monochromated MoKo
radiation (A=0.71069A at 22°C). Intensity data were also
recorded on alNlcolet P3 diffractometer with a coupled “
B(crystal)—ze(counter) scan, for 4269 reflections in the
quadrant (hkH) W1th,28 < 50°. The method of selection of
scanlrates‘and initial data,treatment have been previously

108 109

described. Corrections for Lorentz-polarization

effects and absorption (¢¥-scans)’!’ were applied to all

o

reflectiods. Two standard reflections (0,6,7;1.74%: and ¢

- S

-1,6,-37;1.93%) monitored every 48 reflections showed no sign
of_crystal decomposition or instrument instabiiityf _System- ' @
“atically absent reflections (31) were excluded and 525

symmetry-equlvalent data were then averaged (R, . = 0:0175f

@ _
to give 3713 unique reflections. A summary of crystal data

int

is given in Table” 6.

ii

©
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The coordinates of the cobait atoms ﬁere found from

a three-dimensional Patterson synthesis with use of the

110

program SHELXS-86. Full-matrix least-squares refinement

of these coordipates followed by a three-dimensional
electron density‘synthesis revealed all the non-hydrogen
etoms and confirmed the positioeal assignments for the heavy
atoms. After refinement'the temperature factors of the non-

hydrogen atoms, which were previously 1sotrop1c, were made

(

.anisotropic and further cycles of refinement revealed the o~
posrtlonal parameters_for all of the hydrogen atoms. These
were included in subsequent cycles of refinement {U fiked at

0. 081&2 Further reflnement u51ng full- matrlx least squares

minimizing Zw(IF I-]F l) was termlnated when the maximum

shift/error reached 0.001. Correction for secondary

extlnctlon was made by the method in SHELX-76.*"

Final
R,=0.054¢6, R,=0.0567 for 371 sreflectlons. Alternatlve

//,

refinement where coordlnates X, y,z were replaced by —x,—y,-z

‘gave Bi=0.0626, R2=O.0667, and S=1 2812 (for definition see

o

Table 65 for53713 refiections, conflrmlng the a551gnmentffor

the correct hand of theps;;ucture.;‘Throughout the refinee=::§§
. © . o =
ment, scattering curves were taken from Ref. 112 and

. ) \j
anomalous dispersion correctivons from Ref. 113 were applied

to the_cur%e for cobalt. All calculations were perfqrmed on

q»'.?

a VAX 8650 computer. Programs used XTAL, data

117

" reduction; TAPER, absorptlon correctlon, ' SHELXS- 86 1o

111

‘structure solution; SHELX-76, structure reflnement.

. - , ‘ .
T
& H

= ] }‘— F——:“\‘} ‘
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] 116

MOLGEOM,”‘ molecular geometry and SNOQPI, 7 diagrams.

Final atomic positional parameters are given in Table 7,

‘selected bond lengths and bond angles are given in Table 8.

Crystals of.(2-CH3—CEC—norborn—2-ené)[(C5H5)2Moz-
(COY, 1, T3, were grown from_ﬁegane/CH2C12. . The density was
determined by suspension iﬂ‘an aqueous solution of ZnCl,.
Purple/black prismatic crystals . were examined%under a pola:—
izing microscope for homogenéity.r A_wgll formed crystal,
0.23lx.0.32 x 0.35mm, w;s seléctedfangxgealed in a Lindemann
capillary. Unit cell parameters were obtained from a least
squafés fit of X, @f,énd 20 for 15 reflections in the range

(20.8" < 28 <‘27.4')-réqorded on a Nicolet P3 diffractometer

~ with use of graphite monochromated MoKa radiation (X =

o

0.71069& at 22°C). Intensity data were also recorded on a

[

CNicolet P2, diffractometer with a coupledcb(crystal)fze

¢ H
{counter) scan, - for 5056 reflections in the quadrant (hk)

o

with 28 € 50°. The method of selection of scan rates and
> i

initial data treatment have been described.?® 199

Correc-
tions for Lorentz—po}arization effects and absorption 2
(m—scé%s)nj were applied to-all feglections. Two standard
reflections (0,-8,0;2.55% aaq -3,—6,1;2.36%) monitored every
48 reflectioné syowed no sign of crystal decomposgtiog or

instrumen£ instabiliiy. Systemaéically absent reflectio;s

(28) were eicludednagd 618 stmetry-equivalent‘data were

_ then averaged (R;,, = 0.0098) to give 4350 unique reflec-
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tions. A summary of crystal data is given in Table 9.

The coordinates of the molybdenum atoms,were found

" from a three-dimensional Patterson synthesis with use of the

program SHELXS—BG.llo

Full-matrix least-squares refinement
of these coordinates followed by a three-dimensional
electron density synthesis revealed all the noh—hydrogen
atoms. After refinement the temperature factors of the non-
hydrogen atoms, whic@ weré previously iéotropic, were made
anisotropic and fuitﬁer cycles of refinement revealed the
positional pérameters for all of the hydrqgen atoms. ‘These
waere included . in subsequent-cfcles of refine¢ent (U fixed at
0.08%3). Further refinement using full-matrix least-squares
minimizing EW(I'FOI—IFCI)2 was terminated wh§n thg maximum :

v

shift/error reached 0.004; Correction fér secondary

extinction was made by the method in SHELX-76.'%!

