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Abstract

Symthesis, Reactivity and Mechanistic Studies
on QOxo, Imido and Alkylidene Compleses
of the Esrly Tramsition Metals.

This thesis describes studies directed towards the synthesis and reactivity of
transition metal species containing multiply bonded oxo, imido and alkylidene ligands,
with particular emphasis on the use of alkylidene complexes of the type
Mo(NAr)(CHCMeaR)(O-t-Bu)a (R = Me, Plh) as initiators in living ring opening
metathesis polymerization (ROMP).

Chapter 1 highlights areas of transition metal chemistry of relevance to the
general theme of this thesis, including recent advances in the ROMP of functionalized
norbornene and norbornadiene MONOMETs.

Chapter 2 shows how a “Wittig like” capping reaction may be used to introduce
a wide range of potentially useful functional groups onto the end of polymer chains
generated via living ROMP. Amongst the functional groups introduced in this manner
are Cl, Me, OMe, CHO, CN, NMe3z, NO2, NH2, CF3 and CO2Me. Unusual
2-oxametallacycle intermediates have been observed in solution for benzaldehyde
derivatives possessing electron withdrawing substituents.

Chapter 3 develops the use of styrene and several of its derivatives as chain
transfer agents in living ROMP. The use of substituted styrenes allows for
functionalization of the start of the polymer chain.

Chapter 4 investigates the “heteroatom exchange” reactivity of a variety of four
coordinate molybdenum complexes. The exchange of multiply bonded oxo, imido and
alkylidene units between such species, and to and from external substrates, has been
investigated, and such studies have helped to identify bimolecular decomposition
pathways responsible for the high molecular weight impurity sometimes observed in
polymer samples prepared by living ROMP.

Chapter 5 describes the synthesis and charactenzanon of several niobium and
tantalum half-sandwich imido complexes of the type Cp M(NR)Cl2 (M = Nb, R = Me,
2,6-iPrpCgH3; M = Ta, R = 2,6-iPrpCgH3). The “heteroatom exchange” reactivity of
the imido unit in this environment has been investigated. The related half-sandwich
alkylidene complex CpTa(CHCMe2Ph)Clp has also been prepared and the exchange
reactivity of the alkylidene ligand studied.

Chapter 6 gives experimental details for chapters 2-5.

Jonathan Paul Mitchell (January 1592)
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Transition Metal Oxo, Imido and
Alkylidene Complexes. An Overview of their

Occurrence, Structure and Applications.




1.1 Imtroduction.

This thesis is concerned primarily with the chemistry of mononuclear complexes
in which a first row main group element - carbon, nitrogen, or oxygen - is multiply
bonded to a transition metal of the group 5 or 6 triad.

This field of chemistry has expanded rapidly in recent years and it is now evident
that it will remain an active area of industrial and academic research for many years to
come. One of the principal factors governing the rapid growth of interest in this area is
the vast range of important chemical processes in which complexes containing these
multiply bonded ligands play a catalytic role, ranging from acting as homogeneous or
heterogeneous catalysts to being involved in a wide number of enzymatic reactions.

However, as yet, we are only just beginning to understand the potential reactivity
of such species. Therefore the aim of this thesis is to prepare a range of early transition
metal complexes possessing oxo, imido and alkylidene moieties in different ligand
environments, and to evaluate their reactivity. This includes the exchange of these
ligands (either between two metal centres or to and from external substrates) and the
use of such complexes as initiators in Ring Opening Metathesis Polymerization
(ROMP). This thesis is therefore divided into two closely related, but distinct, areas.

Chapters 2 and 3 consider the use of metal alkylidene complexes for the
preparation of well defined polymers via living ROMP. In particular, chapter 2
describes how important and potentially useful functional groups may be introduced to
the end of these polymer chains via reaction of "living" oligomers with a variety of
substituted aldehyde derivatives, whilst chapter 3 describes the use of styrene based
derivatives to act as chain transfer agents in these living ROMP systems.

Chapters 4 and 5 describe "heteroatom exchange" reactions of oxo, imido and
alkylidene complexes. Chapter 4 describes such reactions in four coordinate
molybdenum complexes, whilst chapter 5 discusses imido and alkylidene exchange
reactivity in a series of half sandwich compounds of the type Cp'M(NR)Cl, (Cp' =
CsHs, CsMes; M = Nb, Ta; R = Me, t-Bu, NAr) and CpTa(CHCMe,Ph)Cls.



The remainder of this chapter is devoted 0 a review of metal oxo, imido, and
alkylidene chemistry and is divided into three sections.

The first section (1.2 - 1.4) discusses general aspects of oxo, imido and
alkylidene chemisiry, including their occurrence, structure and bonding. The middle
section (1.5) gives a general overview of the olefin metathesis reaction and the use of
well defined transition metal alkylidene complexes as initiators in living ROMP. The
final section (1.6) details the "heteroatom exchange" reactivity of transition metal

multiply bonded units.
1.2 Occurrence.

Figure 1.1 summarises those structurally characterized complexes with metal oxo,
imido and alkylidene ligands as a function of the position of the metal in the periodic
table.

Whilst relatively few compounds are structurally characterized, this figure gives a
realistic view of the overall distribution of these compounds, as a heavy emphasis is
placed on structural studies in this area of chemistry.

As can clearly be seen, metals in groups 5, 6 and 7 tend to dominate with only a
few examples from the late transition metals and the group 4 metals. The distribution is
concentrated along the diagonal from vanadium to rhenium.

Figure 1.2 shows the distribution of complexes with these multiply bonded
ligands as a function of d electron count.

As can be seen, all the titanium, niobium and tantalum structures are dO.
Vanadium readily forms multiple bonds in both d0 and d! configurations whilst
chromium, molybdenum and tungsten form strong multiple bonds éven even for the

configuration d2.
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Thus, on moving left to right across the periodic table, multiple bonding is found
in higher d electron configurations. Electron counts exceeding five are not observed due
to significant antibonding that occurs as the metal d-orbitals become filled. Complexes
with greater than one multiply bonded ligand also show a similar trend. Vanadium
forms di-oxo complexes only in the +5 oxidation state (d0) whilst rhenium and osmium
often form d2 complexes with two multiply bonded ligands. Only two structures of d!
complexes with greater than one multiply bonded ligand are known; MnQO42- ! and
ReO3R3 2; instead, d! complexes prefer dimeric structures, having both terminal and

bridging ligands, such as the common structures A and B shown in figure 1.3.

O 0O 0 o

M..\\‘\ o ]\ll["\\\\ ‘,, I\HA["‘\\\O//,"' B"A[“\\\\
| IS
A B

Figure 1.3 Common d! oxo structures.

The origin of this diagonal trend of multiple bonds is not fully understood, but is
almost certainly related to energy and extension changes of metal d orbitals across the
periodic table. The very early transition metals have higher energy diffuse d orbitals,
and therefore form more ionic, less covalent bonds, whilst, for the late transition metals

the d orbitals become too contracted for good © bonding and bridged structures are

favoured.
1.3 Electronic Structure and Bonding.
This section serves to give a brief outline of the possible modes of coordination of

transition metal oxo, imido and alkylidene complexes, and simple bonding descriptions

of such species.



1.3.1 Bonding Modes.

Oxo Complexes.

Oxo complexes exhibit a wide range of bonding modes, as shown in Figure 1.4 below.

Only terminal oxo species (structures 1, 2 and 3) will be discussed.

/O
M=0 O=M=0 M
N
O
1 2 3
O
o—=M M=0 =M—0—M=0
4 5
0 AR
I\IIII—O—M M—0O—M
O
6 7

Figure 1.4 Some coordination modes of oxo ligands.

The description of oxo ligands as closed shell anions means that the p-orbitals are
filled. Therefore a metal with empty d-orbitals (i.e. high oxidation state, low d electron
count) is needed for productive n-bonding to this ligand. The vast majority of metal
oxo compounds therefore have d0, d! or d2 electronic configurations whilst only
recently have a few d4 and two d3 complexes been prepared3-S.

Metal-oxo compounds appear to have bond orders ranging from three to one as

shown in equation 1.1, with the high electronegativity of oxygen enabling it to tolerate



three lone pairs. Mono-oxo compounds usually contain metal-oxygen triple bonds, but

for di-oxo complexes, the bond order is lower, as discussed later in this section.

Mo—C  (1.1)

Mo=0: M[o-=@.

Imido Complexes.

Five different bonding mecdes for the imido moiety have been established. These
are shown in Figure 1.5, but again, only terminally bonded imido units (1 and 2) will

be discussed.
.. R

M=N—R M===N ~
: 1 )

R |

! AN

M/ M M
3 4

Figure 1.5 Bonding modes of imido ligands.

The most commonly observed arrangement is that shown in structure 1. A linear
M-N-R arrangement implies that there is a metal nitrogen triple bond, formed by
donation of the nitrogen lone pair of electrons to an empty metal d orbital. We therefore

have a 6 and two 7 bonds and the nitrogen is sp-hybridised. Bending of the terminal



imido unit (structure 2) implies the presence of a lone pair of electrons on the nitrogen
and thus the bond order is reduced®.

Structure 2 is expecied when the nitrogen lone pair cannot be donated to the
metal, i.e. when a linear triply bonded ligand would cause the electron count to exceed
18 electrons (the effective atomic number rule)®:10. In orbital terms, this cccurs when
the metal has filled d orbitals or when there is competition for this orbital with other ©
bonded ligands, thus allowing only one metal orbital of & symmetry to be available for
bonding to nitrogen.

