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Abstract

The compound [RhIr(CO),(1-CCPh)(dppm),]{X] (X = BF,, 2a; X = O,SCF;, 2b;
dppm = Ph,PCH,PPh,) is an "A-frame" species in which the bridging phenylacetylide
group is o-bound to iridium and m-bound to rhodium. Reaction of compound 2 with
hydride yields [RhIr(H)(CO),(1-CCPh)(dppm),] (6), which rearranges to give the
phenylvinylidene complex [RhIr(CO),(L-CCHPh)(dppm),] (7). Phosphines, olefins, and
alkynes bind terminally to iridium, yielding compounds of the type [RhIr(CO)L(L)-
(u-CCPh)(dppm),][0O,SCF,] (L = PR;, olefin, alkyne). Addition of terminal alkynes or
dihydrogen results in oxidative addition at the iridium centre, yielding [RhIr(X)(CO),-
(1-H)(u-CCR)(dppm),][0,SCF;] (X = CCPh, H; R = Ph, Me). Addition of allyl bromide
also results in oxidative addition, followed by rearrangement to the allylvinylidene complex
[RhIrBr(CO)(u-C=C(Ph)CH,CH=CH,)(1-CO)(dppm),}[X] (X = BF,, 28a; X = O,SCF,,
28b), in which the olefinic moiety of the bridging vinylidene ligand is coordinated to
rhodium.

Addition of allyl bromide to 2 in the presence of a silver salt results in the formation
of the m-allyl complex [RhIr(’-CH,CHCH,)(CO),(u-CCPh)(dppm),l[X], (X = BF,,
36a; X = O,SCF;, 36b). Addition of halide causes rearrangement to the allylvinylidene
complex, while other nucleophiles attack the central carbon of the allyl, forming the
iridacyclobutane complexes [RhIr(CH,CHRCH,)(CO),(1-CCPh)(dppm),] [X] (R = PMe;,
[X] = [BF,),, 37; R = H, [X] = [0,SCF;], 38; R = CN, [X] = [O,SCF;], 39).

Treatment of 2 with an excess of carbon disulphide leads to the formation of a
number of species, including [RhIr(CO)(M":n*-CC(Ph)SCSCS,)(1-CO)(dppm),][BF,]
(40) and [RhIr(CO)(SCSCS,)(1-CCPh)(u-CO)(dppm),][BF,] (41). In both these

complexes, two molecules of carbon disulphide have condensed in a "head-to-tail” fashion;



in 40, the resulting C,S, fragment has also coupled with the alkynyl ligand to form a
thiovinylidene ligand. Addition of butyl isothiocyanate to 2 results in the formation of
[RhIr(CCPh)(CO),(1t-SCN"Bu)(dppm),][BF,] (43), which rearranges to the oxidative
addition product [RhIr(CCPh)(CN"Bu)(CO)(it-S)(u-CO)(dppm),][BF,] 44).

The two isomeric compounds [Ir,(CO),(1-n'm'-MeO,CC=CCO,Me)(dppm),] (46)
and [Ir,(CO),(1-1%M>-Me0,CC=CCO,Me)(dppm),] (47) differ primarily in the orientation
of the alkyne ligand. The air-sensitive 46 reacts readily with a number of reagents at the
external face of one iridium centre. The stable 47 reacts only with HBF, to give the vinyl-
bridged species [Ir,(CO),(m'm>-Me0,CC=CHCO,Me)(dppm),][BF,] (5§3). Several vinyl
species of the type [IrZ(CO)n(T]‘-RC:CHR')(dppm)z][BF4] (R, R'=CO,Me, CO,Et, Ph; n

= 3, 4) were also prepared.
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Chapter 1

Introduction

Altering the reactivity patterns of various substrates through coordination to metal
centres is a common theme throughout organometallic chemistry. Much work has been
devoted to the activation of normally unreactive molecules, such as dinitrogen,' carbon
dioxide,” and saturated hydrocarbons,® and to the stabilization of highly reactive species,
such as methylene,* vinylidene,® cyclobutadiene,® and benzadiyne.” Much attention has
also been paid to the control of metal-catalyzed processes, with respect to tuning the
conditions and the catalysts in order to influence the product distribution and structure,
particularly in the formation of chiral organic products.® Whereas the formation and
stabilization of highly reactive molecules is of interest mainly from a purely scientific
viewpoint, the use of transition metal organometallics to convert cheap feedstocks such as
air, water, coal, and natural gas into much more valuable commodities such as fertilizers,
fuels, solvents, and plastics is vital for many industries. Also, the importance of
physiologically active chiral compounds, synthesized through asymmetric catalysis, cannot
be ignored.’

A wide range of transition metal complexes have been used for effecting these
transformations, as different metals can act upon substrates in different ways. Early to mid
transition metals, such as zirconium, chromium, and especially titanium, greatly enhance
the polymerization of ethylene by triethylaluminum in the Ziegler growth reaction,'® and
complexes of these metals are used as catalysts in Ziegler-INatta polymerization. Addition
of nickel to the Ziegler catalyst, however, causes the premature termination of chain
growth, resulting in the quantitative conversion of ethylene to 1-butene. Similarly, in the
well-known Fischer-Tropsch reaction, late transition metals are used to catalyze the

conversion of carbon monoxide and hydrogen into various hydrocarbons." Here, the



differing effects of different metals become obvious, with the product distribution changing
drastically with the metal catalyst used. Whereas nickel favours the formation of small
molecules, resulting mainly in the production of methane, cobalt gives larger linear alkanes,
iron gives a mixture of linear alkenes and oxygen-containing organic products (such as
methanol, acetaldehyde, and ethanol), ruthenium favours the production of high molecular
weight hydrocarbons, and rhodium gives a mixture of hydrocarbons and oxygenates.
These metal complexes are able to substantially alter the reactivity of the respective
substrates because bonding with a metal centre changes the electron distribution within the
substrate molecule, and the different electronic properties of the various metals will, of
necessity, have different effects upon the electronic environments of the ligands. Metal-
mediated bond activation of substrate molecules can be accomplished through donation of
electrons from a bonding molecular orbital on the substrate to a metal, or by the electron
donation from the metal into a substrate antibonding orbital. Donation from antibonding
and non-bonding orbitals on a highly reactive molecule or fragment to the metal can
stabilize these species, allowing them to exist long enough to undergo desirable reactions.
Even without directly breaking bonds, the change in electron distribution upon
coordination to a metal centre can have a significant effect on ligand reactivity. Even a
weakly electron-withdrawing metal centre can reduce the electron density on a ligand,
greatly increasing its susceptibility to nucleophilic attack or to deprotonation, whereas a
strongly electron-releasing metal centre will increase the nucleophilicity of a r-acidic
ligand. Changes in polarity can also have a strong influence on reactions which occur at a
ligand. For example, the alkynyl or acetylide anion ([RC=C:]), either when free or
coordinated to a main group metal such as sodium (or a d'° transition metal such as
copper(l)), has the negative charge localized mainly on the o-carbon, and it is at this carbon

that electrophilic attack invariably occurs.'> When coordinated to a normal transition metal,



however, o-donation to the metal reduces the electron density at C,_, while weak n-donation
from the metal to the T* antibonding orbitals of the ligand increases the electron density at
C;. Because of this reversal of polarity, mononuclear transition metal alkynyl complexes
react with electrophiles exclusively at the B-carbon, forming vinylidenes, whereas
nucleophiles attack the o-carbon to form alkyne complexes."

The change in reactivity patterns also depends on the coordination mode of the
ligand, since different coordination modes utilize different molecular orbitals, thus
changing the redistribution of electrons within the complex. Ligands in bridging positions
will often display pronounced differences in reactivity and stability when compared to the
same ligand that is terminally bound to a single metal. Terminal alkynyl ligands, as
mentioned above, will react with nucleophiles at the a-carbon. In binuclear complexes,
however, this ligand often adopts a o,m-bridging mode, in which a second metal centre
interacts with both carbons. In these cases, nucleophilic attack may occur at either
carbon." Similarly, complexes containing only terminal carbonyl ligands invariably
undergo electrophilic attack at the metal centre rather than at the carbonyl, unless extremely
oxophilic electrophiles are used. " In systems containing bridging carbonyls, attack at the
oxygen is more common.'® On the other hand, many ligands, such as carbides, which are
unstable when coordinated to only one metal centre can be stabilized when bridging
multiple metal centres."

The presence of adjacent metal centres can have further effects on the reactivity of
bound ligands. In addition to the increased number of possible coordination modes,
multiple metal centres can create new reactivity pathways simply by holding two or more
ligands in close proximity. The potential for metal-metal bonding can facilitate many
reactions; for example, reductive elimination with concurrent formation of a metal-metal

bond (as well as the reverse process — oxidative addition across a metal-metal bond) can



occur without changing the formal electron count at either metal. Electronic unsaturation
due to ligand loss can also be alleviated by donation of electron density from neighboring
metal centres, either through dative metal-metal bonds or through internal redox processes.

The reactivity differences found between mononuclear and multinuclear systems
has sparked great interest in binuclear systems, which are the simplest in which metal-metal
cooperativity can be observed. These systems are much more easily characterized than the
higher nuclearity clusters and can be used as models to understand the more complex
systems.

The diphosphine ligand bis(diphenylphosphino)methane (Ph,PCH,PPh,, dppm)
has been found to be a useful and convenient ligand in binuclear chemistry.'® This ligand
has a bite distance which is appropriate for holding two metal centres within bonding
distance. Unlike diphosphines of the type R,P(CH,),PR, (n > 1), which readily chelate
single metal centres,"” dppm is unstable as a chelating ligand. Complexes containing
chelating dppm ligands (such as [Mo(n*-dppm)(M'-dppm)(CO);1,* [ReCl(n*-dppm)-
(M'-dppm)(CO),1,*' and [RhCl(1*-dppm),])** tend to react readily with other metal sources

(such as [Rh,(CO), (-Cl),]) to form binuclear complexes, as illustrated below, expanding
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the strained four-membered chelate ring into a larger five-membered ring, with the two
metals held at the correct distance to enable metal-metal bonding. This kind of ring-
expanding insertion reaction provides a convenient route for the synthesis of
heterobinuclear complexes. The phosphorus atoms in the dppm ligand also offer a
convenient spectroscopic tool for the characterization of these compounds, through the use
of NMR spectroscopy. The 100% abundant *'P nucleus is sensitive enough to be observed
without difficulty, and the observed couplings between phosphorus and other nuclei (such
as 'H, “C, and '®Rh) yield valuable information regarding the connectivity of the
complex.

In its steric and electronic properties, dppm is very similar to the ubiquitous
triphenylphosphine ligand, which is the main supporting ligand in such compounds as
Vaska’s compound ({IrCI(CO)(PPh,),])® and Wilkinson’s catalyst ([RhCI(PPh;);]).**
These compounds, as well as the various [MXL(PR;),] analogues (M = Rh, Ir; X = halide,
hydride, alkyl, or aryl group; L = CO, PR;, alkene, alkyne), have a rich and varied
chemistry, and have contributed greatly to our understanding of organometallic
processes.” For this reason, it has been of interest to many research groups to investigate
the dppm-bridged binuclear analogues of these group 9 metal complexes. Although early
work concentrated on the dirhodium® system, this was soon extended to the

2

diiridium®%#?¥ and the heteronuclear rhodium-iridium,”® rhodium-osmium,*** rhodium-

22,30 21.22.31 20,22,282.32

manganese, and rhocium-rhenium systems, as well as many others.