Final
R,=0.0290, R,=0.0276 for 4350 reflections. Alternative
refiﬁémént where coordinates x,y,z were repl;ced by'—x,éy;;z
ga@g'Rl=O.0301,‘R2=Q.0286,.and S=1.1661 (for definition see
Table .9) for 4350:refiections, confirming thé assignment for

the correct hand of the structure. Throughout the refine-

ment, scattering curves were taken from Ref. 112 and’

' anomalous dispersion correqtions from Ref. 113 were applied

- to the curve for molybdenum. = All calculations were

performed on a VAX 8650 computer. ProgramS'used: XTAL,114

7

data reduction; fAPER,ly absorption correction} SHELX-

111

86,110 structure. solution; SHELX-786, structure
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. ' ' 115 116
refinement: MOLGEOM, meolecular geometry and SNOOPI,
diagrams. Final atomic positional parameters are given in
Table 10, selected bond lengths and bond angles are given in

Table 11.

i
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Table 3: Crystal Data for [(HC(Ph,P),)Co,(CO) CCH,1, 34.

. Formula

f.ow,
System
Systematic absences
Space group

a, A

b, A

c, A
B; °

3
v, A

"2

Temp. 'C
De, g em

Dm, g ¢m

]

F(000)

IL{MoKa) , cm '

a,d

Flnal-Rl, R,

Weighting scheme

. . . . -
‘Error in cobservation of unit weight

Highest peak, eA ; location
Lowest peak, . eA_3

apy=gl g l=lrcl | /21E 1
bg= (Zw(lFol—chl)z/(m-n))”

+€1.335 from Co{l).
de,Rz for 3884 reflections with I>2.56(I) 0.0527, 0.0566 respectlvely

191

C,5H4,0.P5C0;
940.48

Monoclinic

hOI, h+l#2n, OkO,k+*2n,

P2,/n No-14
16.359(4)
13.317(3)
18.728 (4)
92.24(2)

4076 (2)

4

-80.0

1.53

1.49

1917.27 (1912)
14.19

0.0682, 0.0728

w= (G2F+0.002217F%)

=

1.2222 =
0.92; 0.0249, 0.0896, 0.2386°

v

-1.11 ' :

Ry= (Ew (| Fo | =1 Fc 1) 2/EwE 20 % _
. m=No. of reflections, n=No. of variables
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Table 4:

Atom

Co(l})
Co(2)
Co(3)

P(1)

CP{2)

P (3)
C(l)
0(1)
C(2}
0(2}

c(3

0(3)

C{4)

0(4)

C(5)

0(3)

- C(6)

0(6)
c(n
C(8)
C(9)

cans™>

Positional parameters (x10°) and U, (A?) (x10%) for

{ {(HC (PhyP) 1) Co3 (CO) gCCH3], 34, with standard errors in

parentheses.

X
324f8(4)
-437.5(4)
758.8 (4)
-373.61(8)
~1420.8(8)
-16.6(8)
;132(3)
-412(3)
1230 (4)
1802 (3)
-Sov(é)'
-566(3)
—757(3{
—évz(q)
1055(3)
;295(3)
1716(4)
2357(3)
~-899(3)
681 (3)
1229 (4)

=208 (4)

¥

894.7(5)

157.6(5)

1272.6(5)

2334.9(9).

1338.2(9)
2629.2(9)
68(4) .
~488(3)
1102(4)
1165(4)
-348(4)
-724(3)

~961(4)

I--1747{3)

B11(4)
461 (3)
1773(4)

2077(4)

2563 (4)

24(4)

—860(4)

14332(4)

4

1681.0 (4}
2674.6(3)
2935.6(4)
1563.7(T)
2621.3(7)
3116.8(7)
1046 (3)
642 (2)

1193(3)

| BB2{2)

o

3538 (3)
4084 (2)
2241(3)
2001(2)
3789 (3)
4321(2)
2732(3)
2605(3)
2426(3)
2440(3)
2461(3)

1053(3)

eq

240

237

2351

233

227
237

293

423

347

ST

313

468

304

492

323

493

344

546

219

281

371

400

192

3



C(l14)
C(13)
c{16)
CFZl)
c{22)
C(23)
C(24)

c(25)

C(26)

c(31)
C{32)

Cc(33)

c(34)

C(35)

c(36)

C(41)

. c(a2)

C(43)

c(a4)
c(4s) .

c(46),

C(51)

Cc(52)

X

. 1232(8)

1074(5)

~

1481 ¢4)

1045 (4) 5

N

189(3)~

-1894(3) o

-2441(4)

.'—2261(4)

-1527(4)

~391(4)

-1168(3)
-2989(3)

-3609(3)

'-3514 (4)

~2822 {4)
-2206 (3)
—2272(3}
-231}(3)

-2811(4)

-3036(4)

-2768 (4)

-2269(3)

-2037(3)

?538(3)

-811(4)

S\
Y

=

W

=

b4

- 5177(5)

5211(5)
4358 (5)
3514 {4)

3491 (4)

- 2978 (4)

.3060 (4)

25991(5)

208715) iy -

s

1989 (4) %

2430(4)

1784 (4)
1717 (4)
1087(4)

510(4)

570 (4)

12161(4)

746(4)

" 854(5)

1803 (5)
2645(4)
2528 (4)
1585 (4)
3704(4) "

3779(4)

A

881 (3)
986(3)
1285¢(4)
1456(3)
1349 (3)
894 (3)
304(3)
-336(3)

~397(3)

T

:‘\._a.qé (§)

2005(H)7 -

1482 (3)
901(3)
847(3)
'137;}3)

1949 (3).