However, recently the validity of the assumption that linear or near-linear species
donate the electron pair from the nitrogen to the metal has been questioned. Schrock
and co-workers have prepared the terminal osmium imido species Os(N-2,6-
iProCgHz3)3. This "apparently 20 electron” trigonal planar species has Os-N-C bond
angles of 178.0 (5)° and 180° (by symmetry) and thus possesses linear imido units11.
Similarly, the related bis phosphine complex Os(N-2,6-1ProCgH3)2(PMezPh); has an
Os-N-C bond angle of 177.9 (5)° 11. Schrock proposes that an electron pair in both
these complexes is located in a nitrogen centered non-bonding orbital made up of the
symmetric combination of two in-plane p-orbitals on the nitrogen atoms. The structure
of the recently reported "20 electron” zirconium imido complex, CpaZr(N-t-Bu)(thf),
with a Zr-N-C bond angle of 174.4 (3)° also agrees with Schrock’s observations12,

There is only one example of a structurally characterized bent imido ligand, in the
complex Mo(NPh)2(S2CNEt3)s (Figure 1.6)13. This shows both a bent imido group
(Mo-N-C bond angle of 139.9 (4)°) and a near linear imido group (Mo-N-C bond angle
of 169.4 (4)°). This molecule is described as having one nitrogen triple bond (Mo-N =
1.'754A) and one double bond (Mo-N = 1.789A), using the three d-orbitais of

symmetry on the molybdenum centre.
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Figure 1.6 Molecular structure of Mo(NPh),(S,CNEt,),.

Alkylidene Complexes.

. The alkylidene ligand is different from the oxo and imido ligands discussed
previously in that it is a single faced n donor and as such can only form one metal
carbon © bond and therefore at most form a double bond .

Alkylidene ligands are best described as CR22- only when they are bound to a
high oxidation state metal centre and lack heteroatom substituents. These type of
alkylidenes are the so called "Schrock type"; the first to be synthesised being Ta(CH-t-
Bu)(CHz-t-Bu)3 prepared in 1973 during an attempted preparation of pentakisneopentyl
tantalum (V)14, When treated as a neutral CR ligand, in particular when the carbon
atom bears a substituent with lone pairs (such as OR, SR, NR> etc), the ligand is
classed as a "Fischer carbene”.

At a simple level, the bonding in Fischer carbene and Schrock alkylidene ligands
is similar, with Schrock alkylidenes tending to be more electron rich and therefore
nucleophilic due to the diffuse, high energy orbitals of the early transition metall5.16,

This bonding has been the subject of several ab initio studies!7-24. These suggest that



the metal carbon interaction consists of a G and a & bond and that this can be of two

distinct types, as shown in Figure 1.7.

Figure 1.7 Schematic picture of swo types of metal-alkylidene
bonding : ethylene like covalent bonding (A) and
donor-acceptor bonding (B).

» Tyﬁe (A) is a covalent bond resembling the carbon-carbon inieraction in ethylene
and depicts the interaction of a triplet alkylidene fragment with a triplet metal centre.
Type (B) involves a singlet carbene with donation of a lone pair from the carbon into an
empty metal orbital, this being stabilized by backbonding from a filled metal orbital into
a vacant carbene p-orbital. This resembles the Dewar-Chatt-Duncanson mcdel for an
olefin binding to a metal centre25,

The carbene fragments in Fischer complexes have substituents with pr lone pairs
and have singlet ground states. These therefore resemble type (B) and are commonly
low valent late transition metal complexes. However, alkylidenes with only hydrogen
or alkyl substituents (CHy, CHR, CRR'), as found in Schrock alkylidenes, have triplet
ground states and thus prefer the type of bonding depicted in (A). Complexes of this
type are typically of the early transition metals in high oxidation states possessing few

d electrons.
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These bonding pictures explain the different reactivity of Schrock and Fischer
complexes. Singlet carbene species (as in B) are electrophilic because they have an
empty orbital on the carbon (albeit stabilized by metal backbonding). Triplet species
(type A), on the other hand, have two covalent bonds and are nucleophilic at the carbon
centre (as in ethylene).

Schrock type alkylidene complexes of the form L,M=CHR often show a large
distortion about the alkylidene carbon, with large M-C-R angles, short M-H distances
and low C-H stretching frequencies and coupling constants. At least two theoretical

explanations have been offered to account for this distortion (figure 1.8).

/.A\\R /-\
Ta— C"" — Ta?C'='R A
A = H
H
/H H* B
—_—
M= C < "TM==C—R B
R
CH; HT
CH; 3\
—_— C=CH, C

C+t-CH; —=—
CH,

Figure 1.8

Hoffmann?26 has suggested that there is rotation of the alkylidene ligand (A in

Figure 1.8), which allows overlap of the alkylidene G orbital with an additional empty
metal d-orbital . Metal-hydrogen overlap and thus weakening of the C-H bond occur as

a secondary interaction, suggestive of an a.-agostic bond.
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Hehre27, on the other hand, concludes that the distortion is due to

hyperconjugation (B), by comparison with carbocations (C).

Cis Multiply Borded Ligamds.

In d0 complexes containing cis multiply bonded oxo or imido ligands, the three
d-orbitals available for ©© bonding to these atoms must be shared between the two
ligands. This lack of available orbitals means that the formation of two triple bonds is

not possible; one ligand can form at most a double bond, thus reducing the overall bond
0rder28,29,30.

If « bonding to other ligating atoms is ignored, there are three general structures
which complexes of the type M(O)2, M(NR)2 and M(O)(NR) can adopt. These are

shown in Figure 1.9 28,

A B C

Figure 1.9 Possible bonding modes for M(X)(Y)

In structure A, the group designated by Y serves as a four electron donor whilst
X is a two electron donor. In structure B, this ordering is reversed, with an additional
lone pair of electrons being present on the ligands if X and Y are oxygen atoms. The
electron density of either of these forms will be polarized toward the group which is
linked to the metal by a double bond. Structure C can be considered as intermediate
between structures A and B, and for this no polarization will be apparent.

The identical bond lengths in Mo(O)2(Pradtc); (Mo-O = 1.696 (5) A)31indicate

that structure C (X = Y = O) most accurately describes the true structure of this
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complex, whereas for Mo(0)z(acac)232 (Mo-O = 1.64 (2) A, 1.72 (2) A) and
Mo(O),Bro(bipy)33 (Mo-O = 1.643 (17) A, 1.826 (18) A), significantly different Mo-
O bond lengths within each Mo(O), fragment indicate that the solid state structures of
these are heavily weighted in favour of one of the equivalent polarized forms. One of
the polarized forms is definitely favoured for Mo(NPh)2(Etadic)z (X = Y = NPh) as

described earlier in this section13,
1.3.2 Ligand Field Description.

The vast majority of transition metal complexes containing multiply bonded
ligands are six coordinate octahedral species. These are the easiest to analyze in
molecular orbital terms because the ¢ and © orbitals are separate due to the high
symmetry. Regardless of ® interactions, all octahedral complexes have the same G
bonding framework. For a molecule assumed to have full cctahedral symmetry, the five
metal d-orbitals split into a degenerate eg set (dx2. y2, d;2) of G* character and a
nonbonding t7g set-(dxy, dxzdyz)-Introduction of a single oxo, or triply binded imido
ligand lowers the symmetry to C4y and splits the degeneracy of both the eg and tyg
orbitals (Figure 1.10).

The eg set is essentially unchanged since both orbitals remain c°; the tog orbitals,
however, are substantially split since two are now involved in & bonding (dx; and dy; if
the metal-ligand bond is along the z-axis). Thus the ligand field portion of the molecular -
orbital diagram contains a non-bonding dxy orbital, a &° set and two 6° levels. It
should be noted that in this symmetry, the two & orbitals are degenerate and, unless the
i° orbitals are occupied, the multiple bond must be regarded as a triple bond.

Compounds with more than one multiply bonded ligand adop"t geometries that
maximize %-bonding and minimize population of the n*-antibonding orbitals. Therefore
dO dioxo and bis-imido complexes prefer cis geometries so that all three dy orbitals can
be used in bonding. Compounds with both an alkylidene unit and an oxo or imido unit
are all d0 and have the 'CHR' and 'O' or 'NR' ligands aligned in the same plane so that
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the alkylidene ligand 7 bonds with the one metal orbital not used in ©t-bonding to the

other multiply bonded ligand.

E
//I/,,,_ l\ld ..\\\\\\ i 7 y //I/,,'. 1@,{ .“‘\\\\
% | % o % | %
X {E =0, NR, CR}
al(G*) d,2
—_— eg(c*)
b,(0*) d,2.
e(n*) dxz,
——— -_—— t2g(n) bz(n)
Metal d
orbitals o-bonding only
—_E w-orbitals
px’ py

e(r)

Figure 1.10 Parﬁ'al molecular orbital dzagrar;z for an
octahedral complex with one oxo, linear
imido or alkylidyne ligand

1.3.3 The "Spectator Oxo Effect’.

Goddard and Rappe have applied ab initio calculations to the study of a range of
oxo and alkylidene complexes34-35.36, The conclusions of these agree with the
arguments above in that for complexes with one oxo group the M-O bond is a triple
bond, whereas for di-oxo compounds the bond order is lowered. Moreover, these triple

bonds were suggested to be composed of two covalent t bonds and a donor-acceptor ¢
bond formed by overlap of empty metal d-orbital with a lone pair on the oxygen atom

pointing directly at the metal.
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The most important conclusion of these calculations was that the increase in bond
strength upon conversion of a metal oxygen double bond to a triple bond could provide
a driving force for reactions occuring at a metal centre. Such an effect is known as the
"Spectator Oxo Effect”.

Thus, the reaction of Mo(O);Cly with an olefin is calculated to be 70 kcal mol-1

more favourable than the corresponding reaction with Mo(O)Clg (Figure 1.11)34,

o O
Clim,, IUI——- o H.C=CH. Clum,,., IHL— O
a” ' e o
CI:I
Cl /TR — CiuM—O
M=0O H,C=CH —_—
a & | + 2 2 4
Cl

Figure 1.11 Oxo Ligand Spectator Effect

Similarly, for alkylidene complexes reacting with olefins, formation of a
metallacycle is favoured in the presence of an oxo group. Figure 1.12 shows the
proposed energetics for the reaction of ethylene with both Mo(CH2)Cls and
Mo(O)(CH3)Cly. For the latter complex, the increased strength of the triply bonded oxo
group on the metallacyclic intermediate versus the double bonded oxo of the alkylidene
complex provides significant driving force for the reaction. Calculations for the model
compound Mo(CHj3)Cly, with no spectator oxo, show this process to be endothermic

by 15 kcal mol-! (Figure 1.12)34.
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Figure 1.12 Effect of a spectasor oxo !igénd in stabilizing the
metallacyclobutane intermediose in the degenerase

mesathesis of ethylene.