The heteronuclear systems have been found to show reactivity that is distinct from
their homonuclear analogues. For example, in the reaction of the neutral
[MM'(CO),(dppm),] (M, M' = Rh, Ir) with the electrophile methyl triflate, products with
three distinct structures were formed. In the heteronuclear compound, the methyl triflate

adds to the iridium centre, forming a methyl tricarbonyl complex, with the alkyl group



f This is in contrast to all other rhodium-containing

terminally bound to iridium.?
heterobinuclear alkyl complexes synthesized in this research group, all of which have the
alkyl fragment bound to rhodium.?®*%31®-32% [p the dirhodium system, the alkyl group
migrates onto one of the carbonyl ligands, forming a bridging acyl moiety,” whereas in the
diiridium system, C-H activation of the methyl group occurs, forming a methylene-bridged
hydrido complex.®" The differences in the reactivity in the three systems prompted us to
investigate the reactivity of heterobinuclear complexes containing other organic ligands.
The ligand chosen for this project, to be described in the first part of this thesis, is
the alkynyl ligand, which has been well-studied in mononuclear chemistry.* As previously
mentioned, transition-metal-coordinated alkynyl ligands are prone to both electrophilic and
nucleophilic attack, leading to the formation of m-alkyne complexes (from addition of
nucleophiles to the a-carbon of the alkynyl moiety) or vinylidene complexes (from
electrophilic attack on the B-carbon of the alkynyl ligand)."” Vinylidene complexes can also
result from migration of ligands from a metal centre to the B-carbon of the alkynyl.** The

attack of electrophiles and nucleophiles at alkynyl ligands is shown schematically below.

i
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In addition, the alkynyl ligand has also been observed to couple with unsaturated
molecules, such as vinylidenes,* CS,,” and isocyanates,” to give products resulting from
cycloaddition. The coupling of alkynyl complexes with vinylidene ligands is of particular
interest in light of the ready conversion of alkyny! to vinylidene groups. Thus, the addition
of an electrophile can induce coupling between an alkynyl ligand and another compound, as

shown below 3¢
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Coupling of alkynyl ligands with other organic fragments can also occur via the

more common pathways of insertion or reductive elimination, such as those shown

below.”
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The reactivity of the alkynyl ligand is more complex in multinuclear systems. Like
the ubiquitous carbonyl ligand, to which it is isoelectronic, the alkynyl ligand can adopt one
of several coordination modes in a complex containing more than one metal centre.*® The

common modes observed in a heterobinuclear system (M # M") are diagrammed below.
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In structure A, the alkynyl group is terminally bound to either metal M or M” in an
n' coordination mode, and, to a first approximation, resembles a mononuclear system.
The direct involvement of the second metal can occur as shown in the other modes. In
structure B, the alkynyl group functions as a two-electron donor to the pair of metals,
much as in a symmetrically-bridging carbonyl. When the alkynyl group functions as an
asymmetric bridge, as in C or D, it behaves as a two-electron donor to one metal, via the
M-C o bond, and as a two-electron donor to the other via the m-interaction. However, the
above structural analogy between -C=CR and CO should not be extended too far into
electronic effects, since it is generally accepted that, unlike carbonyls, the alkynyl group
has weak m-acceptor capabilities in the '~ binding mode.*

The different coordination modes of the alkynyl ligand are expected to give rise to
differences in the reactivity patterns of this group. Whereas 1n'-bound alkynyl ligands, as
previously explained, react with nucleophiles exclusively at the o-carbon, complexes
which contain o,m-bridging alkynyl ligands have been shown to react with nucleophiles to
give products derived from addition to either carbon, depending on the nucleophile, as
diagrammed below."* Addition of phosphites was shown to take place exclusively at the
a-carbon (yielding the n':n' alkyne complex), whereas phosphines and certain amines
gave only vinylidene (or vinylidene-derived) products. Other nucleophiles, such as

cyclohexylamine, gave products derived from both ct- and B-attack.



Ph_ .
e
c _
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(OC)sFe Fe(CO)
N, NEf
Ph,
Ph_ X
H;?
HX c X = NEt
PN 2
oh. - (OC)3Fe\ P/Fe(CO)a NHCy
}c Phe
N
(OC)sFe Fe(CO)s
Phg Hame—c”
HX (OC)4F: { i C\Fe(CO) X = NHC
— 3 3 = y
e\P —
Ph,
Formal charges not shown
Ph\ /L

/ \
(OC)3F Fe(co); L =P(OEt);
e\P —
Pha
Another group of alkynyl-bridged complexes which have shown interesting

reactivity is the dirhodium A-frame species [Rh,(CO),(u-CCR)(dppm),][CIO,}] (R = H,

‘Bu, Ph).* These dirhodium complexes, as diagrammed below, react with nucleophiles

T e

e e

5 C/R|h th\c o o C/RIh th\co
P\/P P\/P

R = H, Ph, ‘Bu L = PPh;, PMePh,
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such as hydride and phosphines to form vinylidene complexes. The phenylvinylidene
complex has been independently prepared, and has been shown to catalyze the
disporportionation of alkynes.* Thus, it was of interest to us to attempt to extend this
chemistry to the heterobinuclear analogue [RhIr(CO),(u-CCPh)(dppm),]*, which may
display different chemistry due to the change in metal centres. The investigation of this
complex and its reactivity is the main topic of this thesis.

Although the desired heterobinuclear alkynyl-bridged A-frame complex has not
been previously reported, the closely related tricarbonyl cation [RhIr(CO),(1-CCPh)-
(L-CO)(dppm),]* (1) is known, and has been prepared in two ways, as shown below. The
research group of Shaw®®*® prepared this complex as the chloride salt through the

transmetallation reaction of a binuclear iridium-silver phenylacetylide complex with a

P P cPh P
. o
| e | |
cl—Ag /Ir/ oc—Rh o~ Ir— CH,
| o l o°/
P P P P
\/ \/

1/2 [ha(CO)4$& / HC=CPh
-AgCl -CH
g PP/h\P ——l + 4
=
Rh/ c\l
o
P P
\/
1

rhodium source. Despite the high yield reported in this reaction, the complex was

oC r co

incompletely characterized by this research group, and was assumed to be a dicarbonyl
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species. Compound 1 (with a triflate counterion) was also prepared independently in our
research group by the reaction of the heterobinuclear alkyl complex [RhIr(CH;)(CO);-
(dppm),][O,SCF,] with phenylacetylene.” Compound 1 was found to react with an
excess of phenylacetylene with loss of one carbonyl, in which it was proposed that the
carbonyl loss occurred prior to alkyne addition. It therefore seemed likely that the
proposed intermediate dicarbonyl species could be isolated and characterized.
Furthermore, the targeted alkynyl-bridged dicarbonyl species is analogous to a number of
related A-frame species,”®*** which have been shown to be well behaved, yet have
displayed a wealth of chemistry. In this thesis, the reactivity of the above alkynyl-bridged
A-frame with a number of substrates will be reported, in an effort to determine the sites of
nucleophilic and electrophilic attack, and to investigate the possibility of effecting carbon-
carbon bond forming reactions with the alkynyl ligand.

In a second project, we have investigated the effect of coordination mode on the
reactivity of alkyne complexes. Transition metal complexes containing alkynes have been
shown to undergo a wide range of reactions,* including insertions,*” condensations,* and
rearrangements to alkynyl or vinylidene complexes.**

In mononuclear complexes, the bonding between an alkyne and a transition metal
centre can be adequately described by the Dewar-Chatt-Duncanson model, originally

proposed to explain olefin coordination.”® In this model, -donation from the alkyne to the

c-donation to metal 7 backdonation to alkyne
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metal centre is accompanied by n-backdonation from the metal to the alkyne nt* antibonding
orbitals. This synergic bonding, combining both donation and acceptance of electron
density, is similar to that proposed for carbonyls, and is common throughout
organometallic chemistry.

In addition, the alkyne molecule has a second set of m/m* orbitals, perpendicular to
the first, which can also be involved in metal-alkyne bonding, as shown below.”’ Whereas
n-donation from this orbital to an electron-poor metal centre is relatively common,

backdonation (which would arise from a 8 overlap) is weak and can normally be ignored.

mt-donation to metal d-backdonation to alkyne
In a polynuclear system, other coordination modes are possible, owing to the
possibility of interaction with more than one metal centre. The most common bonding

modes in binuclear systems are diagrammed below.’* In the first (structure A), the alkyne

A== r>< R: .
l\£ -------------- M M/ ....... o T M
A B Cc

interacts with only one of the two metal centres, much as is seen for mononuclear systems.
In structure B (the u-1*n? coordination mode), the two sets of m/m* orbitals on the alkyne

interact independently with the two metal centres, thus acting as a neutral, four-electron
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donor. Finally, in the n'/m' bridging mode (structure C), the two alkyne carbons each
bond to a different metal; in this bridging mode the alkyne can be viewed as either a neutral
2-electron donor or a dianionic four-electron donor.

Because the alkyne ligand can act as a neutral 2 or 4 electron donor in the different
coordination modes, this group can change coordination modes in order to satisfy the
electronic requirements of the metal centres. Addition or removal of an ancillary ligand,

such as CO, can induce a change in the coordination of the alkyne, as shown below.”

F3C CF3 Fa CFs
(0C)sRU———— Co .~ = (OC)3R Co opn
o
F3G CF3 F3 CF3
c o -CO N
P-ah Rhz-~C — _RhT——Rh__ .
0

In both cases, loss of a carbonyl from a saturated complex (followed by migration of a
second carbonyl to a bridging position) results in a 17-electron configuration at each metal.
Rotation of the alkyne ligand increases the electron count at each metal by 1, alleviating the
unsaturation.

In a few reported systems, diagrammed below, both bridging modes have been
observed within the same system without change in ancillary ligands.’®** Rather, the
change in coordination of the alkyne is accompanied by change in metal-metal bonding,
which allows each metal to attain a favourable electron configuration. Although both
isomers of [MnRh(CO),(u-RC=CR)(dppm),] (R = CO,CH,, CF;) contain a metal-metal

bond,*® it must be noted that this is a dative bond in the n'm' isomer (giving the Mn/Rh
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system a stable 18/16 electron configuration), and a normal covalent bond in the n'm?

isomer (resulting in an 18/18 electron configuration).