3774(3)

4351(3)
,4572(3)_
4215 (3)
3632(3)
3407(3)
4323(3)

5023 (3)

ag

506
501
477
351

279

277

#f;‘,
5

353

.

38250

327
422
404
313

269

= 280

338

284. -

268

305

375

385

330

~ 319

243
289

393

193
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Atom x v z ] Ueq Erz;'
c(53) ~964 (4) 2935(5) 5407 (3) a3 %
c(54) -826 (4) 1991(4)' 5116(3) © 364 %
c(55) -542(3) 1917(4) | 4432(3) 326 %
c(56)” -418(3) 2764 (4) 4018(3) 267 |
C(61) -46(4) 4708 (4) 2739(3) 389
C(62) 302(5) 5659 (5) 2691 (4) 545
c(63) 1091 (6) 5802 (5) 2941 (4) 653

- C(64) 1535 (5) ' sozé(s) 3256(4) - 693
C(65) ~ 1191¢4) 4063(5) 3287(3) 1432
C(66) 4064) 3896 (4) 3023(3) 294

Ueq= (U1,_-‘0-U22+U33+2cosaUZJ+2costI3+2coch12) /3

&

7=
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Table 5: Selected bond lengths (A} and bond angles ()} for

[ (HC (PhyP)3) Coz (CO) ¢CCH;3), 34, with estimated standard
deviations in parentheses.

{i) Cobalt Coordination

cé(l)fcstz) | 2.483(1)

c§(1)—é6(3)u . 2.480(1)  Co(1)-P(1) 2.239(1)
Co (1) -C (1) gﬁiaz‘ 1.765(5)  Co(1)-C(2) 1.792(6)
Co (1) ~C (8)  qi§t9g7(S;f j_'  A 2.490(1)

' Cot2)-P42) 2.230}11,{4T¢Z§§Yié(§{“:t“m T 1.75146)
Co(2)-C(4) 1.767(6) ﬂgérzng(ei;' ‘?'}99§<5)_
Co(3)-P(3) 2.2012)  Cod-C(5. 1.3§£§§L,
Co (3) -C(§) 1.758(6)  Co(3)-C(8) ;%\l- ;.ﬁqétﬁﬁlf
Co(3)-Co(l)-Co(2)  60.2(1) P (1) ~Co (1) ~Co (2) 5%521@5? )
P(l)-Co(l)-Co(3)  92.6(1)  C(1)=Co(1)-Co(2) 'frgzéjx?ii
C(1)-Co(1)-Co(3)  149.7(2) = C(1)=Co(l)-P(1) . ibéjﬁi?i
C(2)-Co(1l)=Cot2)  153.2(2) C(Z)-Co(l)f¢;}§§i; 3;03f§(éi:*

o AT
C(2)-Co (1) -P (1) 104.3(2)  C(2)-Co(1)-C(1)

:;§§5f?3ksi

 C8)-Co(1)-Co(2)  49.4(2) _  C(8)=Co(1)~Co(3) ' 49.4(2)
_.C(8)=Co(1)-B(1).  13712{2)  C(8)=Co(l)-C(1) 103.4(2)

‘C(8)-Coll)=C(2)  ~103.8{2)  Co(3)-Co(2)-Co(l)  59.8(1)

p(:)-co(z)-cg(l) .94.0(1) P (2)-Co (2) ~Co(3) _,ﬁ98.4(1)
'C(3;5Co(2>-c°(1) 153.2(2) C(3) -Co (2) =Co (3} 97.2 (2}
C(3)-Co(2)-P(2) = . 103.1(2i? ' é(4)-¢o(2)—¢o(1) 1;;97i3(2;
C(4)-Co(2) -Co(3), . 144.1(2) C(4)-é§f2)-P(2) .' 111;8(2) L‘

Cl4)-Co(2)-C(3).  94.1(3)  C(8)-Co(2)-Co(l)  49.4(2)




(i4)

C{8)-Co(2)-Co(3)

C{8)-Co(2)-C(3)

| Co.t2)=Co (3) ~Co (1)
"P(3)=Co (3) -Co (2)

 ©{5)-Co(3) ~Co (2)-

C(6)~Co (3) -Co (1)

 C{6)~Co{3)~P(3)

C{8)-Co(3)-Co (1)
C(8)}-Co(3)~P(3)
C(8)-Co(3)-C(&)

Carbonyls

C(1)-0(1)’

C(3)-0(3).

C15)-0(5)

- Co(l)=C{1) -0 (1)

Co(2)~C(3)-0(3)

Co(3)-C(5)-0(5)

=

4

49.2(2)

105.9(2)

. 59.91(1)

93.7(1)

858.0(2)

85.5(2)

104.0(2)

49.5(2)

138.6(2) .

105.5(2)

1.142(7)

1.145(7)

1.155(7)

178.1(5) .