Similarly, multdply bonded imido groups can also have a spectator effect. The
reaction shown in Figure 1.13 is approximately 16 kcal mol-! more favourable than the

corresponding reaction with Mo(X)Cls2.

H

| H\ ».
N A& RR' N SR
Mo Mo—R
ca? "a cd "a

Figure 1.13 Imido ligand spectator effect.
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In the original paper on this work34, it was predicied that the smaller speciator
effect of an imido ligand may prove advantageous in Lewis acid-free metathesis
catalysts. This indeed turned out to be the case, and the latest well defined ROMP
initiators developed by Schrock and co-workers37-39 possess an ancillary 2,6-

diisopropylphenylimido unit cis to the alkylidene ligand (Figure 1.14).

\C/
RO\W’//NAI' RO\Mé I &\\\\OAI’
Arv

NAr = N—2,6-iP72C6H3,' R= Z-Bu, CM82CF3, CMC(CF3)2,
R’ = 1-Bu, CMe,Ph; OAr = OC4Fs, 0-2,6-CLC4H3, OCSCls

Figure 1.14 Some well defined ROMP initiators containing
spectator imido ligands.
1.4 Spectroscopic Properties.

1.4.1 IH NMR Spectroscopy.

Imido Complesxes.

In dO alkyl imido complexes, the o protons are deshielded significantly, and
occur 1 - 4 ppm downfield of the & resonance in trialkyl amines, which occur typically
at 2.2 - 2.6 ppm40. In d2 imido complexes the situation is more complex with some of
the a protons occuring upfield of the amine & proton. The origiﬁ of this effect is not

known. The « proton resonances of some alkylimido species are shown in Table 1.1.
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Complex d electrons | & (ppm) | Ref.
CpNb(NMe)Cly 0 3.21 41
Cp*Nb(NMe)CQ 0 3.25 42/43
CpNb(NMe)(O'Bu), 0 3.43 43
CpNb(NMe)Clh(PMes3) 0 3.85 43
CpNb(NMe)(O-2,6-Me,CeHa) 0 3.30 43
Cp*Ta(NMe)Men 0 3.97 44
Ta(NEt)(NEt2)3 0 4,04 47
W(NMe)Fs- 0 5.50 46
W(NED)(O)CI(NHE) 0 7.3 49
Re(NMe)Cl3(PEtPh,)3 2 0.2 50
Os(NMe)Mey 2 0.27 48
Cp*Re(NMe)Cly 2 2.17 45

Table 1.1 a-proton chemical shifts of some

mononuclear alkylimido complexes.
Alkylidene Complexes.

The position of the a-proton resonance in alkylidene complexes is sensitive to both
electronic and structural factors. In typical alkylidenes this resonance occurs well

downfield, normally being between 8 and 14 ppm>!. However, in distorted alkylidene

complexes, of the type observed in 14 electron systems, the o proton is significantly
more shielded and occurs in the range -2 to 7 ppm. Table 1.2 shows selected NMR data

for several alkylidene complexes.

18



Complex SIH {813C| Jem | Ref.
Mo(NAr)(CH-t-Bu)(OTf)y(dme) 14.29 { 3319 121 37
Mo(NAr)(CH-t-Bu)(OCMe(CF3)2)2 12.06 { 288.2 | 117 37
Mo(MAr)(CH-+-Bu)(CGCMe CF3)p 11.61 { 276.8 | 118 37
Mo(NAr)(CH:t-Bu)(O-t-Bu)y 11.23 { 265.8 117 37
Mo(NAr)(CH-i-Bu)(O-t-Bu)(OCMe(CFa))| 11.71 | 2740 | ——1 &7
Mo(NAr)(CH-t-Bu)(CCMe(CF3)2)2(PMe3) | 11.902{ 293.2 | 110 56
Mo(NAr)(CH-1-Bu)(CCMe(CF3)2)2(PMe3) | 1 3.25b1 313.9 138 56
Mo(WNAr)(CHFEc)(O-t-Bu)® 11.90 { 274 127 56
CpaTa(CHo)Me 10.22 § 228 132 52,53
CpTa(CH-t-Bu)Cly 6.38 246 84 54
CpTa(CHCMe,oPh)Cly 6.88 | 2444 82 42
W(CHPh)(CO)(PMe3)Cly -1.21 | 221.4 82 55

a syn rotamer. Y anti rotamer. ¢ CHFc = CH(Ferrocene)

Table 1.2 NMR data for selected alkylidene complexes.

1.4.2 13C NMR Spectroscopy.

Imido Complexes.

13C chemical shifts have been reported for a number of t-butyl imido complexes
of dO transition metals#344,58.59, It has been shown that decreasing the electron density
on the nitrogen atom causes an upfield shift in the B carbon resonance and a downfield
shift in the o carbon resonance. Thus, the amount of electron density on the imido
nitrogen can be probed by measuring the difference between the chemical shifts for the
a and P carbon atoms (AS). These values can also give an indication of the reactivity of

imido complexes. Ashcroft et.al. state that imido ligands where A is less than than 50
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react metathetically with benzaldehyde (equation 1.2) to afford the corresponding oxo

complex whereas those with A8 greater than 50 do not undergo this transformationS9.

Indeed, it has recently been shown that for the bis t-butyl imido complex Mo(N-t-
Bu)2(O-t-Bu)2 (8 Cq = 67.9 ppm, & Cg = 32.4 ppm, A3 = 35.5) this reaction does

occurdl. This type of reactivity is discussed in greater detail in chapter 4.

M=N-t-Bu + PhCH=0

M=0 + PhCH=N-t-Bu (1.2)

Alkylidene Complexes.

Typically, the o carbon resonance in "Schrock type” alkylidene complexes is
observed in the 210 - 320 ppm region (see Table 1.2). The value of this shift does not
correlate particularly well with structure, although one can see from Table 1.2 that for
complexes of the type Mo(NAr)(CH-t-Bu)(OR)2, 8 Cy increases as R becomes more
electron withdrawing. Schrock has noted that the Jcy coupling constant for the &
carbon atom is usually small in "distorted" alkylidene ligands where the M-C-C angle

differs greatly from the typical sp2 value of 120°, suggestive of an a-agostic

interaction31,

1.5 Olefin Metathesis and Living Ring Opening Metathesis
Polymerization.

1.5.1 Introduction.

Olefin metathesis is a relatively new addition to the field of: transition metal
mediated reactions available to the synthetic organic chemist. A metathesis reaction is
one in which two units which initially comprise a part of a larger entity are interchanged
between pairs of such entities. In the case of "olefin metathesis” it is alkylidene units,

pairs of which constitute an olefin , which are interchanged, as shown in equation 1.3.
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2RCH=CHR' —= RCH=CHR + R'CH=CHR' (1.3)

The term olefin metathesis was first used in the literature as recently as 1967 by
Calderon (Goodyear)62, There have been a number of recent reviews which cover the
metathesis reaction for acyclic olefins63-66,

A particular important application of olefin metathesis is the Ring Opening
Metathesis Polymerization (ROMP) of cyclic olefins. The first example of this (albeit
identified as such with hindsight) was the ROMP of bicyclo[2.2.1]hept-2-ene using a

titanium catalyst (as shown in equation 1.4) in 1955 by work at DuPont67.

TiCls/ EtMgBr
———r——————
50°C

(1.4)

1.5.2 The Mechanism of the Qlefin Metathesis Reaction.

The first mechanisms proposed for olefin metathesis were based on pairwise
processes involving metal-bound cyclobutanes or related structures68-71, However, the
currently accepted mechanism, proposed by Herisson and Chauvin in 1970, involves a
reversible [2+2] cycloaddition of the olefin carbon-carbon double bond to a metal-
carbon double bond (of the active initiator species) to yield a metallacyclobutane

intermediate, as shown in equation 1.572,

M=CHR! /Rl M=CHR3
—_— M — —_—
+ e e ] + (15)
R?CH=CHR? 3”7 ORr? R2CH=CHR'

If the resulting metallacycle breaks up to yield a new olefin it is termed productive

metathesis, whereas if the original olefin is obtained then degenerate metathesis is said
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to have taken place. Proof for this Chauvin mechanism comes from labelling studies on
cross metathesis reactions, which show that the products are incompatible with a
pairwise mechanism73-75, and from the demonstration by Schrock, Osborn and Grubbs
that discrete metal alkylidene and metallacyclobutane complexes can act as highly active
ROMP initiators76-78,

The mechanism for the ROMP of cyclic olefins is similar to that for the metathesis
of acyclics, and as this thesis is concerned with the former, the rest of this review
section will concentrate on ROMP, with reference to the metathesis of acyclic olefins

only when a direct comparison is to be made.
1.5.3 Catalysts for the ROMP of cyclic monomers.

There are a wide variety of both homogeneous and heterogeneous formulations
which catalyze the ROMP reaction. The most commonly used catalysts are based on

molybdenum, tungsten and rhenium and can be classified according to several types.
Classical Catalysts.

These catalysts were the first to be developed and typically involve two or more
components (often a Lewis acid and an alkyltin co-catalyst). They can be divided into
homogeneous and heterogeneous systems although the distinction between these is not
always apparent. Heterogeneous formulations include Rep07/A1,0379, MoO3/
Co0O/A1,0380 and WO3/Si0281. Homogeneous formulations include
WClg/EtOH/EtAICI82, W(0)Cls/SnMe483 and MeReOy/AlCl384. For a full review of
classical initiator systems, the reader is refered to Ivin's book65. |

However, the activity of these systems depend upon a number of factors, such as
chemical and thermal history and rate of mixing of catalyst, co-catalyst and monomer. It
is also true that the metal-carbon double bonds generated to serve as active sites are

formed in low yield and tend to decompose over the timescale of a typical
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polymerization. Due to the high Lewis acidity of the metal centre, these classical
catalysts tended also not to be tolerant of functional groups, limiting the number of
monomers that could be polymerized. It is because of this lack of control over the
polymerization process that the preparation of well characterized, highly active, Lewis
acid free ROMP initiators became somewhat of a goal in this field83. This has now
culminated in Schrock's synthesis of tungsten, molybdenum and rhenium catalysts (see
figure 1.14)37.38,39 The activity of these complexes can be "tuned" accurately to the
point where they become almost perfect ROMP catalysts for highly strained monomers.
The ROMP chemistry of the molybdenum and tungsten catalysts forms the basis of the

rest of this review.
Well defined Molybdenum and Tungsten "Schrock type" Catalysts.