R R R
* * Cp.
Cp — c
N P - CPpia e
Re—————Re R A

e
. —~ Re .
AN ;e ION ¢ Co
oC ¢ o : c. O
o o ¢ o
o)
P/\P . R
R R c°

-

L L e
) I i

°© P/\\/PU

In the rhodium-manganese®® and the dirhenium®™ systems, the two isomers are of
comparable energy, and exist in equilibrium. Protonation of the two isomers of the
rhodium-manganese alkyne complex leads to the formation of different hydrido complexes,
both of which rearrange to form the vinyl complex [RhMn(n'-CR=CHR)(CO),(dppm),]-
[BF,]. In the diiridium system,** the 'n' isomer is metastable, and slowly undergoes an
irreversible rearrangement to the n*m* isomer. The conversion is sufficiently slow that
both isomers can be obtained free from each other. Thus, it should be possible to

investigate and compare the reactivity of the two isomers of [Ir,(CO),-
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(u-CH,0,C=CCO,CH,)(dppm),]. The two isomers in each system are expected to display
different reactivity patterns, not only due to the differences in bonding to the alkyne, but
also due to the differing geometries and formal oxidation states of the metal centres. In the
diiridium system, the ':n' isomer contains two square planar 16-electron iridium centres,
and would be expected to undergo electrophilic attack and ligand addition much as occur in
the mononuclear analogues [Ir(X)(CO)(PPh3)2]B'25 and related A-frames such as [Ir,(CO),-
(u-S)(dppm),]** and [Ir,(CO),(u-I)(dppm),][BF,].*® The n*n? isomer, on the other hand,
contains Ir(0) centres which are coordinatively saturated with eighteen valence electrons.
Also, each iridium is in a distorted trigonal bipyramidal arrangement, with a carbonyl and
the other iridium occupying the axial sites, which should result in reduced reactivity due to
steric congestion. Thus, we have undertaken to investigate the reactivity of the two
isomers of [Ir,(CO),(1-CH;0,C=CCO,CH,)(dppm),] towards a number of reagents, to
determine how the difference in coordination mode of the alkyne will affect the complex.
To the best of our knowledge, no study reporting reactivity differences between such

isomers has been reported.
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Chapter 2
Addition of Small Molecules to Alkynyl Complexes

Introduction

Our understanding of organometallic processes, particularly involving late transition
metals, in both stoichiometric and catalytic reactions, has benefitted greatly from studies of
d®, square planar complexes such as RhCI(PPh;), and IrCI(CO)(PPh,),.! One series of
analogous complexes, in which the chloro ligand is replaced by an anionic organic group,
such as an alkyl, aryl or related group, presents an interesting extension to the chemistry.
Not only can the electronic influence of this group give rise to interesting reactivity changes
at the metal,'®? but C-C bond formation is also possible through migratory insertion
reactions involving carbon-containing substrates and the anionic, organic ligand.’

Our interest in the above systems, involving ligands such as alkyl, aryl, and alkeny!
groups,* has centered on binuclear complexes in which the adjacent metals can somehow
interact in a cooperative manner when activating organic substrates. Binuclear complexes
of this type are members of the so-called “A-frame™ series, in which the metals are bridged
by a single ligand in addition to the diphosphine groups, which are mutually frans on each
metal.

One organic group that we have chosen to investigate is the acetylide or alkynyl
ligand (-C=CR), for which a variety of organic transformations has been demonstrated,
including cycloaddition,® carbon-carbon bond formation,” and transformations to
vinylidenes® — themselves useful precursors for further organic transformations.” The
alkynyl ligand is isoelectronic with the carbonyl group and displays some of the same
structural diversity'® of this ubiquitous group. As noted in Chapter 1, the alkynyl group,
when in a binuclear complex, can bind terminally to on metal, as shown in structure A, or

it can adopt one of the bridging modes shown in structures B - D.
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In this chapter we present the first of our studies on the chemistry of the
phenylacetylide-bridged compound, [RhIr(CO),(u-CCPh)(dppm),][O;SCF;] (2), in which
we concentrate on determining the roles of the different metals in the reactivity of this

species, in which the alkynyl group binds as shown in structures C or D.

Experimental

All solvents were distilled over appropriate drying agents (sodium/benzophenone
for THF, ether, benzene, and pentane; phosphorus pentoxide for halogenated solvents)
before use. Reactions were done at ambient temperature using standard Schlenk techniques
(under either dinitrogen or argon) unless otherwise stated. Prepurified dinitrogen, argon
and carbon monoxide were purchased from Praxair Products, Inc., allene was obtained
from Canadian Liquid Air Ltd., and dihydrogen was purchased from Linde. All gases
were used as received. Ammonium hexachloroiridate(IV) and potassium
hexachlororhodate(TIIT) were obtained from Vancouver Island Precious Metals; hydrated
rhodium trichloride was purchased from Colonial Metals. The compounds
[IrAgCI(CCPh)(CO)(dppm),],"' [Rh,(C0),CL]" and [Rh,(COD),Cl,]"’ were prepared by
literature methods. Dimethyl acetylenedicarboxylate (DMAD, obtained from Aldrich) and
deuterated solvents (obtained from Cambridge Isotope Laboratories) were distilled and

stored over molecular sieves. The previously reported® compound [RhIr(CO),(CCPh)-
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(dppm),][Cl] (1) was prepared by a variation on Shaw’s method,'' as outlined below. All
other reagents were obtained from Aldrich, and were used as received.

NMR spectra were obtained on either a Bruker 400 MHz spectrometer (operating at
100.614 MHz for *C, 161.978 MHz for *'P, and 376.503 MHz for '°F) or a Bruker 200
MHz spectrometer (operating at 50.323 MHz for '>C, and 81.015 MHz for *'P). Infrared
spectra were run on either a Perkin Elmer Model 1600 FTIR or a Nicolet Magna-IR 750
spectrometer as either solids (Nujol mulls on KBr disks) or solutions (KCI cell with 0.5
mm window path length). Elemental analyses were conducted by the microanalytical
service within the department. Spectroscopic data for all compounds are given in Table

2.1.

(a) Preparation of [RhIr(CO),(u-n':n*-CCPh)(dppm),][Cl] (1). A solid sample
of [IrAgCl(CO)(CCPh)(dppm),] (198.5 mg, 160.9 pumol) was placed in a flask with
[Rh,(C0),ClL,] (33.0 mg, 84.9 umol) and 10 mL of CH,Cl,. The solution was stirred for
1/2 h, during which time it changed from a red solution to a brown suspension. Filtration
resulted in a clear red solution. The solvent was reduced to 2 mL under a stream of CO,
and the product precipitated by the addition of 20 mL of ether. The resulting brown
precipitate was then washed twice with 10 mL of ether, and dried under nitrogen. It was
shown by its proton and phosphorus NMR spectra to be analogous to the previously

reported triflate salt.* Yield 193.0 mg (93%).

(b) Preparation of [RhIr(CO)z(p.-n‘:nz'-CCPh)(dppm)z][03$CF3] (2) (Method
1). A solid sample of [IrAgCI(CO)CCPh)(dppm),] (0.970 g, 789.4 pmol) was placed in
a flask with [Rh,(CO),Cl,] (154.0 mg, 396.1 pmol) and 60 mL of CH,Cl,, yielding a

brown-red mixture which was stirred for 1/2 h, followed by addition of 5 mL of a THF
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solution of AgO,SCF; (215.0 mg, 836.8 umol) via cannula. The solution was filtered
after a further 30 min of stirring, then the solvent was removed in vacuo. The resulting
solid was dissolved in 5 mL of CH,Cl, and 20 mL of THF, and the solution was refluxed
for 2 h. The solvent was reduced to 10 mL, and the product was precipitated by the
addition of ether (60 mL). The red product was then washed three times with 10 mL
aliquots of ether. Yield: 0.970 g (90%). Calc for C,H,,O,P,RhIrF,S: C 53.47%, H

3.60%; found: C 53.72%, H 3.58%.

(Method 2). A solid sample of [IrAgCl(CO)(CCPh)(dppm),] (1.500 g, 1.220 mmol)
was placed in a flask with [Rh,(COD),Cl,] (267.0 mg, 608.1 umol) and 30 mL of CH,Cl,.
The resulting brown-red mixture was stirred for 1 h, then an atmosphere of CO was placed
over the solution. After a further 15 min of stirring, 5 mL of a THF solution of AgO,SCF;
(310.0 mg, 1.207 mmol) was added via cannula. The solution was filtered after a further
30 min of stirring, then the solvent was removed in vacuo, leaving a red residue which was
redissolved in a mixture of CH,Cl, (10 mL) and THF (10 mL). Addition of pentane (55
mL) precipitated the product, which was washed with three 20-mL aliquots of pentane.
The solid was dissolved in 10 mL of CH,Cl, and 40 mL of THF, and the solution was
refluxed for 2 h. The solvent was removed in vacuo, and the product was recrystallized
from CH,Cl,/ether (10:60 mL). The red product was then washed three times with 10 mL

aliquots of ether. Yield: 1.340 g (80%).

(¢) Reaction of [RhIr(**CO),(t-n*n*-CCPh)(dppm),]1[O,SCF,] (2) with CO.
An NMR tube was charged with compound 2 (20.0 mg, 14.6 pmol) containing "*C-
enriched carbony! ligands and 0.4 mL of CD,Cl,. The sample was cooled to -80 °Cin a

dry ice-acetone bath, and an excess (= 2 mL, 80 umol) of 2CO was added via gas-tight
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syringe, causing a colour change from red-purple to yellow. The *'P{'H} and “C{'H}
NMR spectra of this sample, run at -80 °C, showed complete conversion of 2 to
[RhIr(*CO)(CO)(u-n':n*-CCPh)(u-*CO)(dppm),][0;SCF;] (1), with the “C-carbonyl

occupying the terminal position on iridium.

(d) Preparation of [RhIr(CO),(PMe,)(u-n"n*-CCPh)(dppm),][O,SCF,] (3).
Compound 2 (20.7 mg, 15.1 pmol) was placed in a flask with 1 mL of CH,CL,.
Trimethylphosphine (1.6 pL, 16 pumol) was added via syringe, causing a colour change
from purple-red to orange. After the solution had stirred for 30 min, the orange product
was precipitated by the addition of 10 mL of Et,0. This was washed with three 5 mL
aliquots of ether, then dried, first under nitrogen, then under vacuum. Yield: 14.7 mg
(67%) Calc for for C¢ HOP,RhIrF,S: C 53.15%, H 4.04%; Found: C 52.89%, H

3.75%

(e) Preparation of [RhIr(CO),(PMe,Ph)(u-n':n*-CCPh)(dppm),][O;SCF,]
(4). Compound 2 (90.6 mg, 66.1 pmol) was placed in a flask with 5 mL of THF.
Phenyldimethylphosphine (9.5 pL, 67 pmol) was added via syringe, causing a colour
change from purple-red to brown, accompanied by the formation of a small amount of
precipitate. After 30 min of stirring, 25 mL of ether was added to complete precipitation.
The flocculent orange-brown solid was washed three times with 5 mL of ether, then dried,
first under nitrogen, then under vacuum. Yield: 80.4 mg (81%) Calc for

CgH,OP.RhITF;S: C 54.95%, H 4.01%; Found: C 55.20%, H 3.87%.

(f) Preparation of [RhIr(CO),(1-SO,)(-n':n*-CCPh)(dppm),][O,SCF,] (5).
Compound 2 (30.7 mg, 22.4 pmol) was placed in a flask with 2 mL of THF and an
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atmosphere of SO, was placed over the solution, resulting in a colour change from red-
purple to red-brown. After 15 min of stirring, 20 mL of ether was added, resulting in the
formation of a flocculent orange precipitate. This was washed twice with 10 mL of ether.
Yield: 12.0 mg (37%). Calc for C¢,H,,O,P,RhIfF,S,: C 51.09%, H 3.44% S 4.47%:;

Found: C 51.03%; H 3.07%; S 4.70%.