176.3(5)

174.5(5)

C(8)-Co(2)-P(2)
C(8)-Co(2)~C(4)
P(3)-Co(3)=Co(1)
C(S)-Co(B)-Co(l)
C(5)=Co (3)~P(3)

C(6})-Co(3)-Co(2)

. C(6)-Co(3)-C5)

C(8)-Co(3)-Co (2}

C(8)-Co(3)~C5)

C(2)-0(2)
C(4)-0(4)

C{6)-0(6)

Co (1) -C(2)-0(2)

 Co(2)-C(4)-0(4)

Co(3)~C{§)-0(6)

138.2(2)
94.9(2)
99.5(15
147.9(2)
106.4(2)
152.1(2)
96.5(3)
49.3(2)

98.5(2)

1.125(8)
1.152(7)
1.156(7)

175.4(5)

170.7(5)

178.0(5)
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Table 6: Crystal Data for [{Co{CO),),(C  H,,CH)], 4.
Formula - CygH,40,Co, i
£ow. 478.23
System Crthorhombic
Systematic absences ' . h0O,h#2n, C?ko,k*Zn, 00!, 1+2n
Space group . , P2,2,2, No-19
a, A ) 12.136(6)

SN B
b, A 12.682(2) ’
c, A ) . T - 13.652(3)
v, &° 2101 (1)
z ' ‘ .4

-3
Dc, g cm L ],.5'1
-3 . o ' ’
Dm, g cm - 1,49 . <
F(000) ) : - 978.80 (976)
o

f (MoKe) , cm | \ 16.75 (15.37).
Final R, R,™° | 10,0546, 0.0567 -
Weighting scheme ' : w?(t‘IzE‘+0.001833E‘2)ﬂ1
Error in observation of unit weight® 1.0713 | :,// .
Highest peak, eA™: location 0.67; 0.2029, 0.0016, 0.9815°
. . . ,
Lowest peak, el -0.50
ap, £zl gy | =lr |1 721, | ; Ro= (Ew (| Fo |~ |F. |y 2/7Ewr 2y %

b§= (Zw([E‘,,'-IE‘cI)Z/ {m-n} )%, m=No. of reflections, n=No. of variables
€1.154 from Co(2). '

d31r32 for 2953 reflections with I>2.50(I) 0.0437, 0.0463 respectively.
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Table 7: Positional parameters (x10%) and Uy (A2?) (x10%). for

Atom

Co{l) |

Co(2)
c{n
0(1)
c(2)
c(3)
c(4)
c(5)
C{6)
C(7)
c(8)
c(9)
c(10)
C(11)

c12)

€(13)

C(14)

C(15)

cae

c{17)
c({1i8)
Cc{19)

0(2)

X

" 1184.9(5)

1291.5(5)
-1790(4}
-1448i3)
=1153(3)
=1608(4)
-24£5(4)
=1717 (4}
-1311(45

=-2939(4)

-36881(5)

-3638(4)

-1828 (5)
290 (M |
959 (4)
1330(5)
406 (4)
2570(5)
1169(5)
2781 (5)
1065(5)

802(5)

- =102 (3)

y
1375.9(5)
-564.2(5)
~674(3)
662 (3)
352(3):_
1161 (4)
500 (4)

~246(5)

-1064(4)
W

-233(4)

-1081(5)

343(5)

. —1505(4)

297(3)
339(4)
329(5)
2528 (4)
1733 (4)
1560 (4)
-616(5)
-1843(4)
-822(4)

3248(3)

z

9602.8(4)

- 9692.2(5)

8305(3)
10163(2)

9183(3)

B417(4)

7796 (4)

7168 (4)

7930(3)

8554(4)
8096(4)
9314(4)

9715(4)

9134 (3)

8545 (3)
7491 (4)
9272(4)
9211 (4)
10914 (4)
9780 (6)
9156 (4)
10934 (4)

8080(3)

[{Co(CO)3)2(Cy3H;90H) ], 44, with standard errors in parentheses,

348

419

355

490
326
4SQ
481
531
457
475
634
613
569
338
402
618
492
527
570
767
639
578

660

n

o)



Table 7 Continued.

ey

Atom
0(3)
0;4)
0(5) .
o(6)

o7

x

3421 (3)
1211 (5)
3701(#)
914(5)-

479 (3)

Ueq= (U11+UZ2+U33) /3—

Y
11952 (4)
1678 (4)
-634(5)
-2638(3)

-986(4)

z

8926 (4)

11737(3)
9826 (6)

8821(4)

11693 (4)

o

eq

803
947
1259
1072

985

193

v

113
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Table 8: Se_rle:-:t‘ed bond lengths (A) and bond angles {°) for
[ {Co({CO)3)5{Cy3H150H) ], 44, with estimated standard
deviations in parentheses.