These well defined catalysts with bulky alkoxide and spectator imido ligands have
only recently become synthetically available37-38, The tetrahedral coordination of these
complexes allows relatively small substrates such as olefins to attack the metal to give
five coordinate metallacyclobutane intermediates, whilst the bulky alkoxide and 2,6-di-
isopropylphenylimido units help prevent decomposition by ligand scrambling.

The development of these initiators stems from the formation in high yield of
catalyst precursors of the type M(NAr)(CHR)(OTf)2(dme) (M = Mo, W; R = -Bu,
CMeoPh; OTf = OSO2CF3). Addition of two bulky alkoxides to this precursor results
in loss of coordinated dme (for steric reasons) and formation of the four coordinate
M(NAr)(CHR)(OR'); catalyst species. (R' = t-Bu, CMeCF3, CMe(CF3)2). The
X-Ray structure of W(NAr)(CH-t-Bu)(O-t-Bu); is shown in Figure 1.15, this being

typical of this range of catalysts.
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W-0-C = 144-148°
W-0 = 1.85-1.87A

Figure 1.15 The swructure of W(NAr)(CH-t-Bu)(O-1-Bu)z.

It is a pseudo tetrahedral species with the alkkylidene substituent pointing towards
the imido nitrogen atom (syn rotamer). The linear triply bonded imido unit (W-N-C
angle of 169°) forces the f-carbon atom of the alkylidene unit to lie in the same plane as
the 'nitx'ogen; tungsfen and a-carbon atoms. As well as the syn rotamer shown in the
crystal structure, the anti rotamer, where the alkylidene substituent points away from

the imido nitrogen atom, is also possible (figure 1.16).

NAr NAr
Bu-l-Oﬂna,. ‘!!/2 C< R B\k“OﬂMn. &g C< H
Bu-t-0% H Bu-t-0% R

syn rotamer anti fotamer

Figure 1.16 Rotameric forms of W(NAr)(CHR)(O-t-Bu),
There is evidence for syn and ant rotamers in several systems and these have
been shown to interconvert readily on the NMR timescale by simple rotation about the

metal-carbon double bond.
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The acyclic olefin metathesis activity of these complexes is controlled by varying
the nature of the alkoxide group. For example, W(NAr)(CH-t-Bu)(OCMe(CF3)2)2
metathesizes 3700 equivalents of cis-pentene to equilibrium within five minutes at rcom
temperature86, whilst changing the alkoxide to one which is more electron donating
reduces the catalytic activity dramatically, as is seen for W(NAr)(CH-t-Bu)(O-t-Bu);
which reaches only 30% of the equilibrium distribution of cis-pentene after six days at
room temperature. This is because the interaction can be regarded as electrophilic attack
on the olefin by the metal and the metal is significantly more electrophilic (and hence
more reactive) with the electron withdrawing fluorinated alkoxides present. This "lack
of reactivity" of the bis t-butoxide derivatives can be exploited in the polymerization of
cyclic olefins, since both the molybdenum and tungsten complexes metathesize the
strained double bond of norbornene to yield polymers, without reaction with the double
bonds in the fcsulting polymer (backbiting) occuring. This gives the opportunity of

preparing well defined polymers in a controlled living manner.
1.5.4 Living ROMP using Well Defined Initiator systems.
General Considerations.

For a truly living polymerization, each monomer unit must add irreversibly, chain
transfer and chain termination must be slow on the time scale of the polymerization
reaction itself, and the rate of initiation must be approximately equal to or greater than
the rate of propogation87-89, Only then can polymers that have a narrow distribution of

molecular weights (polydispersities approaching 1.00) be prepared.
The Mechanism of Living ROMP,

The overall mechanism for the ROMP of norbornene using the initiator

Mo(NAr)(CH-t-Bu)(O-t-Bu); is shown in figure 1.17.
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[Mo]=CHCMe; + 7,

[Mo] = Mo(NAr)(O-t-Bu),

Figure 1.17 The Mechanism of Living ROMP for Norbornene.

The initiator reacts with an equivalent of the monomer to form a
metallacyclobutane intermediate, which breaks up to yield a propagating alkylidene ata
rate kj. This then reacts with more monomer at a propagating rate kp. The resulting
polymer is living if there is no chain transfer, decomposition or backbiting during the
timescale of the polymerization. More monomer can then be added and this will be
consumed at a rate kp. If a different monomer is added, the living polymer is now the

initiator and this reacts with the new monomer at a rate kj to form a new propagating
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species, which then reacts with more monomer at a new propagating rate kp The
polymer is finally cleaved from the metal centre (termination) in a "Wittg like" capping
process by reaction with an aldehyde (typically pivaldehyde or benzaldehyde) to give
Mo(C)NAr)(O-i-Bu)s.

By careful monitoring of the initial stages of the polymerization process by 'H
NMR spectroscopy, resonances due to the first, second and subsequent insertion
products have been observed, as shown for the reaction of Mo(NAr)(CH-t-Bu)(O-t-
Bu); with 2,3-bis(trifluoromethyl)norbornadiene in figure 1.18 36,

4o

resolution enhanced

f 20 equivalents

AT W -
L 10 equivalents

* = Mo(NAr)(CH-t-Bu)(O-t-Bu),

5 equivalents
A 3
b
» 3 €quivalents
L
1 equivalent
138 18.4 113 BL3

Figure 1.18 IH NMR spectra of Mo(NAr)(CH-t-Bu)(O-¢-Bu); and
1,3, 5, 10 and 20 equivalents of BTFMND.
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Values for the initiation and propogation rates for various monomers are shown in

table 1.3 56,
MONOMEr r (kp/k;) kp (M-1s'1) |k; (M-1s-T)
norbornene? 12.1 (5)

Benzonorbornadiene? 7.0 (5)

2,3-dicarbomethoxy 3.003) 2(1) 0.7 (3)
norbornadiene?

2,3-bis(triflucromethyl) 0.72 (5) 0.057 0.08 (1)
norbornadieneb (£ 0.0007)

a Significant errors arise from the fact that the reaction is fast

and mixing is not instantaneous. b Measured by E. Khosravi.

Table 1.3 Rare constants for polymerizations at 22°C.

For norbornene, benzonorbornadiene, and 2,3-dicarbomethoxynorbornadiene,
kp is greater than kj because a complex containing the neopentylidene ligand is less
reactive (due to steric congestion) than that containing the alkylidene ligand formed
upon opening the carbon-carbon double bond in the monomer. For 2,3-
bis(trifluoromethyl)norbornadiene, kp/k; is less than one i.e. the new propagating
alkylidene is less reactive than the neopentylidene complex. This has been attributed to
electronic deactivation of the propagating alkylidene as a nucleophile by the electron

withdrawing trifluoromethyl groups39.
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Stereochemistry.

The stereochemistry of the repeat units within a polymer is of great interest as it
determines many of its bulk properties. Stereochemistry in polymers of norbomene and
its derivatives arises due 1o thfee features.

(1) The carbon-carbon double bonds along the polymer backbone may have a cis or
trans arrangement.

(2) Since the two tertiary carbons in norbornene are chiral, the monomer can be
opened to give a polymer in which the allylic carbons on pairs of adjacent rings (dyads)
have either the same configuration (racemic dyads, =(R,S)=(S,R)=(R,S)=) which is
syndiotactic, or have the opposite configuration (meso dyads, =(R,S)=(R,5)=(R,S)=)
which is isotactic. Random configurations along the polymer chain lead to atactic
polymer.

(3) For unsymmetric monomers, head/head, head/tail or tail/tail sequences are also a
possibility.

2,3-disubstituted norbornadienes have been convenient monomers to use for a
study of polymer stereochemistry as head/tail effects are eliminated (due to symmetry)
and only four primary structures are therefore possible. These are shown in figure
1.19.

_<—~_ x_%x |
T x x = <7

trans isotactic

X X
cis syndiotactic trans syndiotactic

Figure 1.19 The four primary structures for poly-BTFMND.
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1.5.5 Living ROMP of Functionalized Norbornene amd

Norbornadiene Derivatives.

Figure 1.20 shows some of the functionalized norbornene and norbornadiene
monomers that can be polymerized successfully by Mo(NAr)(CH-t-Bu)(O-t-
Bu)290:91.92, A polymerizadon is termed successful if monomer consumption is

quanditative by 1H NMR and the polymer is soluble, can be isolated and has a nasrow

polydispersity index (PDI).
CO,Me CO,Me
I AP AT A
COZM@ ®2M@ @2@2
50/1.06 50/3.86 1¢0/1.05 100/1.06
100/1.04 100/1.07 200/1.07
A @)
AL 3
QFs o A
50/1.65 200/1.06 100/1.07 (T¥55) 1G0/1.19 (T¥L5)
@ / \ @l@z@z&r @
Ferooese
15/15/1.1 50/50/1.06
Me ‘ OAe
0o, o} Ohc
R
Fermvocene OAc v.
15/1.1 100/1.07 (THF) 100/1.07 (TE05) 100/1.11 (THF)
200/1.07 (THF)

Figure 1.20 Some Norbornenes and Norbornadienes thas can be
polymerized by Mo(NAr)(CH-t-Bu)(O-t-Bu)z
(Equivalents/PDI).
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The PDI data show that these polymers are essentially monodisperse (PDI's as
low as 1.03 for up to 500 monomer equivalents) i.e. the distribution about the average
chain length is as narrow as possible, indicative of a well behaved living polymerization
process.

The tungsten analogue of this initiator does not successfully polymerize as wide a
range of functionalized monomers as the molybdenum initiator38. Reasons for this
apparent failure include :- (1) the greater electrophilicity of tungsten vs. molybdenum,
(2) tungsten may be more sensitive to low levels of impurity than molybdenum, and
(3) the tungsten alkylidene may react more readily with a given functionality or active
protons in the polymer chain than the molybdenum analogue does.

The solvent used has also been found to be an important factor in the ROMP of
functionalized olefins. In particular the failure to polymerize 2-carbonitrilenorbornene in
non-coordinhting solvents such as toluene and its polymerization in THF is
interesting90, As yet this effect is not understocd, but possible reasons may include (1)
THF successfully competes with the functionality for the metal and therefore inhibits
reaction between it and the metal and (2) A bulk solvent effect may keep the polar
groups pointed away from the metal and into solution.