(g) Reaction of [RhIr(CO)z(u-nl:nz’-CCPh)(dppm)z][O3SCF3] with
LiBH(Et),. An NMR tube was charged with compound 2 (20.1 mg, 14.7 umol) and 0.5
mL of dS-THF. The sample was cooled to -80 °C in a dry ice-acetone bath, and
superhydride (1.0 M solution of LiBH(Et), in THF; 15 pL, 15 pumol) was added via
syringe, causing a colour change to yellow brown. The NMR spectra at -60 °C showed
complete conversion to 6a. Further warming to -20 °C resulted in almost complete
conversion to 6b, along with a small quantity of 7a. Warming the sample to room
temperature caused it to change from brown to intense purple. The 3'P{'H} NMR of this

sample showed a mixture of 7a and 7b.

(h) Preparation of [RhIr(CO),(u-CCHPh)(dppm),] (7). A sample of compound
2 was dissolved in THF and cooled to -10 °C in a salt-ice bath. Superhydride (1 equiv)
was added, and the solution allowed to slowly warm to room temperature, causing a colour
change to intense purple. After the solution was stirred for 1 h at room temperature, the
solvent was removed under a steady stream of nitrogen, and the purple solid was extracted
into 5 mL of ether. This was filtered through Celite, and the solvent was removed under
vacuum. No elemental analysis could be obtained for this compound, due to its high air-

sensitivity.



34

(i) Preparation of [RhIr(CO)2(1']2-CH,_=CH2)(;,L-T'|':nz’-CCPh)(dppm)zl-
[0O,SCF;] (8). An NMR tube was charged with compound 2 (18.0 mg, 13.1 umol) and
0.4 mL of CD,Cl,. This was placed under an atmosphere of ethylene and cooled to -80 °C,
causing a rapid colour change to yellow. NMR spectroscopy showed complete conversion

to 8, however, ethylene was lost immediately upon warming, regenerating 2.

(j) Preparation of [RhIr(CO),(n*-CH,=C=CH,)(u-n":n*-CCPh)(dppm),]-
[0,SCF,] (9). An NMR tube was charged with compound 2 (18.0 mg, 13.1 umol) and
0.4 mL of CD,Cl,. Allene was passed over this solution, causing a colour change to
yellow. The 'H, *C{'H}, and *'P{'H} NMR spectra of this solution at -30°C showed
complete conversion to a mixture of 9a and 9b. This was not isolated in the solid state,

due to facile loss of allene.

(k) Preparation of [RhIr(CO),(n*-CH,=C=C(CH,),)(u-n":n*-CCPh)(dppm),]-
[0,SCF,] (10). A sample of compound 2 (75.0 mg, 54.7 pmol) was placed in a flask
with 5 mL of CH,Cl, and 5.4 pL (55 umol) 1,1-dimethylallene, resulting in a colour
change from red-purple to orange. This was stirred for 1/2 h, then precipitated by addition
of 20 mL of pentane. The resulting orange microcrystalline solid was washed twice with
10 mL aliquots of pentane and dried under nitrogen. This compound was not dried under
vacuum, due to facile loss of dimethylallene. The presence of one equivalent of
dichloromethane of crystallization was confirmed by elemental analysis and by X-ray
structure determination. Yield: 73.9 mg (89%). Calc for CgHyO,P,RhIrF;SCl,: C

52.83%, H 3.90%, Cl 4.66%; Found: C 52.65%, H 3.59%, C1 4.39 %.
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() Preparation of [RhIr(CO),(n*-CF,C=CCF,)(u-n'm*-CCPh)(dppm),]-
[0,SCF,] (11). A sample of compound 2 (40.0 mg, 29.2 pmol) was placed in a flask
and dissolved in 4 mL of THF. Hexafluoro-2-butyne was passed over the solution,
resulting in a change from red-purple to orange-brown. After the solution was stirred for 1
h, the solvent was reduced to 2 mL under a steady stream of nitrogen, and the product
precipitated by the addition of 15 mL of ether. The precipitate was washed twice with 10
mL of ether and dried under vacuum, giving a yellow microcrystalline powder. Yield: 30.5
mg (68%). Calc for CoH,,O,P,RhIrF;S: C 50.95%, H 3.22%; Found: C 50.85%, H

3.07%.

(m) Preparation of [RhIr(CO),(n*-CH,0,CC=CCO,CH,)(u-n"n*-CCPh)-
(dppm),][O,SCF,] (12). A sample of compound 2 (60.0 mg, 43.8 pmol) was placed
in a flask and dissolved in 3 mL of CH,Cl,. This was cooled to 0 °C with an ice bath, and
dimethyl acetylenedicarboxylate (DMAD) (5.6 uL, 46 umol) was added via syringe. The
resulting orange-brown solution was stirred for 30 min, then 20 mL of ether was added.
The resulting light brown powder was washed twice with 10 mL aliquots of ether, then
dried, first under nitrogen, then under vacuum. Yield: 47.3 mg (71%). Calc for

Co,HOP,RhITF;S: C 53.25%, H 3.60%; Found: C 52.98%, H 3.49%

(n) Preparation of [RhIr(CO),(n*-CH,C=CCO,CH,CH,)(u-n"n*-CCPh)-
(dppm),][O,SCF,] (13). An NMR tube was charged with compound 2 (17.4 mg,
12.7 umol) and 0.5 mL CD,Cl,, and ethyl 2-butynoate (1.5 uL, 13 umol) was added.
Cooling to -40 °C gave an orange solution which was shown by NMR spectroscopy to

contain almost pure 13. This solution reverted to 2 upon warming.
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(o) Preparation of [RhIr(CO),(n*-HC=CPh)(i-n":n*-CCPh)(dppm),]-
[O,SCF,] (14). An NMR tube was charged with compound 2 (18.4 mg, 13.4 pmol)
and 0.5 mL of CD,Cl,. The sample was cooled to -80 °C and treated with phenylacetylene
(1.6 mL, 15 pumol), forming an orange solution. This solution was shown by NMR
spectroscopy to contain pure 14. Upon warming to -60 °C, this solution was converted to
a 2:1 mixture of 14:2, and warming to -40 °C resulted in a 5:10:1 mixture of 14, 2, and
the previously reported [RhIr(CO)Z(CECPh)(;,L-H)([.J.-T\‘:’r]z'—CCPh)(dppm)Z][O3SCF3]4g

(19). Further warming gave complete conversion to 19.

(p) Preparation of [RhIr(CO),(n>-HC=CCH,(u-n"m*-CCPh)(dppm),]-
[O,SCF,] (15). An NMR tube was charged with compound 2 (14.6 mg, 10.7 mol)
and 0.5 mL of CD,Cl,. The sample was cooled to -80 °C and treated with propyne (450
pL, 18 umol). This solution was shown by NMR spectroscopy to contain about 10% of
compound 15. Upon warming to -60 °C, this compound was converted to 2, and
warming to 25 °C resulted in formation of [RhIr(CO),(C=CPh)(u-H)(n-n'm*-CCCH,)-
(dppm),][O;SCE;] (20).

(q) Preparation of [RhIr(CO),(n*-C,H,C=CCH,)(n-n"n*-CCPh)(dppm),]-
[O,SCF,] (16). An NMR tube was charged with compound 2 (i9.7 mg, 14.4 umol),
0.5 mL of CD,Cl,, and an excess of diphenylacetylene (5.0 mg, 28 umol). Cooling this
solution to -80 °C resulted in an orange-red solution which was shown by NMR to contain
an 5:1 mixture of 16 and 2. The diphenylacetylene ligand was lost upon warming,

regenerating 2.



37

(r) Preparation of [RhIr(CO)z(CH302CCECCOZCH3)(u-nI:nz'-CCPh)-
(dppm),]{O,SCF,] (17). A sample of compound 2 (89.9 mg, 65.6 umol) was placed
in a flask and dissolved in 10 mL of CH,Cl,. DMAD (9.1 puL, 74 umol) was added via
syringe. The resulting orange-brown solution ‘was stirred for 16 h, then the solvent was
reduced to 1 mL under a flow of nitrogen. Ether (20 mL) was added to precipitate the
product, which was then recrystallized from 1 mL of CH,Cl, and 20 mL ether, washed

twice with 10 mL aliquots of ether and dried under vacuum. Yield: 58.0 mg (58%).

(s) Preparation of [RhIr(CO)z(u-n’:T\"-CH:,OZCCECCOZCHs)(;,L-n':nz'-CCPh)-
(dppm),][O,SCF,] (18). A sample of compound 2 (99.3 mg, 72.5 umol) was placed
in a flask and dissolved in 15 mL of THF. DMAD (8.9 uL, 72 umol) was added via
syringe, and the resulting yellow solution was heated to gentle reflux. After 1 h, the
resulting red solution was reduced in volume to 5 mL and cooled to room temperature.
Ether (15 mL) was added, causing the precipitation of 18 as an orange powder, which was
washed twice with 10 mL aliquots of ether and dried in vacuum. Yield: 85.0 mg (78%).

Calc for C,H,,0,P ,RhIIE,S: C 53.25%, H 3.60%; Found: C 53.26%, H 3.73%.

(t) Preparation of [RhIr(CO),(C=CPh)(u-H)(-n':n*-C=CCH,)(dppm),]-
[0,SCF,] (20). A sample of 2 (40.6 mg, 29.6 pmol) was dissolved in 3 mL THF and
placed under 1 atmosphere of propyne, causing a colour change to brown. After stirring
for 1 h, 15 mL of pentane was added, giving a brown precipitate. This was redissolved in
1 mL of CH,Cl, and precipitated by the addition of 10 mL of ether and 10 mL of pentane.
The brown solid was washed twice with 10 mL of ether and dried. Yield: 29.0 mg (69%).

Calc for CyH,;O,P,RhItE,S: C 54.51%, H 3.79%; found: C 54.31%, H 3.55%.
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(u) Preparation of [RhIr(CO),(H)(1-CCPh)(u-H)(dppm),][O,SCF;] (21). A
sample of 2 (40.0 mg, 29.2 pumol) was placed in a flask and dissolved in 3 mL of THF.
Hydrogen gas was passed over the solution for 15 minutes, causing the solution colour to
change to brown. After 1 h of stirring, pentane (15 mL) was slowly added, giving a
yellow microcrystalline precipitate. This was washed twice with 10 mL ether and dried
under vacuum. Yield 33.3 mg (83%). Calc for Cg,H;O,P . RhIIF,S: C 53.46%, H

3.75%; found: C 53.20%, H 3.54%.

(v) Reaction of [RhIr(CO),(it-n":n'-CCHPh)(dppm),] (7) with HBF OEt,.
An NMR tube was charged with a solution of compound 7 (generated from 2 (19.5 mg,
14.2 umol) and LiHBEt, (15 puL, 15 pumol)) in 0.5 mL of CD,Cl,. The sample was cooled
to -80 °C in a dry ice-acetone bath, and HBF,*OEt, (2.0 pL, 15 pmol) was added via
syringe, causing a colour change from purple to yellow. The 3'P{'H} NMR spectra of this
sample, run at -60 °C, showed the formation of [RhIr(H)(CO)Z(u-n':n'—CCHPh)(dppm)z]-
[BE,] (22), along with a quantity of unidentified species (= 30%). Upon warming to
ambient temperature, compound 22 decomposed, forming a mixture of compounds, of

which only 1 (= 25%) could be identified.