{i) Cobalt Coordination

Co (1) -Co (2) 2.467(1)

Co (1) -C(11) 2.011(4) Co(2)-C(11) | 1.976(4)
Co(1)-C(12) 1.973(4) c°(2)4¢(12) 1.982(5)
Co(l)-é(14) 1.798(6) Co(2) ~C(17) 1.ai4(6)
Co(1)=-C(15) '_ © 1,821(6) Co(2)-C(18) & 1.801(6)
Co(l)-C(16) 1.806(6) Co(2)-C{(19) 1.825(4)
0(11)-Cot1>-cc12i 38.9(2) C(11)-Co(2)-C(12)  39.2(2)
C(11) -Co (1} -C(14) '97.2(2) C{11)-Co(2)-C(17)  141.5(2)

Cl11)-Co(l)-C(15)  133.3(2)  C(11)=Co(2)-C(18) 103.3(2)
ctll{;CO(z)-C(1s) 113.3(2) C{11)-Co(2)-C{19) 102.6(2) @
€(12)=Co (1) -C(14) 106.5(2)  €(12)=Co(2)=C(17) ~ 106.1(3)
ctlz)-CQ(fj-cg}S) 94.6(2) C(12)-Co(2)-C(18)  99.7(2)

€(12) -Co (1) -C(16) ;44.2(2) C(12)-Co(2)-C(19)  140.5(2)
C(14)-Co(l)-C{15)  102.1(2) C{17)-Co(2)-C({18)  98.3(3)
ctldi-cQ(l)-C(lsa 58.0(2) C{17)-Co(2)-C{19)  104.8(3)
€{15)-Co (1) -C(16) 105.6(3) C{18)-Co{2)-C(19)  95.6(3) -
Co(2)=Co(1)-C(11)  51.1(1) Co(1)-Co(2)-C(11)  52.4(1)

Co(2)-Co({l)-C(12) 51.6(1) Co(1)-Co(2)-C(12) 51.2(1})

Q
) &
Co(2)-Co(1l)-C(14) 148.3(2) Co(l)-Co(2)-C{17}  95.3(2) '

Co(2)-Co(1l)~C(15) 102.4(2) Qo(l)-Co(é)-C(lB) 150.5(2)

Co(2)-Co{l)-C{16) 94.6(2) Co(l)-éo(!.’_)-C(lS) 102.0(2)

©
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“Table 8 Continued

Co(1)~C{11)-Co(2)
| Co(1)=C(11)-C{(2)

Co (1) -C(11)~C (12)

Co(l)~C(12)-C(11)

Co{1)-C(12)-C(13)

© 76.4(1)

127.9¢(3)
69.0(3)
72.1(3)

131.4(9)

Co{1)-C(12)-Co (2}

Co(2)-C({11)-C(2}

Co (2)-C({11)-C(12)
Co(2)-C(12)~C(11)

Co({2)-C({12)-C(13)

(ii) 1,7,7-trimethyl-2-propynyl-2-hydroxy-norbornyl

c(2)-C(3)
c(2)-011)
C(Zi-g(l)
c(2)-c(11)
C(3)-C(4)
C(4)-C(5)

. C{a)-C (N
C(5)-C(6)
0(1)-C(2)-C(3)
0(1)-C(2) -C (1)
C(3)-C(2)~C (1)
0(1)~C(2) ~C(11)
C(3)-C(2)-C(11)
C(1)=C(2)-C (11)
ctz)gE%3)-cc4)

C(3)~C(4)-C(5)

1.567(6)

1.439¢(5)
1.562(6)
1.512(6)
1.543(7)
1.535(;)

1.528(7)

. 1.548(7)

110.7(3)

109.3(3)
102.1(3)
107.6(3)

110.6(3)

116.4(3)

103.5(1)

107.0(4)

C{6)=C(1)

C(l)-C(10)

45(1)-0(7).
T {7 -C(9)

c(7-C(8)

c{11)-c(12)

C(12)-C(13)

C(2)-C(1)-C{10)
C{6)-C{1)-C(10)
C(2)-C(1)-C(T)

C(6)-C{1)-C(7)

C(10)-C(1)-C(T)

C(4)-C(7)-C(1)
C(4)-C{(T) -C(9:

C(L)-Cc({7)-C{9

77.2(2)
138.113)
70.7(3)

70.2(3)

133.5(4) -

1.534 (6)
1.527(6)
1.578 (6)

1.528(7)

1 1.540(7)

1.327(6)}

"1.508(7)

114.5(4)
114.7(4)
102.4(3)

100.6(4)

S 116.0(4)

93.1(3)

113.5(4)

117.0(4)°

201
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Table 8 continued

C(3)-C(4) ~C(T)
C(5)-C(4) -C(7)
‘p(4)-C(5)-C(é)
C(5)=C(6) =C (1)
Cl2)-Cl1)-C(6)

P

(iii} Carbonyls

C(14)-0(2)
C(15)-0(3)
C(16)-0(4)
Cotli—C(143—0(2)
Co(¥)~ctls)—o}3)

L/ .
Co(1)-C(16)-0(4)

.

102.9(4)
163.4{4)
102.3(4)
104.3(4)

107.0(3)

1.134 (6}
1.141(6)
1.134(6)
178.4(5)
177.1(5)

176.8(6)

. Co(2)-C(17)-0(S)

C(4)-C(7)-C(B)

c(1)y-c(7)-c(8)

C(9)-C{7)-C(8)

C{2)-C(11)-C(12).{"

C{11)-C(12)-C(13)

C{17)-0(5)
c(18}-0(6)
Cc(19)-0(M

A

Co(2)-C(18) -0 (6)

Co(2)-C(139)-0(7) .