One of the most interesting monomers to be studied has proven to be 2,3-
bis(trifluoromethyl)norbornadiene, due to the high stereoregularity of the resulting

polymer. This is discussed in more detail in section 1.5.7.
1.5.6 Stable Imtermediates in the Metathesis Process.

As shown in figure 1.17, the initiation step of the polymeﬁzaﬁon yields a
metallacyclobutane which subsequently ring opens to give the first insertion product.
Schrock has shown that these species are indeed intermediates in the reaction of
M(NAr)(CHR)(OR")y with olefins and that in some cases they can be isolated and

characterized37.38,76,86,
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Square pyramidal metallacycles form when the relatively electron donating
t-butoxide ligands are present, and these appear to be more stable than the trigonal
bipyramidal metallacycles that form when the alkoxides are more electron withdrawing
(R' = OCMe(CF3)2). Both forms of the metallacycle are observed when R' is the
intermediate alkoxide OCMepCF3. These different geometries are most clearly seen for
the range of metallacycles W(NAr)(CHoCH,CH»)(OR'); formed by the reaction of
W(NAr)(CH-t-Bu)(OR')2 with excess ethylene?3. Two possible explanations have
been offered for the various preferences for core geometries. With electron donating
alkoxides, TBP metallacycles are disfavoured since the axial imido and alkoxide ligands
must compete as i-donors for the same empty d-orbital on the metal. With electron
withdrawing alkoxides, the electrophilicity of the metal centre is enhanced and therefore
there is an increased tendency to form shorter metal-carbon bonds of higher order, as
found in TBP species.

The reaction of W(NAr)(CH-i-Bu)(O-t-Bu), with 1 equivalent of 2,3-
bis(trifluoromethyl)norbornadiene at -30°C yields an unstable but isolable SP

metallacycle as shown in equation 1.6.

W(NAr)(CH-t-Bu)(O-t-Bu),

+

(1.6)
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As can be seen, this is a SP metallacycle where the syn rotamer of the initiator has
added to the more accessible exo face of the monomer, to give a trans tungstacycle.
This has been shown to ring open to give both the syn and anti forms of the first
insertion product. These are thermally unstable, providing some explanation as to why
the tungsten catalyst does not smcothly polymerize this monomer (PDI's observed are
typically 1.2 or greater, and decomposition of the tungsien catalyst is observed over the
course of the polymerization).

Reversible metallacycle formation has also been observed in one case90.
Treatment of Mo(NAr)(CH-t-Bu)(O-t-Bu)y with 5,6-dichloro-5,6-carbonatonorbornene
gives an observable metallacycle which upon heating regenerates monomer, 50 % of
the starting alkylidene and a living oligomer. The monomer then adds to the living
oligomer. This is the first example of a metallacycle ring opening degenerately and will
presumably be quite rare.

7-oxanorbornenes have also been shown to yield remarkably stable
metallacycles36. The reaction of Mo(NAr)(CH-t-Bu)(O-t-Bu) with (a) 7-oxa-2,3-
bis(trifluoromethyl)norbornadiene, (b) 7-oxa-2,3-dicarbomethoxynorbornadiene and
(c) 7-oxa-benzonorbornadiene yields SP metallacycles with relative stabilities (a) > (b)
> (c). Indeed, the metallacycle formed with (a) is still 75 % present after 24 hours in
solution at room temperature. The increased stability of these 7-oxa metallacycles has
been attributed to induction differences between oxygen and carbon at the 7-position39.

For molybdenum, there is one example of a structurally characterised first
insertion product, formed from the reaction of Mo(NAr)(CH-t-Bu)(O-t-Bu); with
7-isopropylidene-2,3-dicarbomethoxynorbornadiene36. This reaction is 350 times
slower than that with 2,3-dicarbomethoxynorbornadiene, presumably due to the steric
bulk of the monomer and only one equivalent reacts, even at 40°C, to. give the isolable

first insertion preduct shown in equation 1.7.
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Mo(NAr)(CH-t-Bu)(O-t-Bu), +

(1.7)

The new alkylidene is significantly larger than the original neopentylidene

complex, and so no further propagation takes place (kp = 0).

1.5.7 Stereoregular Polymerization of 2,3-bis(trifiuoromethyl)

norbornadiene.

Perhaps the most important finding of these recent studies is the fact that 2,3-bis
(trifluoromethyl)norbornadiene can be polymerized to give a polymer of high
stereoregularity when molybdenum initiators are used.

13C NMR studies show that 2,3-bis(trifluoromethyl)norbornadiene is
polymerized by Mo(NAr)(CH-t-Bu)(O-t-Bu)2 to give a highly tactic polymer containing
only one of the four possible types of olefinic carbon atoms shown in figure 1.19. This
can be assigned to the all trans form in greater than 98%, with resonances for the cis
form (< 2%) barely observable®!.92, Consistent with this tacticity has been the
observation, by differential scanning calorimetry, of a well defined glass transition
temperature at 97°C and a broad melting endotherm at approximately 200°C 92, As yet
it is not clear whether this polymer is trans-syndiotactic or trans-isotactic, but

preliminary dielectric measurements have indicated a high dielectric constant,
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suggesdng the trans-syndiotactic structure (alignment of the polar CF3 groups on one
side of the polymer backbone)%4.
Formation of both trans-syndiotactic and trans-isotactic polymer can be

rationalized with reference to figure 1.2192,

&ans, isotactic

Figure 1.21 Srereoregular polymerization of BTFMND.
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Only the syn isomer of the first insertion product is shown, with the cyclopentene
ring alignment based on that observed in the crystal structure of the mono-insertion
product obtained with 7-isopropylidene-2,3-dicarbomethoxynorbornadiene, as
discussed in section 1.5.6. If the exo-face of the monomer approaches the front-face of
the metal-carbon double bond, which is the sterically least hindered face, a trans
metallacycle will be formed. If this then ring opens, before a rearrangement of the core
"flips" the metallacycle relative to the imido nitrogen, the anti alkylidene shown is
formed. This can then convert to the syn alkylidene form by simple rotation of the
metal-carbon double bond, and the process continue to gives a trans-isotactic structure.
On the other hand, if the monomer approaches the back-face of the metal-carbon double
bond (the sterically most hindered face) to give a trans-metallacycle, this ring opens to
give an anti-alkylidene in which the chain is growing in a trans-syndiotactic way. This
structure can then rotate to give the syn isomer and the process can again continue. An
analogous scheme can be envisaged for addition to the anti rotamer, again leading to
either trans-syndiotactic and trans-isotactic polymer. In this scenario it does not matter
which rotamer reacts with the monomer, as long as (1) the monomer adds selectively to
the same face of the metal-carbon double bond each time, (2) a trans-metallacycle is
formed and (3) the rotamers interconvert during the timescale of the polymerization. It
has also been proposed that the first metallacycle formed is a trigonal bipyramid formed
by addition of the olefin to the C/N/O face of the tetrahedral catalyst92.95, This contains
a metallacyclobutane ring that spans both axial and equitorial sites which undergoes a
series of rotations to give the observed SP (basal ring) and TBP (equitorial ring)
intermediates from which the olefin is extruded.

Very recent results have also shown that simply by changing the activity of the
initiator the stereospecifity of this polymerization can be totally revé}sed%. Using the
more active derivative Mo(NAr)(CHCMe;Ph)(OCMe(CF3)2)2, polymers which have
greater than 98% cis double-bonds in the polymer backbone can be obtained, with no
increase in the polydispersity index. Polymers with intermediate cis/trans ratios are

obtained simply by using different mixtures of the two initiators.

[
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1.5.8 Mono-adducts of Imido Alkylideme Complexes.

Schrock and co-workers have synthesized a series of trimethylphosphine and
quinuclidene adducts of these four co-ordinate initiators36:97. These can be considered
as models for an initial (unobservable) olefin/alkylidene intermediate in the ROMP
process. Mo(NAr)(CH-t-Bu)(OCMe(CF3)2)2 has been shown to react with PMes
quantitatively to give a distorted TBP species (§Hg = 11.90 ppm) in which the t-butyl
group points toward the imido nitrogen atom (syn rotamer, kinetic isomer). This
subsequently equilibrates in solution to the thermodynamic isomer which has an anti

alkylidene configuration (Hg = 13.25 ppm), as shown in equation 1.8.

Mo(NAr)(CH-t-Bu)(OR), (1.8)
[R = CMe(CF3),] PMe;,
l‘;Me3 ; Me,
. NAr . NAr
— Mo_ — Mo
RO=Os ¢_i.Bu RO=V°sc.y
OR | OR
H t-Bu
syn (kinetic isomer) anti (thermodynamic isomer)

Changing the alkoxide has been shown to dramatically alter the stability of these
adducts. Addition of excess PMej to Mo(NAr)(CH-t-Bu)(O-t-Bu); at room temperature
shows (by 'H NMR spectroscopy) 55% of the base free initiator and 45% of the anti
adduct (8Hg = 12.73 ppm, Jcyg = 136 Hz). It is only when the solution is cooled to
- 85°C that the base free initiator is no longer present and the syn rotamer of the adduct
observed (8Hq = 11.80 ppm, Jcy = 110 Hz). The difference in Jcy values has been

attributed to the syn form being more sterically able to form a potential a-agostic
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interaction with the metal than the anti form, where the C-H bond would be in
competition with the strong donor imido ligand97.

Quinuclidene adducts of the type M(NAr)(CHR)(OR")2(quin) (M = Mo, W; R =
-Bu, CMePh; R' = CMesCF3, CMe(CF3)2) have also be prepared?’. Again these
have been shown to exist in two rotameric forms, with an initial adduct (Jog = 110 Hz)
slowly converting to a second adduct (Jcg = 135 Hz). Three isomers are observed for
quinuclidene adducts of vinylalkylidene complexes; two syn rotamers (chiral and
achiral) and one ant rotamer, with a crystal structure of the product from the reaction of
W(NAr)(CH-t-Bu)(OCMe(CF3)72)2(quin) with trans 1,3-pentadiene revealing an anti
vinyl alkylidene arrangement?7.