(w) Preparation of [RhIr(C(COzcH3)=CHC02CH3)(CECPh)(CO)z(dppm)Z]
(23). A sample of 7 (prepared from 2 (44.4 mg, 32.4 pmol) and 33 pmol LiHBEt;) was
dissolved in 8 mL of ether. DMAD (4.0 l, 32.5 mmol) was added, resulting in a slow
colour change from purple to orange. After stirring overnight, pentane (15 mL) was
slowly added to complete precipitation. The orange solid was washed twice with 10 mL
pentane and dried under vacuum. Yield 29.0 mg (66%). Due to the air-sensitivity of this

compound, a satisfactory elemental anlaysis was not obtained.
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(x) Preparation of [RhIr(C(CF3)=CHCF3)(CECPh)(CO)Z(dppm)z] 24). A
sample of 7 (prepared from 2 (59.8 mg, 43.6 pmol) and 44 pmol LiHBEL;) was dissolved
in 7 mL of ether. Hexafluoro-2-butyne (2.0 ml, 82 pmol) was added, resulting in a slow
colour change from purple to orange. After stirring 2 h, the solvent was removed by rapid
nitrogen purge, and the solid recrystallized from 1:10 THF/pentane. The orange solid was

washed twice with 10 mL pentane and dried under vacuum. Yield 5.5 mg (9%).

X-ray Data Collection. Suitable crystals of compound 10 were grown by slow
diffusion of pentane into a concentrated CH,Cl, solution of 10 (containing an excess of
dimethylallene) at 22 °C. Data were collected to a maximum 26 =50 ° on a Siemens P4/RA
diffractometer using Mo Ko radiation at -60 °C. Unit cell parameters were obtained from a
least-squares refinement of the setting angles of 54 reflections in the range 26.5 ° < 20 <
29.1 °. The cell parameters suggested either P1 or P1 space groups; successful solution
and refinement of the structure confirmed P1 to be the correct choice. Three reflections
were chosen as intensity standards and were remeasured after every 200 reflections. There
was no significant variation in the intensities of either set of standards, so no correction
was applied. Absorption corrections were applied to the data by the method of Walker and
Stuart.'S See Table 2.2 for a summary of crystal data and X-ray collection information.

The structure was solved by direct methods, using SHELXS -86' to locate the Ir,
Rh, and P atoms. All other atoms were located after subsequent least-squares cycles and
difference Fourier syntheses. Refinement was completed using the program SHELXS-
93.7  All hydrogen atoms of the complex were included as fixed contributions; their
idealized positions were generated from the geometries of the attached carbon atoms and
their thermal parameters set at 20% greater than the isotropic thermal parameter of these

carbons. The triflate anion and the solvent dichloromethane molecule were found to be
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Table 2.2. Crystallographic Experimental Details for Compound 10.

A. Crystal Data

formula

formula weight

crystal dimensions (rmm)
crystal system

space group

unit cell parameters?

Cs9HgoClyF3Ir,OsPsS
1523.09

0.65 x 0.56 x 0.17
triclinic

P1 (No. 2)

a(A) 12.3608 (11)

b (A) 15.4205 (15)

c (A) 18.966 (2)

o (deg) 107.709 (7)

B (deg) 96.972 (7)

Y (deg) 109.530 (7)

V (A3) 3144.0 (5)

Z 2
Pcaled (8 cm3) 1.609
u (mm-1) 2.655
B. Data Collection and Refinement Conditions
diffractometer Siemens P4/RAY
radiation (I [A]) Mo Ka (0.71073)
monochromator incident-beam, graphite crystal
temperature (°C) -60
scan type 6-26
data collection 20 limit (deg) 50.0

total data collected
independent reflections
number of observations (NO)
structure solution method
refinement method
absorption correction method
range of absorption correction factors
data/restraints/parameters
goodness-of-fit (S)8
final R indices”

Fo2>20(F2)

all data
largest difference peak and hole

10949 (-13<h<14,-16<k<16,0<1<22)
10612

9513 (Fo2 2 20(F2))

direct methods (SHELXS-86¢)

full-matrix least-squares on F2 (SHELXL~939)
DIFABS¢

1.110-0.870

10553 [Fp2 2> —30(F,2)1/6/1802

1.192 {Fo2 = -30(F2)]

Ri = 0.0515, wR, = 0.1287
R, = 0.0614, wR = 0.1479
3.078 and —1.280 e A-3

(continued)
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Table 2.2. Crystallographic Experimental Details for Compound 10 (continued)

aQbtained from least-squares refinement of 54 reflections with 26.5° <26<29.1 °.

bPrograms for diffractometer operation and data collection and reduction were those of the
XSCANS system supplied by Siemens.

cReference 16.

dSheldrick, G. M. J. Appl. Cryst. , in preparation. Refinement on Fy2 for all reflections
except for 59 having Fy2 < —30(Fy2). Weighted R-factors wR2 and all goodnesses of
fit S are based on F,2; conventional R-factors R are based on F,, with F;, set to zero
for negative Fy2. The observed criterion of Fo2 > 20(Fo?) is used only for calculating
Ry, and is not relevant to the choice of reflections for refinement. R-factors based on
F 2 are statistically about twice as large as those based on Fy, and R-factors based on

ALL data will be even larger.
¢Reference 15.

fThe geometries of the disordered CH,Cly molecules were constrained: d(C-ClI) = 1.80 =
0.03 A and d(CI-Cl) =2.95 + 0.03 A.

8S = [Zw(Fo2 — Fc2)2/(n — p)]2 (n = number of data; p = number of parameters varied; w
= [62(Fo2) + (0.0223P)2 + 39.7142P]-! where P = [Max(Fy2, 0) + 2F:2}/3).

hR| = SIFol — |FI/ZIFl; wRy = [Ew(F o2 — Fe2)2/Zw(Fo*)] /2.



disordered over a common region of space. Alternate orientations of the triflate ion were
present in an approximate 50:50 occupancy ratio, with these orientations sharing two
oxygen positions (O(101) and O(102)), with the two half-occupancy CH,CI, molecules
superimposed on the triflate ion positions (specifically in the region of the triflate CF,
group). All significant residual peaks on a final difference Fourier map were in the vicinity
of this anion/solvent disorder.

The final model for the complex refined to values of R, = 0.0514 (for F? >
20(Fo?)) and wR, = (0.1505 on all data). Atomic coordinates and displacement parameters
are available upon request from Dr. R. McDonald, and selected bond lengths and angles are

given in Tables 2.3 and 2.4, respectively.

Results and Compound Characterization

The phenylacetylide-bridged, tricarbonyl complex [RhIr(CO),(u-C=CPh)(u-CO)-
(dppm),][O,SCF;] (1), although earlier prepared in our group in the reaction of the
tricarbonyl methyl complex [RhIr(CH;)(CO);(dppm),][O,SCF;] with phenylacetylene
(giving methane as the other product),’® is more conveniently prepared as the chloride salt,
via the transmetallation method of Shaw'!, in which the AgCl moiety is displaced from
[IrAgCl(C=CPh)(CO)(dppm),] by a “RhCI(CO),” fragment. In all subsequent chemistry,
the chloride ion is replaced by triflate in order to reduce the possibility of anion
coordination. Compound 1 is labile, and readily loses CO under reflux in CH,Cl,/THF to
form [RhIr(CO),(1-C=CPh)(dppm),][O,SCF;] (2), a mixed-metal analogue of Grundy’s
alkynyl-bridged compounds, [ha(CO)z(;,L—CECR)(dppm)z][CIO4]l7 (R = H, Ph, ‘Bu).
Compound 2 is another member of a series of A-frame complexes containing an a{nionic
ligand at the bridgehead position and terminal carbonyl groups.® Characterization of 2 is

based on its NMR spectral parameters and on analogies with the structurally characterized



Table 2.3. Selected Interatomic Distances (A) for Compound 10.

Atoml Atom?2 Distance Atoml Atom2 Distance
Ir Rh 2.8758(7) P1 Ci10 1.829(8)
Ir P1 2.352(2) P2 C10 1.830(9)
Ir P3 2.355(2) P3 C20 1.827(8)
Ir C1 1.987(9) P4 C20 1.841(8)
Ir C3 2.177(8) (0)1 Cl 1.143(10)
Ir C4 2.053(8) 67 Cc2 1.161(11)
Ir C8 2.056(8) C3 C4 1.429(12)

P2 2.329(2) C4 C5 1.326(13)
Rh P4 2.332(2) Cs Cé6 1.508(14)
Rh Cl 2.387(9) Cs Cc7 1.516(13)
Rh Cc2 1.824(9) C8 C9 1.221(12)
Rh C8 2.277(7) c9 CI1 1.444(12)
Rh C9 2.518(8)



Table 2.4. Selected Interatomic Angles (deg) for Compound 10.
Atom2  Atom3

Atoml
Rh
Rh
Rh
Rh
Rh
Rh
Pl
Pl
P1
P1
Pl
P3
P3
P3
P3
Cl
Cl
Cl
C3
C3
c4
Ir
Ir
Ir
Ir
Ir
Ir
P2
P2
P2
P2
P2
P4
P4

Atom2

Ir
Ir
Ir
Ir
Ir
Ir
Ir
Ir
Ir
Ir
Ir
Ir
Ir
Ir
Ir
Ir
Ir
Ir
Ir
Ir

2EEEES

22 g

2282

Atom3
Pl
P3
Cl
C3
C4
C8
P3
Cl1
C3
C4
C8
Cl1
C3
C4
C8
C3
C4
C8
C4
C8
C8
P2
P4
Cl1
C2
C8
C9
P4
Cl
C2
C8
C9
Cl1
C2

Angle
91.51(6)
90.73(5)
55.2(3)
161.7(2)
158.9(2)
51.8(2)
177.51(7)
89.7(2)
90.5(2)
88.3(2)
91.7(2)
92.5(2)
87.7(2)
89.2(2)
88.8(2)
106.6(4)
145.9(4)
107.0(3)
39.4(3)
146.3(3)
107.1(3)
92.34(6)
93.52(5)
43.1(2)
148.8(3)
45.2(2)
74.0(2)
169.80(8)
93.9(2)
88.5(3)
89.1(2)
90.6(2)
96.1(2)
90.7(3)

Atoml
P4
P4
Cl
C1
Cl
Cc2
Cc2
C8

Ir

2g5~¢g

Ir
Ir
C3
C4
C4
Cé6
Ir

REegg~x

P1
P3
C9
Co

SERRFREERZ

C10
C20
CIo1
Co1

C8
C9
C2
C8
C9
C8
C9
C9
C10
Ci0
C20
C20

Ol
Ol
o2
C4
C3
Cs5
Cs
Cé6
C7
C7

C9
C9
C8
Co1
CIo1
P2
P4
C92
C96

Angle
89.1(2)
83.0(2)
105.7(4)
88.3(3)
117.1(3)
165.9(4)
137.2(4)
28.9(3)
110.4(3)
112.3(3)
112.0(3)
111.3(3)
81.6(3)
156.0(8)
122.3(7)
178.5(10)
65.6(5)
75.0(5)
143.4(7)
141.5(9)
123.7(8)
120.5(9)
115.7(9)
83.0(3)
167.4(7)
86.6(6)
64.5(3)
131.1(6)
161.2(9)
112.3(4)
112.5(4)
122.9(8)
118.0(8)
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[Rh,(CO),(1-C=CBu)(dppm),][C10,].'"* The “C{'H} NMR spectrum displays two
resonances in a region typical of terminal carbonyls (ca. & 185), with only one of these
displaying coupling to Rh (81.1 Hz). Furthermore, the IR spectrum shows two terminal
carbonyl stretches. The alkynyl carbons are observed at § 106.0 and 107.9 in the “C{'H}
NMR spectrum, and the latter is identified as the c-carbon on the basis of the greater
coupling to the Ir-bound phosphines. Both alkynyl carbons display almost equal coupling
to Rh (5.1 and 5.7 Hz), consistent with the bonding mode in which the alkynyl group is o-
bound to Ir and side-on bound to Rh. In the alternate binding modes in which the alkynyl
could be either symmetrically bridging the metals or 6-bound to Rh and n-bound to Ir, the
Rh-coupling to the a-carbon would be expected to be significantly greater than that to the
B-carbon.