113.3(4)

113.4(4)
106.4(4)
144.9(4)

144.7(5)

1.118(7)

1.122(7)

1.127(7)

178.8 (%)
173.2(8)

178.5(6)

202
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Table 9: Crystal Data for [(Mo(CSHS) (CO)z)z(C

13ty 10 73

‘ Formula ) 027H2504M°

f.w. _ 608.40

System - Orthorhombic

Systematic absences h00, h#2n, okO,k+2n, 00/,1#2n
' Space group 9212121 No-19

a, A a 8.938(4) |

b, & _ 14.074(4)

<, A . © 19.510¢6)

v, &° ' | . 2454(1)

‘2 i S | 4

De, g cm"3 3.%5

Dm, g cm | ' . 1.64

F(000) - "1209.76 (1224)

1L {McKa), cm - | 10.36

Final R, R™% . 0.0290, 0.0276

rWeiéhtiﬁg scheme w=(a°F+0.000342F°)

Error in 6bserv?tion of unit weightb 1.0881 |

Highest peak, eﬁfa: location 0.55; 0.6776, -0.0217,&0.7422c
Lowest peak, eh™ -0.53

ap,=z!| Irg|-lr.| 17217, 1 ; Ro=(Ew (| Fo |- |F!) 2/Ewr,2) %

bg= (Zw F°|-|Fcl)2/(m-n))x m=No. of reflectlons, n=No. of variables

€0.80A from H(19}.
de,Rz for 3846 reflections with I>2.56(I) 0. 0236, 0.0245 respectlvely.
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Table 10: Positional parameters (x10%) and U, (A?) (x10%) for
[ (Mo {CsgHsg) (CO) ) 2(Cy3H1) 1, 73, with estimated standard
deviations -in parentheses.

Atom X y z Ueq
Mo (1) 3192,7(3) -126.4(2) 7477.2(2) 313

Mo(2)  2467.8(4) 1430.7(2) 6503.5 (1) 328

- C(L) : 4694 (4) ‘ | -512(3) 5158(2) 353 ‘
c(2) . 4727(4) -a67(2) 5950 (2) 312
c(3) 5796(5) . . -1063(3) 6148 (2) 427
cta) 6458 (5) -1532(3) 5522 (2) 465
C(5) 5204(6) o m2207(3) szssfa) 650
c6) 4003 (5) © -1505(3) 5017(2) 565
C(7) €378 (4) ~-712 (3) 5002 (2) | 392
c@ 6696 (5) -1016 (4) 4257(2) 601 -
gtg) ' 7411 (6) 101(3) 5167(2) © 566
C(10) 3985(5) 309(3) s aer
c(11) 3608 (4) 5(3) 6377(2) 313
c{12) 2095 (4) -61(2) s449(2) 334
c(13) 867(5) ° 654 (3) 6142 (2) 450
c(14) 2760 (5) -1489(3)  7292(2) 455 .
o(1) 2521(6) -2270(2); 7205(2) 754
cas) 1038 (5) -83(3) ¢ 7710(2) 484
o) % -231(4) -84(3) . 7819(2) 748
c(16) 4060 (5) 460(3) ~ - 8536(2) 524

can . 4230(6) -599(3). . 8506(2) 545

C{18) - 5307(6) -784(4y 7986(2) . 573

o



Table 10 Continued

Atom
c(19)
C(20)
C(21}
0(3)
c(22)

0(4)

lC(23)

C(24)

c(25)

C(26)

c(27)

x

S807(5)

5054 (5)

- 2473(5)

2338 (5)

4603 (5)

5864 (4)

817(6)

1866 (6):

1628 (6)

429 (6)

-61(6)

Ueq=(U11+U22+U33)/3

o

v
74(4) .
814(3)
1819 (2)
2212(2)

1679 (3)

1837(3)
160213)

2325(3)

291k(3)

- 2515 (4)

1704 (4)

z

7713(2)
8050 (2)
7456 (2)

7986 (2)

6415(2)

6348 (2)
5560(3)
5539(2)

6138 (3)

649113)
6144(3)

b

eq

524

525

450 .
707
451
711

- 575

610

703

- 702

655

205
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Table 11: Selected bond lengths {A) and bond angles (") for

[ (Mo {CgHs) (CO) ) 2{Cy3H1) ), 73, with estimated standard
deviations in parentheses.

(i) Molybdenum Coordination

Mo (1) -Mo (2} 2.972(1)

Mo(li-C(ll) | 2.187(3) Mo (2)-C(11) | 2.265(4i

Mo (1)-C(l2} A 2.236(3) Mo (2)-C(12) 2.129(3)
Mo(l)-c(14)_‘ i.990(4) - Mo(2)-C(21) i.937(4)

Mo (1) -C(15) 0 1.9801(4) Mo(2§-C(22) A 1.948(4)
Mo(l}:é(lﬁ) _ 2.328(4) Mo (2}-C(23) . 2.371(4)

Mo (1}-C{17) | 2.308(4) Mﬁ(Zi—C(24) | 2.328(4)
'Mo(l)-C(lG)“ . 2.327(4) Mo {2} -C{25) ' 2.327(4)

Mo {1)-C(19) | - 2.399(4) Mo({2)-C{26) 2.3?7(5)3
Mo(l)-C(ZO) 2.403(4) o Mo(é)-;(Z?) 2.398(5)
Mo(l)-Ctd(l)Y ‘ 2;017 ® Mo (2) ~Ctd (2} 2.036
C{11l)~-Mo(1l)-C(12) 35.9(1) " _C(ll)-Mo(Z)-C(iZ)‘ 36.0(1) .
C(11)-Mo (1) -C{14) ;86'3(1) C(ll)-Mﬁ(Z)—C(Zl) 110.7(1) )