These studies on base adducts suggest that :- (1) an olefin, which can be regarded
as a ¢ base in these systems, most readily adds to the C/N/O face of the
imido/alkylidene complex to yield an initial metallacyclobutane in which the ring spans
axial and equitorial sites, and (2) due to the reactivity difference between a base and the
two rotamers, the rate of rotamer interconversion may be more important than

previously thought.
1.6 Heterocatom Exchange Reactions of Multiply Bonded Ligands.

This section serves to outline the type of reaction where an existing multiply
bonded ligand is directly replaced by another upon treatment with an unsaturated
reagent, which can either be an external substrate, such as an aldehyde or isocyanate, or
be another multiply bonded metal bound ligand itself. The latter type of reactivity is

comparitively rare with only a handful of previously reported examples.
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1.6.1 Exchange Reactivity with External Orgamic Substrates.
Reaction with Carbonyl Compounds.

Reaction of a muliiply bonded ligand with an aldehyde or ketone is a well
documented methed of preparing metal-oxo complexes. Alkylidene complexes react
with organic carbonyl compounds to give an olefin and oxo species (see chapter two).
An early example of this is the reaction of Ta(CH-t-Bu)(CHy;CMe3)3 with acetone to
give [Ta(O)(CHyCMe3)3], and t-Bu-CH=CMe;98. With this tantalum reagent, several
functionalized carbonyl compounds that do not react readily with Wittig reagents will
undergo clean reaction. Related reactions of alkylidyne complexes that afford oxo-vinyl
complexes have also been reported?9.

The reaction of organo-imido complexes with aldehydes has not proved as useful,
although several cases have been reported100-102, One successful example of this has
been published by Nugent where treatment of Cr(N-t-Bu)2(OSiMes3), with one
equivalent of benzaldehyde cleanly gives the oxo-imido complex Cr(N-i-

Bu)(0)(0SiMe3),, which has not proven possible to prepare by other routes103,
Reaction with Isocyamates.

The use of phenyl isccyanate for conversion of a metal oxo species to an imido

species with loss of carbon dioxide is well documented, as shown in equation 1.9.
A
M(O)Cl, + PhNOO ———== M(NPh)Cl, + CO, (1.9)

This was first used to convert the rhenium oxo complex Re(O)Cl3(PEt7Ph); to

Re(NPh)CI3(PEtPh)2104, and has subsequently developed into an important synthetic
routclOS' 109.
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The exchange of imido ligands by reaction with isocyanates has also been recently
reporied110, The dimolybdenum tetra-imido complex [(MeCsHg)Mo(NPh)(u-NPh)]2
reacts with excess p-tolyl isccyanate to give both the mono and bis terminal p-tolyl
imido species. Prolonged heating does not, however, lead to substitution of the
bridging phenylimido ligands.

In the case of CppMo(Q), reaction with phenyl isccyanate has been shown to give
the structurally characterized cyclometallacarbamate species CpaMo[OC(O)N(Ph)]111,
showing this reaction to proceed via the expected [2+2] Wittig like intermediate.
Unusual reactivity has been observed for the complexes Mo(O)a(mesityl)2 and Mo(N-t-
Bu)a(mesityl)7112, Reaction with phenyl isocyanate doe not yield the expected
Mo(NPh),(mesityl), but instead gives phenyl mesityl amide (PhNHCO(mes)) as the
sole identified product.

Reaction with other Heterostom Exchange Reagents.

Phosphinimines (R3P=NR") have also found some use as heteroatom exchange
reagents. They were first used to synthesise Re(NPh)Cl3L3!13, and have since been
used for the synthesis of Mo(NPh)(dic)2!114 and the di- and tri-imido analogues of
OsO4l15,

Schrock has shown that benzylidene alkylamines can be used in the formation of
imido ligands from alkylidenes, as shown in equation 1.10101. An analogous reaction

using PACH=NN=CHPh has been shown to give u-N3 derivatives38:116,

cl cl
IHI’\ _}‘a,‘\Cl PhCH=NR THF ’}'a.‘\Cl | (1.10)
THEY | & = THEY| S

| ScHtBu - PhCH=N-tBu 1 ¥ xr

Paetzold has shown that alkylidene ligands can be transferred to iminoboranes to

yield neopentylideneborane species!17.



The reaction of CpTa(CH-t-Bu)Cly with Me3Si(N-t-Bu)N=B=N-t-Bu affords
CpTa(N-t-Bu)Cl, and Me3Si(N-t-Bu)N=B=CH-t-Bu via an isolable four centered
Ta-C-B-N intermediate metallacycle. Carbene exchange has also been reported by
Fischer where the reaction of (CO)sW=CHPh with PhN=C=CPh, affords the
exchange products (CO)sW=C=CPhy and PhAN=CHPh!18,

1.6.2 Heteroatom Exchange between Metal Centres.

This type of reaction has been exploited only briefly in the past. Schrock has
shown (equation 1.11) that an alkylidene ligand may be transferred from tantalum to

tungsten, with a redistribution of the remaining ligands!119,

Ta(CH-t-Bu)X3L, + W(O)(O-t-Bu), (1.11)

L = PMe,, PEty; X =Cl, Br\

Ta(O-t-Bu)yX + W(O)(CH-t-Bu)X,L,

Oxofalkylidene exchange has also been demonstrated between molybdenum and
tungsten. The reaction of Mo(O)}(NAr)(O-i-Bu)2 with W(NAr)(CH-t-Bu)(O-t-Bu)z
yields Mo(NAr)(CH-t-Bu)(O-t-Bu); and W(O)(NAr)(O-t-Bu); quantitatively?S.

More recently oxof/imido exchange at osmium has been reporied. The reaction of
Mo(NAr)y(QO-t-Bu); with OsQ4 gives the di-oxo bis-imido complex Os(NAr)2(0)2 (and
presumably Mo(O)2(O-t-Bu)3)120,

This relatively new type of reactivity is developed further in chapters four and five

of this thesis.
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1.7 Summary.

This chapter has attempted to highlight a part of the vast range of chemistry
associated with transition metal oxo, imido and alkylidene complexes. We have seen
that these multiply bonded ligands help to stabilize early ransition metal complexes in
their highest oxidation states and that the formation of strong multiple bonds can form
the driving force for many imporiant catalytic processes. The remaining chapters of this
thesis further explore the chemisiry of these multiply bonded units with a view to

gaining a better understanding of these important transformations.
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CHARTUER TWO

Chain-end Functionalization of Living
Polymers formed by Rimg Opening

Metathesis Polymerization.



2.1 Imtroduction.

Since the discovery of the metathesis reaction, the vast majority of polymers
prepared by ROMP have contained little functionality other than carbon-carbon multiple
bonds. Although these materials are highly useful for structural purposes, other
applications or properties require the incorporation of different functionalities,
particularly oxygen and nitrogen containing units. Such functionalized polymers have a
variety of uses including supports for solid phase synthesis, precursors to conductive
materials and polymer bound catalysts!-2,

The preparation of such heteroatom containing materials using classical metathesis
catalysts proved difficult in the past due to the sensitivity of these electrophilic metal
complexes toward the heteroatom functionality3.4. However, living ROMP catalysts
have recently been prepared that are sufficiently "deactivated” to an extent that they do
not react with the functionality, but still react with the strained carbon-carbon double
bond of the monomer on the timescale of a polymerization.

It has been shown that complexes of the type M(NAr)(CHCMe,R)(O-t-Bu)s
(M = Mo, W; R = Me, Ph)3-6 will polymerize a wide range of norbornene and
norbornadiene derivatives in a controlled living manner, leading to functionalized
polymers with novel properties?-2. Such initiators offer a greater degree of control over
the polymer microstructure than has traditionally been available in cationic and anionic
systems.

However, polymerization of such monomers only allows functionalization of the
polymer backbone; to place functionalities on the polymer chain end requires a different
strategy. This chapter therefore describes ways of introducing various potentially useful
functionalities to the polymer chain end via means of a "Wittig like" cai)ping reaction.

As described in chapter one, these catalysts are deactivated toward reaction with
ordinary olefins, therefore the polymers are cleaved from the metal centre with an
aldehyde (typically pivaldehyde or benzaldehyde) to form the metal oxo-imido species
M(NAr)(O)(O-t-Bu); and a t-butyl or phenyl end capped polymer respectively.

50



If substituted benzaldehydes are used, a wide variety of which are commercially
available, functionalities may be intrcduced to the end of the polymer chain, as shown

in equation 2.1.

/ )\
[Mo] W\ + X CHO, @2.1)
\ [Mo] = Mo(NAr)(O-t-Bu),

This method of end group functionalization has previously been reported
in only a limited number of cases. Schrock and Bazan have shown that the reaction of
living oligomers with pyrenecarboxaldehyde can be used to introduce a pyrene group to
the end of the polymer chain, as shown in equation 2.210, Due to its strong affinity for
carbon surfaces, this pyrene end group can be used to attach small polymer chains to
such surfaces!l, a potentially useful application of which would be the xﬁodiﬁcaﬁon of
electrodes.

(2.2)

+  [MoEO
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Octamethylferrocenecarboxaldehyde has also been used as an end capping reagent
to introduce a unique redox group to the end of a polymer chainl0, as shown in

equation 2.3.

00”0 o°§\

:
[Mo] A\ _Fe (2.3)
X + (CHO
\ [Mo] = Mo(NAr)(O-t-Bu),

Functional groups attached to the polymer chain end can also be used for the
attachment of transition metal catalysts, allowing a wide variety of catalytic
transformations to be undertaken12,

Grubbs has demonstrated that the mechanism of polymerization can be changed
by attaching a suitable functional group to the polymer chain end!3. Polynorbornene
was synthesized by living ROMP and one aldehyde end-group introduced by
termination of the polymerization using p-CHOCgH4CHO. This aldehyde group can act
as an initiator for the silyl aldol condensation polymerization of t-butyl-dimethylsilyl
vinylether, to give polynorbornene-block-poly(silyl-vinylether) diblock copolymers

with narrow molecular weight distributions. This is shown in figure 2.1.
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f
Cp,Ti + N ///LBL»

OSiMe,-t-Bu/ ZnCl,

Figure 2.1 Formation of polynorbornene-block-poly(silyl-vinylether).