It has been shown that the dppm-bridged dirhodium alkynyl-bridged species,
[Rh,(CO),(1-1'M>-CCR)(dppm),][CIO,] (R = H, Ph, ‘Bu),"” along with the related
[Rh,(11-0,CCH,)(u-n'm>C=CR)(CO),(PCy,),1,®  [Rh,(u-0,CCH,)(u-n"n*-C=CPh)-
(COD),],* and [NBu 4]2[(C6F5)2Pt(p.-n':nZ-CECPh)(u—T]Z:T]‘-CECPh)Pt(CsFS)Z],“’ are
fluxional, having the alkynyl group moving from one metal to the other in a “windshield
wiper” fashion. In contrast, the heterobinuclear species 2 is static, as was also reported for
[RhPtCl(u-C=CCH,)(CO)(dppm),][PFs].* The *P{'H} and “C{'H} NMR spectra of 2
are essentially invariant from room temperature to -80 °C.

One aspect of interest in compound 2 is the number of different sites of attack by
substrate molecules. As with other A-frame complexes having coordinative unsaturation at
both metals, substrate attack can occur either on the inside (i.e. between the metals) or on
the outside of the framework defined by the metals, the terminal carbonyls and the bridging
ligand, as diagrammed below (dppm ligands above and below the plane of the drawing are

omitted).
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(Attack from outside) /\ \ /\ (Attack from outside)

) (=

(Inside attack)

Furthermore, since the two metals differ, attack at rhodium may give rise to
products which are different from those derived from attack at iridium. In addition,
substrate attack (either nucleophilic or electrophilic) can occur at the bridging alkynyl
group. We therefore undertook an investigation of the reactivity of 2 with a number of
substrates to determine the sites of reactivity in the molecule, with particular interest in
inducing transformations of the alkynyl group.

Carbon monoxide attacks compound 2 at the external face of the A-frame, at
iridium, giving compound 1. When '2CO is placed over a solution of *CO-enriched 2 at
low temperature (to inhibit rapid scrambling of the carbonyls), the 2CO is found to occupy
only the terminal position on iridium as shown by the *C{'H} NMR spectrum, which
shows only signals for the rhodium-bound and semibridging carbonyls, at 8 195.7 ({Jg,c =
80.0 Hz) and & 198.7 (T, = 26.8 Hz) respectively, consistent with that reported for 1.*

Attack by phosphines PMe, and PMe,Ph also appears to occur on the outside of the
A-frame, at iridium, to give [RhIr(CO),(L)(1-C=CPh)(dppm),][O,;SCF;] (L = PMe;,, 3;
PR, = PMe,Ph, 4), as shown in Scheme 2.1. Although the phosphorus nucleus of the
PR, group couples to rhodium and to the rhodium-bound carbonyl, the rhodium coupling
is quite small (Jp,, = 7 Hz), ruling out direct phosphine coordination to this metal. While
the other possible isomer (resulting from attack of the phosphine from within the “pocket”

of the A-frame) cannot be ruled out on the basis of the spectroscopy, the signal for the
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iridium-bound carbonyl in the *C{'"H} NMR spectrum of 4 (at & 185.5) suggests that it is
angled towards the rhodium, since, in these adducts of 2, compounds in which the
carbonyl is angled away from the rhodium have “C{'H} NMR signals in the range & 175 -
180. In contrast, carbonyls aimed between metals have lower-field chemical shifts,
possibly resulting from a weak bridging interaction with the second metal. Coordination of
the bulky phosphine inside the pocket of the A-frame also appears less likely due to
unfavorable steric interactions involving the dppm phenyl groups. Coordination at iridium
is expected for steric as well as electronic reasons; not only is coordination at rhodium
disfavored owing to steric repulsion involving the phenyl substituent of the bridging
C=CPh group, but coordination at Ir is favored by the stronger Ir-P vs. Rh-P bond.
Compound 3 is isoelectronic with the carbonyl adduct (1), but differs in having only
terminal carbonyl groups. It is assumed that the carbonyl group remains terminal on Ir to
remove the excess electron density resulting from -donation by the two dppm groups and
the PR, group (it should be recalled that the n'-alkynyl is a poor w-acceptor*'). Compound
2 does not form a stable adduct with PPh,, presumably owing to the bulk of this ligand.
and the resulting interactions with the dppm phenyl group.

The reaction of 2 with phosphines is in contrast to the reaction involving the
dirhodium analogue [ha(CO)Z([J.-CECH)(dppm)z][CIO4],‘7 which yielded phosphonium
vinylidenes, in which the PR, group coordinated to the alkynyl B-carbon. This is certianly
not the case for compounds 3 and 4; for compound 4 the “C{'H} chemical shifts for C,
and C; of the phenylacetylide group are inconsistant with those expected for a vinylidene
(see compounds 7a,b for example), and neither signal displays significant coupling to the
high-field phosphorus nucleus, as would be expected for a phosphonium vinylidene.
Although the failure of the phosphines to migrate from Ir to the alkynyl B-carbon, yielding

a phosphonium vinylidene, may be a consequence of a stronger Ir-PR; bond, the presence
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of the bulky phenyl group on the alkynyl ligand of 2 would also be expected to inhibit
such a migration of the sterically demanding PR; ligands.

In contrast to the previous reactions, attack of 2 by SO, appears to occur on the
inside of the A-frame, between the metals, yielding the SO,-bridged complex
[RhIr(CO),(u-C=CPh)(L-SO,)(dppm),}[O;SCF,] (5).  Spectral identification of the
binding mode of the SO, ligand is not straightforward. While the vg, of 1213, 1174,
1063, and 1042 cm™ are consistent with a bridging SO, group, these data are also

22

consistent with terminal, pyramidal SO, binding,” as seen by the similarity of the SO
stretches in 5 with those of the analogous mononuclear complex [Ir(C=CPh)(CO)-
(PPh,),(SO,)] (V¢ = 1196, 1181, 1050 cm™).* However, the close similarity of the
spectral parameters between 1 and 5 argues for analogous structures; futhermore, the
presence of only terminal carbonyls in 5§ and the known tendency for SO, to bridge two
metals suggest the structure shown. It should also be noted that the high-field chemical
shift for the Ir-bound carbonyl (8 177.1) is consistent with the structure shown, as
explained earlier.

Hydride attack on 2 also appears to occur on the “outside” of the complex at Ir,
much as was observed with CO and phosphines, although at ambient temperature migration
of the hydride ligand to the B-position of the alkynyl group occurs, yielding a vinylidene
group. The first product, [RhIr(H)(1u-C=CPh)(CO),(dppm),] (6a), observed at -60 °C. is
shown in Scheme 2.1. On the basis of 'H and “C{'H} NMR spectra the hydride and one
carbonyl ligand are shown to be terminally bound to Ir (showing strong coupling to the
iridium-bound phosphines but none to rhodium) with one carbonyl bound to Rh (showing
strong coupling to rhodium). This species is apparently static on the NMR timescale, but

as the temperature is raised to -20 °C, rearrangement to another isomer (6b) occurs (see

Scheme 2.2). This new isomer is related to 6a by interchange of the hydride and carbonyl
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ligands on Ir. Again the rearrangement of the carbonyl from an “inside” to an “outside” site
on iridium is accompanied by an up-field shift of this resonance in the “C{'H} NMR
spectrum (see Table 2.1). Compound 6b is fluxional such that the AA'BB'X pattern
observed in the *'P{'H} NMR spectrum at -20 °C transforms to an ABCDX pattern,
typical of four inequivalent phosphorus nuclei (X represents Rh), when cooled to -80 °C.
This type of fluxionality has been previously observed in related systems*™ and has been
attributed to a twisting of the complex around the Rh-Ir axis; apparently in the low
temperature limiting structure the P-Rh-P vector is staggered with respect to the P-Ir-P
vector, as shown below. This results in inequivalence of the two phosphorus nuclei on a
given metal, as the alkynyl ligand will be directed towards one of the rhodium-bound dppm
phosphines (P, or P,) and away from the other. At higher temperatures, the molecule

twists, causing the phosphorus nuclei to become equivalent on a time average.
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At 0 °C transformation of 6b to the two isomers of the intensely-coloured
vinylidene-bridged species [RhIr(CO),(u-CCHPh)(dppm),] (7a, 7b) occurs. Both
isomers display C, for the vinylidene ligand as multiplets in the region (8 245-250) that has
been shown’ to be typical for such species; the appearance of these signals rules out the
possibility of hydride migration onto the c-carbon of the alkynyl to give either a parallel- or
perpendicular-bound alkyne complex, since these complexes typically give C NMR
signals in the range & 120-150 and & 60-100,*#* respectively. Unfortunately, the B-

carbon resonances (normally found between & 95 - 140)° are not observed and are assumed
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to be obscured by those of the phenyl carbons (which mask the range from & 125 - 135).
The appearance of both isomers is not surprising since rotation of vinylidenes about the
C=C axis, both on single metal centres and when bridging metals, has been observed.’
The '"H NMR signal for the vinylidene hydrogen was also not observed for either isomer
and is presumably obscured by phenyl resonances which appear in the same region of the
spectrum. As reported for the analogous dirhodium species,'” compound 7 is very air-
sensitive, oxidizing to an uncharacterized mixture of compounds (including approximately
20% of 2) upon exposure to traces of air.

Compound 2 also reacts with ethylene at low temperatures, as shown in Scheme
2.3, forming the ethylene adduct [RhIr(CO),(C,H,)(1t-C=CPh)(dppm),][O,SCF;] (8), in
which the alkene is terminally bound to iridium, as is found in the compounds
[Ir,(CO)(C,H,)(u-D)(u-CO)(dppm),J[X] (X = BF,, I).** This adduct is very labile,
however, and readily loses ethylene at temperatures higher than -40 °C.  The
characterization of 8 as having a terminally bound ethylene and a semibridging CO is based
upon its NMR spectra. First, upon coordination of the alkene, the ’'P NMR signals for the
rhodium-bound phosphines change only slightly, while those for the iridium-bound
phosphines shift substantially upfield, suggesting that the site of coordination is at iridium.
In the presence of a large excess of C,H,, raising the temperature from -50 °C causes the
iridium-bound phosphorus resonance to broaden substantially, until at 0 °C it has
disappeared into the baseline, offering additional support for reversible ethylene
coordination to iridium. Upon further warming, the signal for the iridium-bound
phosphines reappears as a broad signal at & 5.1, indicating that, although exchange is
occuring, the major species is 2. Although the signal for the iridium-bound carbonyl in the
BC{'H} NMR spectrum is broad and shows no discernible coupling to phosphorus or to

rhodium, the chemical shift (& 186.7) is consistent with the carbonyl being angled towards
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the rhodium. The 'H NMR signals for the ethylene hydrogens at 8 1.4 and 0.75 are in the
expected range for an olefin complex; however, they are broad and show no coupling,
giving little useful structural information. Finally, the “C{'H} and *'P{'H} NMR spectra
of this complex are very similar to the structurally characterized dimethylallene adduct 10
(vide infra), which is shown to have the alkene bound to iridium, on the “outside” of the
complex.