C(11)-Mo (1) ~C (15} 112.8(3) C{1ll)-Mo(2}-C(22) 73.0(1)

C(12)-Mo(1)-C(14})  77.9(1) C{12)-Mo(2)-C{21)  109.1(1}
C(12)—Md(135ccls)' 77.2(1) C(12)-Mo(2)-C(22)  109.0(1)
C(14)-Mo(1)-C(15)  83.2(2) . 0(21)-Mo(2)-C(22), 91.8(2)
Mo (1) =C(11) -Mo (2) a3.7(i) Mo(l)-C(lZ)-Mo(Z) 85.8(1)

Mo(1)-C{11)-C(2) 129.6(2) ¢+ Mo(2)-C(11)=C(2) 140.6(2)
Mo(1)-C(11)-C(12)  74.0(2) ~ Mo(2)-C(11)~C(12). 66.6(2)

Mo (1) -C(12)-C(11) 70.1(2) o Mo (2)«C(12)-C(11) 7#.4(2{



Table 11 Continued

Mo (1) =C (12) -C (13)
C(ll)—MO(l);MO(Z)
C(lZ)—MO(l)-MO(z)
C(l4)-Mo{1l)—-Mo(2)
€ (15) ~Ho (1) Mo (2)
. C{16)-Mo (1) -Mo (2)
C(17) Mo (1) -Mo (2)
C (18) ~Mo (1) =Mo (2)
C(19) ~Mo (1) -Mo (2)
C(20)-Mo(l)~-Mo(2)
Ctd (1) Mo (1) -C(11)
Ctd(1)-Mo (1) ~C(12)
Ctd(i)‘MO(l);b(l4)

ctd{1) ~Mo (1) -C(15)

[d

Y Ctd(l) and Ctd(2) are the calculated centroids of

131.0(3)
49.2(1) -
45.5(1)
123.5(1)

85.0(1)

113.9(1)

148.9(1)

138.0(1)

104.3(1)

92.4(1)

120.5
156.0
108.7

125.5

cyclopentadienyl rings.

C(2)-Cc(3)
C(1)-C(2)
c(2)-c111).
C(3)-¢§4)J

C({4)-C(5)

1.329(5)
1.546(5)"

1.461(5)

1.509¢(5)

1.552(6)

oL

Mo (2) -C(12) -C(13)
C(11)-Mo (2) ~Mo (1)
C(12) -Mo (2) Mo (1)

C(21) -Mo (2) -Mo (1)

C(22)-Mo{2)-Mo (1)

C(23)-Mo(2)-Mo (1)

“ ©(24) -Mo {2) -Mo (1)

;C{25)-Mo (2) -Mo (1)

N

C(26) ~Mo {2) Mo (1)
C(27)-Mo (2) -Mo (1)

Ctd (2) -Mo (2) -C (11)

Ctd(2)-Mo(2)-C(12)

Ctd(2)-Mo (2) -C(21)

Ctd(2)-Mo (2} ~-C(22)

(ii) 1,7,7-trimethyl-2-propynyl-norbornene

c{1)-C(6)
C(1)-C(10)

C{1)-C(7)}

(T ~CL9)

c(7-Cc(8)

132.9(3)

47.0(1)
48.6(1)
66.1(1)
88.6(1)
135.0(1)
165.1(1)
157.9(2)
130.3(2)
120.7(1)
136.5
113.7 .
109.6

121.1

the two

1.553(6)
1.513(6)

1.561(5)

. 1.505(8)

1.542(5)
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c(4)-C(7) ©1.539(5)  C{11)-C(12) ' 1.363(5)
C(5)-C{6) ~ 1.537(7) C(12)-C(13) 1.502(5)
C(1)-C(2)-C(3) 106.1(3)  C(2)-C{1)-C(7) 100.6(3)
C(11)-C(2) - (3) . 127.8(3) C(6)-C(1)-C(T) 100.8(3)
C{11)-C(2)~C (1) 125.1(3)  C(10)-C{1)-C(T) 116.4(3)
C{2)-C(3)-C(4) 108.8(3)  C(4)=C(7)-C(1) 92.9(3)

c(3)—¢(4)—¢(5) 104.1(3) C(4)-C(7)—cf9) 113,603
C{3) -C(4) -C(T) 100.8(3)  C{1)-C{7)-C(9) 114.4(3)
cs)-clay-c(n 102.3(3&\ C(4)-C(7)~C(8) 113.8(3)
C(4)-C(5)-C(6) ©102.3(3)  C(1)-C(7)-C(8) 114.4(3)
C(5)-C(6)-C(1}) -  104.1(4) C(9) -C(7)-C(8) 107.5(4)
C(6)-C(1)-C(2) 102.8(3)  C(2)-C(11)~C(12) 134.9(3)
C(6) -C{1)-C(10) 115.7(3)  C€(11)-C(12)-C{13) - 136.2(3)
'€(2)-C(1)-C(10) - 117.8(3)

‘(iii) Carbonyls and cyclopentédienyl rings
C{14)-0(1) 1.133(5)  C(21)-0(3) 1.179(5)

1.154(5) C(22.)-0(4) 1.157(5}

C(15)-0(2} .