2.2 Reaction of Mo(NAr)(CH-t-Bu)(O-t-Bu); with Para-
Substituted Benzaldehydes.

In experiments designed to test the tolerance of Mo(NAr)(CH-t-Bu)(O-t-Bu); (1)
toward a variety of functionalities in this capping reaction, the initiator (1) was reacted
with various para-substituted benzaldehyde derivatives (typically one to two
equivalents) in CgDg and the reaction monitored by 1H NMR spectroscopy. The
reaction is relatively fast and quantitative at room temperature for the functionalities
listed in table 2.1, to yield Mo(NAr)(O)(O-t-Bu); (2) and p-X-CeH4CH=CH-t-Bu, as
shown in equation 2.4. The metal oxo-imido species formed subsequently equilibrates
with Mo(NAr)2(0-t-Bu)s and Mo(O),(0-t-Bu)j, an observation that is discussed

further in chapter four.
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Mo(NAr)(CH-t-Bu)(O-+-Bu), + X-C4H,CHO

\ (2.4)

Mo(NAT)(O)(O-t-Bu), + X-CgH,CH=CH-t-Bu

The 250 MHz 1H NMR spectrum of (2) in CgDg (figure 2.2) reveals septet and
doublet resonances at & 4.33 and 1.35 due to the isopropyl methine and methyl protons
respectively of the arylimido ligand. A singlet resonance at & 1.26 is observed for the t-
butoxide groups, and the expected triplet and doublet resonances of the three aromatic
protons are observed at 8 6.97 and 7.07. This compound has also been prepared by
Schrock and co-workers as a yellow oil, obtained from the reaction of Li-O-t-Bu with
Mo(NAr)(O)Cly(pyr) in diethylether10, Repeated atiempts to crystallize the compound
failed, presumably due to its subsequent equilibration reactivity.

1H NMR data for the para-substituted phenyl-i-butylethylene products of this
reaction are listed in table 2.1.

The olefinic protons in the Wittig product represent an AB spin system and
therefore differences in their NMR spectra can be attributed to changes in the relative
values of the coupling constant (J) and the chemical shift difference of the two protons
(dv). As J / v increases, the expected doublet of doublets move closer together and the
outer two peaks are reduced in intensity. At very small dv values (i.e as J / d0 — o)
the two outer lines become vanishingly low in intensity and the two inner lines coalesce

to give a singlet (as in the case of X = CN and X = C1)14,
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| p-XCsH¢CH=CH-t-Bu | CH=CH & | 3Jmm (Hz) | ¢-Bu| X
X=H 6.37, 6.31 16.2 1.03 | ——
6.23, 6.13 16.1
X =CF; 6.13, 6.12 b 099 |
X =0Me 6.39, 6.32 16.2 1.07 | 3.31
6.16, 6.09 16.2
X =NMey 6.49, 6.42 16.1 1.11 ] 2.51
6.23, 6.16 16.2
X =CN 6.01 b 0.95 | ——
X =COMe 6.29, 6.22 16.1 1.03 | 1.76
6.12, 6.06 16.3
X=CHO 6.17 b 0.98 | 9.71
6.40, 6.34 16.3 1.06
6.20, 6.17 16.3
X =NGQy 6.05, 6.04 b 0.95 | ——
X = OH (2,6 di-t-Bu) 6.58, 6.50 16.1 1.12 } 493
6.37, 6.29 16.1
X=CI 6.22 b 1.09 |
Table 2.1 Selected 1H NMR data (CgDg) for p-XCsH4CH=CH-1-Bu

8 Observed (not calculated for an AB system) values quoted.

b Quter resonances of AB splitting pattern not detectable.

¢ Capping reaction performed in CDCl3.

For X = CHO, in addition to the singlet resonance at 6.17 ppm, an additional
doublet of doublets is observed (2%, 3Jgu = 16.3 Hz). This can be aitributed to olefin

formed by direct reaction of the Wittig product with initiator, as shown in equation 2.5.
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Mo(NAr)(CH-t-Bu)(O-t-Bu), + CHOC4H,CH=CH-t-Bu

\ (2.5)

Mo(NAr)(O)O-t-Bu), + t-Bu-CH=CHC¢H,CH=CH-t-Bu

In each case the observed 3Jyy coupling constént of approximately 16 Hz indicate
that the Wittig product is solely trans. In general srans-olefins are formed in reactions of
benzaldehyde with neopentylidene initiators (2% cis-olefin is formed with
W(NAr)(CH-t-Bu)(O-t-Bu)) whilst cis-olefins are formed in reactions involving living
alkylidenes. A representative ! NMR spectrum of the reaction between one equivalent
of p-NCCsH4CHO and Mo(NAr)(CH-t-Bu)(O-t-Bu)s in CgDg is shown in figure 2.2.

From the range of para-substituted benzaldehydes evaluated in this manner, only
p-HOCgH4CHO in CgDg gave unidentifiable products. This is not altogether surprising
as alternative reaction pathways are available to the initiator in the presence of the
hydroxyl functionality. One such pathway is the exchange of alkoxide ligands at the
molybdenum centre!3. This has been shown to be rapid in CgDg, with the stability of
the newly formed alkylidene complex dependent upon the steric bulk of the alkoxide
ligands. For example, the reaction of Mo(NAr)(CHCMe2Ph)(O-t-Bu)z with 4.5
equivalents of dry ethanol in CgDg yields three new alkylidene proton resonances at
3 12.02, 12.57 and 12.67, which can be attributed to rotameric forms of the mono and
bis ethoxide derivatives of the initiator. These are only stable in solution (0.03M) for
approximately 20 minutes before decomposition is observed!5. In contrast, the reaction
of (1) with the sterically more encumbered 2,6-di-isopropylphenol gives a mixture of
the mono and bis aryloxide derivatives (6Hq = 11.57 and 11.77 respectively) which are
stable in solution for at least 24 hours. Schrock has independently prepared the 2,6-di-
isopropylphenoxide derivative of the initiator as a fully characterized solid, via the
reaction of Mo(NAr)(CHCMe2Ph)(OTf)2(dme) with 2 equivalents of LiOAr, and found

it to exist as two isomers (syn and anti rotamers) in solutiond. Alkoxide exchange
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between four coordinate molybdenum alkylidene complexes is discussed further in
chapter four.

The use of 3,5-di-t-butyl-4-hydroxybenzaldehyde, where the hydroxyl group is
sterically proiected, afforded Mo(NAr)(O)(O-t-Bu); and ArCH=CH-t-Bu cleanly,
showing that the hydroxy! functionality in this capping reagent is sufficiently sterically
protected by the two bulky t-butyl groups to prevent reaction with the molybdenum
centre during the timescale of the capping reaction. This is qualified by the fact that the
reaction of (1) with 2 equivalents of 2,6-di-t-butylphenol in CgDg proceeds very slowly
(by IH NMR spectroscopy), with only 2 % of a new alkylidene resonance seen (8 Hy
= 11.89 ppm) after 24 hours at room temperaturel5.

The use of "OH protected” trimethylsilyl derivatives may offer a way of
circumventing the problem encountered with sterically unprotected hydroxyl

functionalities.

2.3 Reaction of Mo(NAr)(CH-t-Bu)(O-t-Bu); with other
Substituted Aldehydes.

Further investigations into the functional group tolerance of
Mo(NAr)(CH-t-Bu)(O-t-Bu); toward various substituted aldehydes were also carried
out on an NMR scale.

Reaction of (1) with 1.0 equivalents of trans-cinammaldehyde in CgDg at room
temperature afforded (2) and trans CgHHsCH=CH=CH-t-Bu cleanly. The reaction of (1)
with 3.0 equivalents of 5-norbornenecarboxaldehyde in CgDg at room temperature gave
a mixture of the capped oxo-imido species (2) and polynorbornene, showing that the
rate of reaction of the neopentylidene initiator with the aldehyde groﬁp competes with
the rate of initiation of the polynorbornene chain. By varying the temperature at which
this reaction is conducted, it may prove possible to favour the capping reaction over
polymerization of the norbornene skeleton, thus allowing the formation of metathesis

comb-polymers, as shown in figure 2.3.
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Bu-t-Ge Mo=Esy FECHBu  + g

Bu—t-O&

Mo(NAr)(O)(O-t-Bu), 3= CH-t-Bu

Figure 2.3

Reaction of (1) with 1.1 equivalents of pyridine-4-carboxaldehyde
in CgDg at room temperature cleanly affords the oxo imido species (2) and pyrCH=CH-
t-Bu. Resonances for (2) in the 250 MHz 1H NMR spectrum (CgDg) appear at § 4.39
(septet) and 1.37 (doublet) for the methine and methyl protons respectively of the
arylimido unit and at § 1.29 (singlet) for the t-butoxide ligands. This slight shifting of
resonances is suggestive of a weak adduct formation in solution via lpnc pair donation
from the nitrogen atom of excess pyridine-4-carboxaldehyde presént. Schrock has
shown that Mo(NAr)(O)Cl(dme) can be prepared by the reaction of Mo(QO)2Cla(thf)
with ArNHTMS and that this readily converts to the related bis pyridine adduct
Mo(NAr)(O)Cla(pyr)2 upon addition of 10 equivalents of pyridine. Upon reaction with

2 equivalents of Li-O-t-Bu, pyridine is lost from the coordination sphere to give
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Mo(NAr)(O)(O-t-Bu); as a yellow 0ill0. Further evidence for nitrogen lone pair
donation to form an adduct is provided by the reaction of (1) with 3.2 equivalents of
benzaldehyde to give the oxo-imido species in the presence of excess (4.6 equivalents)
pyridine. 1H NMR resonances for the oxo-imido species appear at 8 4.38 (sepiet), 1.36
(doublet) and '1.28 (singlet), again slightly shifted from those for base free
Mo(NAr)(Q)(O-i-Bu)s.

Upon attachment to the end of a polymer chain, this pyridine end group could be
used to anchor the polymer to a support, via a covalent bond formed between the
nucleophilic pyridine end group and a suitable electrophilic group on the surface. This
is depicted in figure 2.4.