More stable olefin adducts can be formed by the use of cumulated alkenes. Allene
reacts with 2 to give a mixture of two isomers, which were identified on the basis of their
NMR spectra. These isomers are diagrammed in the plane of the “RhIr(C;H,)” moiety
(dppm ligands omitted), showing their relationship. While the spectral data available are
insufficient to unambiguously assign the two geometries to the two isomers, the major

isomer has been given the designation 9a.
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The “C{'H} NMR signals for the iridium-bound carbonyls of both isomers appear
in the same region, and one isomer shows coupling to rhodium (5 Hz) as expected for a
semi-bridging interaction (the signal for the carbonyl of 9b is broad and unresolved).
These isomers exchange rapidly at room temperature, showing very broad signals in the 'H
and *'P{'H} NMR spectra. Although it was initially thought that the mechanism of this
exchange might involve an “allene roll”? or allene rotation about the Ir-olefin bond, spin

saturation transfer NMR experiments at 0 °C showed that the dominant exchange pathway
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is between the coordinated and free allene molecules, indicating a dissociative mechanism.
Exchange could not be observed by this experiment at temperatures of -20 °C or below.
The presence of two isomers of this sort is similar to that found in the isoelectronic
[Ir,(u-I)(CO),(n*-C,H,)(dppm),][O0;SCF,].*

The substituted cumulene, 1,1- dimethylallene, reacts with 2 to form 10, which is
more stable than the unsubstituted allene adduct, consistent with observations in other
systems.” The methyl substituents on the allene also increase the bulkiness of one end of
the ligand, so that only one isomer is sterically favorable, having the non-coordinated
double bond of the allene cis to the alkynyl ligand. This compound was characterized by an
X-ray structure determination, and has the structure shown in Fig. 2.1. The “C{'H}
NMR spectrum of this compound clearly shows the weak (6 Hz) coupling of the iridium-
bound carbonyl to rhodium, indicating a semibridging interaction— a conclusion that is
supported by the IR spectrum (V.o = 1882 cm™) and the X-ray structure.

The X-ray structure determination of 10 confirms the geometry proposed for all
olefin adducts of 2 having the olefin coordinated terminally to Ir. The dimethylallene
moiety is coordinated through the unsubstituted end of the molecule with the methyl
substituents on the side of the complex adjacent to the bridging alkynyl group and away
from the semibridging carbonyl. Coordination to Ir has resulted in the expected
lengthening of the C(3)—-C(4) bond to 1.433(12) A, compared to the uncomplexed C(4)—
C(5) bond of 1.335(13) A, and bending back of the olefinic moiety (C(3)-C(4)-C(5) =
142.1(9)°; see Table 2.3 and 2.4). The rhodium-alkynyl distances of 2.271(8) A (to C)
and 2.516(8) A (to Cg) compare well to those found in the related compounds
[RhIr(C=CPh)(u-C=CPh)(u-H)(CO),(dppm),][O,SCF;] (19) (2.228(6) A and 2.515(7)
A, respectively)®, [RhPt(dppm),(CO)(u-C=CCH,)CI][PF,] (2.22(2) A and 2.46(3) A,
respectively)®, and [Rh,(CO),(1-C=CC(CH;),)(dppm),][ClO,] (2.209(6) A and 2.616(6)
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Figure 2.1. Perspective view of the complex cation of [RhIr(CO)(1*-H,C=C=CMe,)(u-
CO)-(u-n':m*-CCPh)(dppm),][O,SCF;] (10) showing the atom labelling
scheme. Non-hydrogen atoms are represented by Gaussian ellipsoids at the
20% probability level. Hydrogen atoms are shown with arbitrarily small
thermal parameters for the dimethylallene and dppm methylene groups, and

are not shown for the pheny! groups.
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A)."® Further evidence for the binding of the alkynyl ligand to rhodium is found in the Ir—
C(8)—-C(9) angle of 167.6(7)°, in which the alkynyl group is pulled towards the rhodium.
At C(9) the phenyl substituent is bent back away from the Rh as expected from the =-
backdonation to this group. The much shorter rhodium-iridium distance in 10 (2.8759(7)
A) than in the related 19 (Rh-Ir 3.0582(8) A)*® is likely due to the presence of the
semibridging carbonyl in 10, which pulls the metals closer together, and the absence of a
bridging hydride, which tends to lengthen the metal-metal separation.

The semibridging carbonyl interaction is characterized by the substantially shorter
Ir—C(1) vs. Rh~C(1) interaction (1.984(9) A vs. 2.374(9) A) and by the more linear
carbonyl angle involving Ir (Ir—=C(1)-O(1) = 155.1(8)°) than Rh (Rh-C(1)-O(1) =
122.8(7)°). As an aside, it should be noted that both dppm methylene groups are bent
towards the bridging alkynyl group, thereby allowing phenyl groups 2, 3, 6 and 8, which
are thrust into the region between the equatorial ligands, to avoid the bulky phenylacetylide
and the methyl substituents on the dimethylallene ligand; if either of these methylene groups
were to bend in the other direction, either phenyl groups 1 and 4 or phenyl groups 5 and 7
would be thrust into the vicinities of these methyl and phenyl substituents.

Compound 2 also reacts with a range of alkynes to yield complexes of the type
[RhIr(CO)z(u-CzCPh)(nz-RCECR)(dppm)z] [O,SCF,;] the stability of which depends upon
the nature of the substituents on the alkyne (see Scheme 2.4). Complexes with electron-
rich alkynes are unstable towards alkyne loss except at very low temperatures. Increasing
the m-acidity of the alkyne by the addition of electron-withdrawing groups results in much
stronger coordination of the alkyne. Thus, while compound 2 does not react completely
with an excess of propyne or diphenylacetylene (to form compounds 15 and 16,
respectively) at temperatures as low as -80 °C, the adduct of ethyl 2-butynoate (13) only

loses the alkyne ligand at temperatures above -20 °C, and strongly electron-withdrawing
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alkynes, hexafluorobutyne (HFB) and dimethyl acetylenedicarboxylate (DMAD), give
complexes (11 and 12) which are stable towards ligand loss at room temperature.

The structural similarity of these complexes, both to each other and to the alkene
complexes, can be seen by their IR and NMR spectra, which differ only slightly with the
identity of the ligands used. All show the iridium-bound phosphines to be shielded by
similar amounts by the presence of the additional ligand, with the phosphines on rhodium
only being slightly affected by the added ligand. The iridium-bound carbonyl, in almost all
cases, appears in the *C{'H} NMR spectra slightly downfield from the starting material,
with small coupling (< 15 Hz) to Rh, indicating a semibridging geometry. For
[RhIr(CO),(1-C=CPh)(n*-HFB)(dppm),}[O;SCF;] (11) and [RhIr(CO),(n-C=CPh)-
(M2-DMAD)(dppm),}[O,SCF,] (12), a carbonyl stretch appears in the IR spectra in the
1860 cm™* to 1890 cm™ region, consistent with a semi-bridging carbonyl. It is interesting
to note that, in contrast to the allene adduct 9, only one isomer is seen for the unsymmetric
alkynes PhC=CH and CH,C=CCO,CH,CH,. This is presumably due to the same steric
effects which permit the formation of only one isomer for the substituted allene adduct 10.

The hexafluorobutyne complex (11) is particularly informative, owing to the
additional "'F NMR data which show the trifluoromethyl signals as multiplets at 6 -52.59
and -52.67. Decoupling the iridium-bound phosphines causes these multiplets to simplify
to quartets (*J = 3.65 Hz), while decoupling the rhodium-bound phosphines has no
effect. This further suggests that the alkyne is bound only to iridium. The “C{'H} NMR
signals for the alkyne carbons (8 92.9, 89.1) were also consistent with the proposed
structure. Complex 11 is also spectroscopically similar to the related complex [RhIr(CO)-
(HFB)(U-S)(1-CO)(dppm),], and to [Ir,(CO)(HFB)(1-S)(K-CO)(dppm),], the latter of
which was shown by X-ray crystallography to have a structure very similar to that

proposed for 11.* Surprisingly perhaps, the HFB ligand is more labile in the sulphido-
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bridged product than in 11.7 We had expected that the the nt-acidic HFB would coordinate
more strongly to the electron-rich [RhIr(CO),(1-S)(dppm),], for which the carbonyl
stretches are at unusually low wavenumbers (Veo: 1932, 1906 cm™).*

The DMAD complex [RhIr(CO),(i-C=CPh)(n*-DMAD)(dppm),][O,SCF;] (12)
differs from the other alkyne adducts in that it is unstable towards rearrangement. Upon
standing in solution, 12 converts to complex [RhIr(CO),(u-C=CPh)(u-n':n'-DMAD)-
(dppm),][O;SCF,] (18), which has the DMAD ligand bridging the two metals in a parallel
fashion. This is shown by the infrared spectrum of this compound, which shows V¢ =
1592 cm’, typical of an alkyne in this coordination mode, and the BC{'H} NMR
spectrum, which shows inequivalent alkyne carbons, each having substantially different
coupling to the rhodium (23 Hz vs. 7 Hz) and to the phosphine ligands. This spectrum
also suggests that the phenylacetylide ligand is in its usual bridging position, as shown by
the coupling to rhodium (3-5 Hz) of both alkyny! carbons. In addition, both carbonyls are
clearly terminal, as shown by their signals in the “C{'H} NMR spectrum (as each
carbony! shows coupling to only one set of phosphines, and only one shows coupling to
rhodium) and the IR spectrum (v, = 2034, 2009 cm™).

In the rearrangement of 12 to 18, an intermediate isomer 17 is observed.
Unfortunately, the resonances of the alkyne could not be located in the BC{'H} NMR
spectrum, and further characterization was not possible owing to its facile conversion to 18
even at low temperatures. This rearrangement is paralleled by the analogous reaction of
[RhIr(u-I)(CO),(dppm),](BF,] with DMAD,* which also goes through at least one
uncharacterized intermediate before yielding the alkyne-bridged complex [[RhIr(p-I)-
(CO),(u-n":n'-DMAD)(dppm),][BF,]. The hexafluorobutyne adduct 11, which is
isostructural with 12, does not rearrange upon standing or with gentle reflux in

dichloromethane, and slowly converts to 2 upon reflux in THF, through dissociation of the
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alkyne. It is expected that HFB would form a more stable complex with 2, due to its
greater T-acidity,” so it remains unclear as to why the DMAD adduct rearranges to the
alkyne-bridged species while HFB loss occurs in 11.