Mo (1) -C(14)-0(1) 178.1(4) Mo(2)-C(21)-0{3)  166.8(3)

Mo(1)-C(15)-0(2)  176.8(4)  Mo(2)-C(22)-0{4)  178.4 (4}’

cey-c1y C1.417¢8) c:23$—C(;4) = 1.385(7)
C(17) -c(18) 1.421(6) | C(24)-C(25) 1.445(7)
ca8)~c(19) 1.395(7)  C(25)-C(26) | 1.390(3)

| c(18)-C(20) 1.404 (6) Actzs)-cxzé) | 1.397(7)

C(16)-C(20) 1.423(6)  c(23)-c(27) . 1.391(7)



C(20)-C(16)-C(17)

C(16)-C(17)-C(18).

C(17)-C(18)-C(19)
C(1B)-C(19)-C{20)

€{19)-C(20) -C(16)

108.2(4)

106.5(4)

109.4(4)

+108.0(4)

108.0(4)

C(27)-C(23)-C(24)
C{23)-C(24)-C(25)

C(24) -C(25) -C (26)

C{25)-C(26) -C(27) -

C{26)~-C(27)-C(23)

109.3(4)

107.2(5)

106.6(5)

©109.3(5)

107.€6(5})
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CHAPTER SEVEN

PROPOSALS FOR FUTURE WORK

The results obtained for the three research progects
dlscussed in the precedlng chapters allowed us to success-
fully draw some specific conclusions regarding the behaviour
of bi- and trimetallic organotransition metal clusters. In .
particular, the study on bimetallic ML—-alkyne clusters
‘demonstrated that it was possible to carry out either ligand
or complete metal vertex substitution reactions with scome
degree of control_over the ratio of the diastereomeric
products formed.‘ Althoughjit.is theoreticélly-possible_ro
generate only one diastereomer innsuch substitutions, i.e.,
100% diastereoselectivity( the highest selectiVlty ocbserved

was 75'25 in this work. . It is proposed that even greater

o )

:select1v1ty could be obtalned in these substitutions if one
were to modify the enantlomerlcally pure dlcobalt lL—-alkyne
clusters used as the starting materlals. Outllned below are
a number of suggestions for such 1nvest1gatlons Wthh could
~ be carried out at some future time..

In his related work on bimetallic alkyne clusters,
Nicholas demonstrated that the incorporation of increas-
ingly bulkler groups onto the. alkyne carbon which did not
contain the chlral ent1ty caused a further enhancement in
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‘the diastereoselectivity observed for ligand substitution

reactions. The three chiral dicobalt clusters used as
starting materials in this thesis only had either a hydrogen
atom or a methyl group attached to thé alkyne carbon in
qﬂestion. By employing different alkyne reagents (with the
same natural products), it would be possible to synthesize
enaﬁtiomerically pure dicobalt . clusters which differed only
in the nature of the substituent at the second alkyne carbon
atom. - For example, by treating (1R) - (+) —~camphor with the
anion of 3,3~dimethyl-1-butyne, -and then stirring this
product with Co,(CO)4, it should be possxble to generate a
dlcobalt n- alkyne cluster contalnlng borneol with a bulky
t-butyl group at the second alkyne carbon,'insteaq:of the
relatively sﬁall.methyl group found in 4;. The influence 6f
bulkier groups on ﬁhe substitu;ion reactions could then be
investigated; it night be possible to obtain complete .
diastereoselectivity with the proper group.

Anofher point raised regarding the degrge of
diastereoselectivity observed in the ligand and vertex
substitution reactidnS'conéerned the abiliéy of the chiral
entlty to undergo rotation about the bond attaéhlng it to
the carbon‘atom in the tetrahedral core. BAlthough the two

cobalt'tricarﬁonyl vertices remain diastereotopic in spite

of this rotation, there was some apprehension about the

extent to which the two 31tes were being dlfferentlated

1

because of the rotation. It is proposed, therefore,-that
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 some investigations involving diastereoselective substitu-

S

W

tion reactions be carried out on dicobalt p-alkyne clusters
in which the chirai moietykis unable to spin,'i.e., it
maintains a constant position with respect to the tetraf
hedral core. The most.profitable route to synthesize the
chiral diéobalt u-alkyne clusters necessary for this
investigation would likely involve attaching the chiral
organic fragment directly tc each of the two alkyhe ca;bdns
which help to‘maké up the tetréhedral core of the bluster;
This could be accomplished either by treating dipobalt
octacérbonyllwith a chiral cyclic organic molecuié possess-
ing a ¢arbon—q3rbon triple bond or by linking the two alkyne
carboné‘in an\éxiéting dicobalt tetrahedral cluster. One
specific idea for the latter approach would involve tréating
the dicobalt cluster stabilized dication analogous to the

known97

[ (OC) , (CgHg) Mo—Mo (C¢Hy) (CO),] [H,C-C=C-CH,]** with
natural products that contain at least two hydroxyl
goiéties, i.e., as found in sugars such as glucose; to
generate linked‘“di—ether",species. These clusters would be
entirely analogous to the chiraf““mono?eﬁher" clusters”.
already uéed in this work. However, the'inability ¢f ‘the
chiral organic fragment to uﬁdergo rotations dﬁﬁﬁt the bonds
to the alkfne carbons might enhance the differences between
.the twoktricarbonyl cobalt sites. In turn, this mighﬁ |

result in increased diastereoselectivity during ligand or

metal vertex substitution reactions.
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