CHzCl +

Changing the ancillary alkoxides on the molybdenum centre dramatically
alters the rate of capping. The reaction of Mo(NAr)(CHCMe2Ph)(OCMe(CF3)2)2 with
benzaldehyde is surprisingly much slower than for the t-butoxide analogue, taking
approximately four hours at room temperature in C¢Dg (0.04M) for complete
conversion to the oxo-imido species. The 400 MHz !H NMR spectrum of
Mo(NAr)(O)(OCMe(CF3)2)2 (3) in CgDg reveals a septet at & 4.25 and a doublet at
3 1.27 for the methine and methyl protons respectively of the arylimido unit, and a

singlet resonance at 8 1.46 for the methyl protons of the alkoxide ligands. The
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increased stability of the bis hexafluoro-t-butoxide initiator can be attributed to
electronic effects upon changing the alkoxide ligands, as changing from a
neopentylidene to a neophylidene ligand does not drastically alter the rate of the capping
reaction. For Mo(NAr)(CHCMesPh)(OCMe(CF3)2)2, the increased electron
withdrawing ability of the fluorinated alkoxides enhances the electrophilicity of the
metal centre and increases the metal ligand bond strengths, thus decreasing the rate of
oxo/alkylidene exchange. The increased steric congestion around the metal centre
provided by the bulky fluorine groups may also contribute to the observed slower rate
of reaction.

Mo(NAr)(CH-t-Bu)(O-t-Bu); (1) did not react to any measurable extent (by 'H
NMR spectroscopy) with 0.5 equivalents of methyl formate in CgDg at S0 °C for 3
days in a sealed NMR tube, with 1.1 equivalents of urea (9 days at rocom temperature
in a sealed NMR tube), with 1.3 equivalents of tetramethylurea (14 days at room
temperature in a sealed NMR tube), or with 2.0 equivalents of benzophenone in CgDg
(4 days at rocom temperature in a sealed NMR tube).

2.4 2-Oxametallacyciobutane Intermediates.

Inspection of the reaction of the neopentylidene initiator Mo(NAr)(CH-t-Bu)(O-t-
Bu)z (1) with 1 - 2 equivalents of p-XCgH4CHO (X = H, CN, CHO, NO3, CO;Me)
by 'H NMR spectroscopy immediately after addition of the benzaldehyde derivative
revealed in each case a single intermediate that formed rapidly and in high yield. This
was observed to convert only relatively slowly to the oxo-imido species
Mo(NAr)(O)(O-t-Bu); (2) and the olefinic product p-XCgH4CH=CH-t-Bu. These
intermediates are proposed to be 2-oxametallacycle precursors to éhe products, and
since (1) contains a syn-neopentylidene group (with the t-butyl group pointing toward
the imido nitrogen atom), they are proposed to contain a-t-butyl and B-C¢H4X groups
in the equitorial positions of a SP based metallacyclobutane ring, as shown in equation

2.6.
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Related 2-oxametallacycles have been observed before!6-22, and have been
postulated as intermediates in transition metal catalyzed olefin epoxidation
reactions23-25, and "Wittig like" reactions of carbonyl species with high oxidation state
alkylidene complexes26-28, The reaction of Cp°2Ta(CH3)(CH2) with aldehydes yields
oxacyclobutane complexes29, and the addition of ketenes to Cp2Ti(CHz) yields
B- alkylidene-titana-2-oxametallacyclobutane complexes30. These complexes, however,
tend not to be stable, with only a handful of X-ray structures being reported in the
literature28-32,

The 2-oxametallacycles are characterized by two distinct doublets for Hg and Hp,
at 8 1.95 and 6.02 JHaup = 7.1 Hz) for X = CN, § 2.08 and 6.16 (Jgaup = 7.1 Hz)
for X = CHO, 8 1.96 and 6.07 (Jygup = 7.4 Hz) for X = NO2, § 2.16 and 6.18
(HoHp = 7.6 Hz) for X = CO,Me and & 2.23 and 6.22 Jgaqup = 7.6 Hz) for X =H.
These data are similar to those previously reported by Schrock for the analagous
metallacycle formed upon the addition of pentafluorobenzaldehyde to (1)28. The Hp
resonances are shifted downfield compared with those in MC3 metallacyclobutanes,
formed by addition of an olefin to (1), presumably due to the presence of the electron
withdrawing oxygen atom. An analogous metallacycle can also be observed for the
addition of benzaldehyde to the neophylidene initiator Mo(NAr)(CHCMe2Ph)(O-t-Bu)2
(8 Hg = 2.72, Hp = 6.07, Jyaup = 6.8 Hz), as shown in equation 2.7. Selected data
for all these metallacycles are given in table 2.2.

For the reaction of (1) with p-MeaNCgH4CHO, no 2-oxametallacycle
intermediate could be observed; only slow conversion of (1) to (2) over a pericd of

approximately 40 minutes at room temperature. This is consistent with the finding that
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metallacyclobutanes are stabilized by electron withdrawing substituents on the ring, and

is discussed in the following section28.33,

NAr NAr
Bu-t-Oﬂa,,,.IEEbg C<CM62Ph ﬂu
Bu-t—Oy ‘ H woos- MO -

MeyCOV /

Me,CO

@ CHO B, @7

metallacycle | R | Hg | Hq |CAMes | OCMe3; | CHMez | CHCMeaR
X=H Me | 6.22 {223} 4.21 1.54 1.32 1.14
1.45
X=H Ph | 6.07]272] 4.20 1.48 not 1.66
1.43 | located 1.58
X=CN Me | 6.02{ 195} 4.11 1.48 1.31 1.04
1.42 1.29
X=CHO* |Mel 616|208 415 | 151 | 133 | 110
1.44 1.30
X=NO; |Me} 607196} 4.11 1.49 1.31 1.06
1.44 1.29
X=COMeb | Me | 6.18 { 2.16 | 4.20 1.52 not 1.12
1.45 located

Table 2.2 Selected !H NMR data (CsDs) for metallacycles of
the type Mo(NAr)(CH(CMezR)CH(CgH 4X)O)(O-1-Bu)3.
8 CHO resonance of metallacycle at 9.68 ppm.
b COsMe resonance of metallacycle at 1.73 ppm.
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2.5 Solution Stability of 2-Oxametallacycles.

Analysis of the olefinic product (p-XCgHsCH=CHCMe3R, R = Me, Ph) formed
upon the decomposition of the various 2-oxametallacycles in CgDg reveals it to be
solely trans, as determined by coupling constants of approximately 16 Hz in the 250
MHz !H NMR spectrum (see table 2.1). No cis olefin could be detected, suggesting
that a trans metallacycle decomposes only to give the trans olefin product. In the
reaction of (1) with pentafluorobenzaldehyde28, approximately 6% cis metallacycle has
been observed, decomposing to give 6% cis olefin product (possessing a
correspondingly lower 3Jyy coupling constant of approximately 12 Hz). Again this
suggests that a cis metallacycle decomposes to give only cis olefin product, with no
significant amount of aldehyde being lost (degenerate metathesis) from the metallacycle
of either isomer.

The overall mechanism for the capping reaction is shown in figure 2.510, An
initial aldehyde-metal interaction occurs (A), similar to that proposed for addition of an
olefin to (1), possibly initially bonded via donation of a lone pair of electrons from the
oxygen atom to the metal rather than donation from the C=0 = system. This
subsequently rearranges to form an as yet unobservable 2-oxametallacycle where the
MOC,; ring spans both axial and equitorial positions (B). For the olefin to be ejected
from the metal centre, the metallacycle must adopt the correct geometry for olefin loss
(D), by undergoing a Berry pseudorotation about the M=N bond. This rearrangement
necessitates passing through the spectroscopically observed square pyramidal

metallacycle (C).
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Although a detailed kinetic analysis of the rate of ring opening of the
2-oxametallacycles described here has not been undertaken, it can be noted qualitatively
that for metallacycles derived from the neopentylidene initiator (i.e posessing an o
t-butyl group) each can be obserQed in solution in CgDg (0.02M) for approximately 40
minutes at room temperature before conversion to the oxo-imido species (2) is
complete. However, the metallacycle formed from the neophylidene initiator is still

observable in CgDg solution (0.02M) for over 50 minutes at rcom temperature. This

increased stability of the 2-oxametallacycle upon changing from the neopentylidene to
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neophylidene initiator is again consistent with recent results published by Schrock and
co-workers10.28, where the rate of decomposition of the « t-butyl containing
metallacycle Mo(NAr)(CH(CMe3)CH(CgFs5)0)(O-t-Bu)z (6.7 x 104 5! at 35.1 °C)
was found to be approximately 25 ames faster than the rate of decomposition of the
corresponding neophyl analogue Mo(NAr)(CH(CMerPh)CH(CgFs5)0)(O-t-Bu)z (0.25
x 104 s-1 at 35.0 °C).

This stabilization of 2-oxametallacycles (and presumably C3 analogues) by
electron withdrawing groups and bulky Cq alkyl groups can be rationalized with
reference to figure 2.5. Bulky groups hinder rotation of the ligands, especially in
structure D of figure 2.5 where the bulky imido and alkyl groups are in close contact,
thus slowing down formation of the metallacycle with the correct geometry for olefin
loss. If the energetics of aldehyde binding to the metal centre is important, aldehydes
with electron withdrawing groups will bind less strongly and hence also help to
stabilize the metallacycle.

Also consistent with earlier findings is the observation that the metallacycle
formed by the reaction of (1) with p-CNCgH4CHO appears to decompose more rapidly
(within 30 minutes) in the presence of two equivalents of dimethoxyethane, suggesting

that coordinating solvents may play an important role in metallacycle break up.

2.6 End-Capped Polymers via Reaction with
Substituted Bemzaldehydes.

For a successful capping reaction, the functionality must be intreduced with
negligible broadening of the molecular weight distribution of the resultant polymer.

Table 2.3 gives the results of gel permeation chromatographic analyses for a
series of para-substituted phenyl end-capped polynorbornenes, formed by the reaction
of Mo(NAr)(CH-t-Bu)(O-t-Bu); (1) with 100 equivalents of norbornene in toluene
followed by capping with a p-substituted benzaldehyde. The resultant polymers were

precipitated twice from methanol, dried in vacuo, and in each case isolated in greater
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than 95% yield. A typical GPC irace for a 100-mer 