Terminal alkynes, such as phenylacetylene or propyne, react with 2, as shown in
Scheme 2.5, to first give [RhIr(CO)z(u-CECPh)(nZ-HCECR)(dppm)Z] [O,SCF;] (R = Ph,
14 ; R = CH,, 15), analogous to the HFB and DMAD adducts (11 and 12). However, at
ambient temperature, these rearrange to the oxidative-addition products [RhIr(C=CPh)-
(CO),(u-H)(1-C=CR)(dppm),][O,SCF,] (19, R = Ph; 20, R = CH,), of which the
bis(phenylacetylide) 19 was previously reported in the reaction of [RhIr(CH,)(CO),-
(dppm),][O;SCF,]  with  excess phenylacetylene and  was  characterized
crystallographically.®*  The mixed bis(alkynyl) 20 shows very similar spectral
characteristics, both in the IR and the NMR spectra, to the bis(phenylacetylide) complex,
and is assumed to have an analogous structure. Both complexes, for example, show a
signal for the bridging hydride in the '"H NMR spectrum near 8 -8, showing comparable
coupling (= 9 Hz) to the iridium-bound phosphines and to rhodium, as well as weaker
coupling to the rhodium-bound phosphines.

Oxidative addition of propyne to compound 2 can result in two possible isomers:
one in which the propynyl is terminal, while the phenylacetylide bridges the metals (shown
in Scheme 2.5 as structure X), and one in which the phenylacetylide is terminal and the
propyny! ligand occupies the bridging position.  Addition of 3C labeled propyne
(CH,PC="CH) to 2 shows that only the second isomer is observed, having the propynyl
ligand in the bridging position, with both the C, and C; nuclei showing coupling (5 Hz) to
rhodium. The signals for the phenylacetylide carbons in the natural-abundance “C{'H}
NMR spectrum show no coupling to rhodium.

Reaction of 2 with dihydrogen also results in oxidative addition, giving
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[RhIr(H)(CO),(1-C=CPh)(u-H)(dppm),][O,SCF;] (21), much as was observed in
dihydrogen addition to [RhIr(CO),(u-Cl)(dppm),](BF,] and [RhIr(CO)Z(;.L-S)(dppm)z].28
The '"H NMR of this complex shows two signals in the hydride region, at & -9.9 and -10.3.
The low-field signal is a multiplet, showing significant coupling to both the iridium-bound
and rhodium-bound phosphorus nuclei (12 Hz and 5 Hz, respectively) and to rhodium (16
Hz), and is clearly due to a bridging hydride ligand.***® The high-field signal is a doublet
of triplets, showing strong coupling (13 Hz) to the iridium-bound phosphines, and weak
coupling (2 Hz) to the rhodium nucleus. The coupling to rhodium is too low to be due to a

2% and is ascribed to a

direct rhodium-hydrogen bond (which are normally above 20 Hz),
coupling through the metal-metal bond. The hydride ligands are believed to be mutually
cis, with no H-H coupling seen in the '"H{*'P} NMR spectrum. The alkynyl ligand
remains in the bridging position, as indicated by the coupling to rhodium seen in both
alkynyl carbon signals in the *C{'H} NMR spectrum.

Unlike the neutral monohydride 6, compound 21 does not rearrange to form a
vinylidene upon warming; instead, dihydrogen elimination occurs upon heating,

d*® complex

regenerating 2 (along with some of the previously characterize
[RhIr(H)(CO),(n-H),(dppm),]*, from reaction with excess hydrogen and loss of
phenylacetylene). Compound 21 can also be formed from addition of strong acid to
compound 6a at -80 °C. Deprotonation of 21 with strong base (KO'Bu) at room
temperature yields the vinylidene complex [RhIr(CO),(u-CCHPh)(dppm),] (7),
presumably through initial formation of 6b.

Protonation of the vinylidene compound 7, however, does not lead to the formation
of 21. At low temperature, 7 reacts with strong acid to form the vinylidene hydride

complex [RhIr(H)(CO),(u-CCHPh)(dppm),][BF,] (22), in which the iridium centre has

been protonated, as shown in Scheme 2.6. The 'H NMR spectrum of this complex
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contains a signal due to an iridium-bound hydride (8 -15.0), which shows weak Clog > 2
Hz) coupling to the phosphines on iridium, and no rhodium coupling. The vinylidene
hydrogen gives rise to a broad signal at 8§ 5.75. Surprisingly, only one isomer of this
compound is formed, despite the preparation of 22 from a mixture of the isomers 7a and
7b. Compound 22 is thermally unstable, decomposing at room temperature to form a
number of species.

Compound 7 will also react with unsaturated organic molecules such as alkynes.
Treatment of 7 with one equivalent of DMAD or HFB yields the alkynyl/vinyl complex
[RhIr(C(R)=CHR)(C=CPh)(CO),(dppm),] (R = CO,CHj;, 23; R = CF;, 24), in which the
vinylidene hydrogen has migrated to one of the alkyne carbons, as shown in Scheme 2.6.
The two compounds display very similar *'P{'H} and 'H NMR spectra, arguing for
analogous structures. The vinyl hydrogen of 23 appears as a singlet at 8 5.5 in the 'H
NMR spectrum, showing no coupling. In the HFB-derived complex 24, however, this
signal is a quartet at § 5.9, showing coupling (11 Hz) to one of the HFB trifluoromethyl
groups, confirming that this hydrogen has become part of a bis(trifluoromethyl)vinyl. This
coupling is also observed in the '’F NMR spectrum of 24, in which the signals for the two
trifluoromethyl groups appear at § -55.2 (q, *Je = 13 Hz), and 8 -56.6 (dq, *J,z = 10 Hz,
*Jee = 13 Hz). These chemical shifts and coupling patterns are similar to those observed
for the previously reported compounds [Rh,(C(CF,)C=CHCF;)(CO),(dmpm),][BF ]
(dmpm = (CH,),PCH,P(CH,),; x = 2, 'H NMR: § 5.85 (b); ’F NMR: 8 -51.7, -59.9; x =
4, "H NMR: § 6.10 (I, = 10 Hz); ’FNMR: § -51.5 (°Jz = 12 Hz), -59.4 (CJe = 12 Hz,
3T, = 10 Hz).*® The “C{'H} NMR spectrum of 23 shows that the vinylidene moiety has
been transformed to a terminal iridium-bound alkynyl ligand, with the signal due to the o-
carbon appearing as a triplet at & 101.1 (coupling only to the iridium-bound phosphines),

and that for the B-carbon appearing as a singlet at § 112.7. The lack of rhodium coupling
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to either carbon indicates that the alkynyl ligand no longer bridges the metals. The signals
for the vinyl carbons appear at § 165.0 for C, (coupling to the iridium-bound phosphorus
nuclei is unresolved) and 8 123.7 for C;. This spectrum also shows the presence of two
carbonyls, one of which is bound to the rhodium centre (5 183.3, 'I,, = 68 Hz), and one
which is terminally bound to iridium (8 186.3); again, the down-field shift of this carbonyl
is consistent with it being angled towards the rhodium centre.

In the *'P{'H} NMR spectrum of both 23 and 24, the signal for the rhodium-
bound phosphines is broader than that for those bound to iridium. Cooling the sample to
-80 °C causes the signals for the rhodium-bound phosphines to resolve into an AB quartet
of broad multiplets, while the iridium-bound phosphines give rise to a broad unresolved
mutliplet. The top-bottom asymmetry of these complexes is attributed to the vinyl ligand,
which may force the complex to twist around the Rh-Ir axis, as is found in the alkynyl
hydride complex 6b. Although one might expect that the vinyl group would lie flat in the
plane perpendicular to the P-Ir-P vector, it is possible that there is a weak bonding
interaction between the vinyl moiety and the rhodium centre. This would necessitate the
vinyl group being perpendicular to the equatorial plane.

[P PAR™\

Pg H P

Discussion
The A-frame complex [RhIr(CO),(t-C=CPh)(dppm),][O;SCF;] (2) is structurally
analogous to the homobinuclear species [Rh,(CO),(u-C=CR)(dppm),][CIO,] (R = H, Ph,
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‘Bu),'® having the alkynyl group in an unsymmetrical, ¢,n-binding mode. However,
unlike the dirhodium analogues, the mixed-metal RhIr species is not fluxional, but instead
has the phenylacetylide group static and 6-bound to iridium and m-bound to rhodium. In
the dirhodium system, the alkynyl group was found to move from one metal to the other in
a windshield-wiper motion. The failure of 2 to rearrange to a species in which the alkynyl
group is o-bound to rhodium and m-bound to iridium presumably results from the lower
stability of such a species, owing to the weaker Rh-C vs. Ir-C ¢ bond.

As alluded to earlier, A-frame complexes such as 2 have two substantially different
sites for substrate attack: either inside the A-frame pocket, between the metals; or outside
this pocket, at a single metal site remote from the adjacent metal. When the two metals are
also different, as in 2, each of the inside or outside sites can also be differentiated by the
different metal. With the exception of SO, and H,, initial attack on 2 by all substrates
investigated occurs on the outside of the complex at iridium; even if subsequent
rearrangement occurs, an initial adduct having the substrate bound at the outside site on Ir
is observed. We suggest that the preference for an outside site is based on less steric
crowding in this position, whereas the preference for iridium is favoured both by
thermodynamic (due to the formation of stronger Ir-substrate bonds) and kinetic effects (as
the rhodium external face is partially blocked by the bulky phenyl group). It is not clear
why SO, and H, apparently attack inside the pocket of the A-frame, between the metals.
Although we cannot rule out outside attack followed by a facile rearrangement such that the
initial adduct has too short a lifetime to be observed, we argue against this since all other
substrates investigated show the adduct prior to rearrangement. This dichotomy of SO,
attack at a site in the A-frame pocket whereas other substrates attack the outside site has
been previously proposed,®' and H, attack has previously been observed in the A-frame

pocket in related compounds.”® It is possible that the attack of these molecules inside the
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pocket is due to the electrophilic nature of these compounds, as the ligand will have greater
access to electron density within the pocket than when on the outside of the complex.

In addition to the coordination sites at the metal, electrophilic or nucleophilic attack
can also occur at the bridging alkynyl group (either at the - or B- carbons). The
dirhodium analogue [Rh,(CO),(u-C=CH)(dppm),][Cl1O,], for example, is reported to
undergo attack by hydride and by phosphines to give the vinylidene-bridged pfoducts
resulting from coordination of these nucleophiles at the alkynyl B-carbon.'” It is not known
whether the alkynyl group was the initial target, or whether attack at a metal occurred with
subsequent rearrangement. In the case of the RhIr complex 2, attack by either H™ or PR,
initially occurs at iridium, to give [RhIr(H)(CO),(u-C=CPh)(dppm),] (6a) or
[RhIr(PR,)(CO),(1-C=CPh)(dppm),][O,SCF;] (PR,= PMe; (3), PPhMe, (4)). The
subsequent rearrangement of 6a to the phenylvinylidene-bridged [RhIr(CO),(u-CCHPh)-
(dppm),] (7) suggests a similar route for the dirhodium system, although we would expect
this rearrangement to be more facile in the dirthodium system owing to the greater lability of
rhodium compared to iridium. The failure of the phosphine adducts (3, 4) to rearrange to
the phosphonium-vinylidene analogues may result from steric interactions involving the
bulky phenyl substituent on the phenylacetylide and the large phosphine ligands. In
addition, the stronger Ir-PR, bond would inhibit such a migration. Attempts to investigate
the steric effect of the phenyl substituent in these reactions by preparing the unsubtituted
acetylide complex [RhIr(CO),(it-CCH)(dppm),][O,SCF,;] were unsuccessful.

Rearrangement of the hydride-phenylacetylide complex 6a to the phenylvinylidene-
bridged 7 proceeds via the isomeric hydride 6b, which has resulted from interchange of the
hydride and Ir-bound carbonyl position, such that the hydride ligand is now in the A-frame
pocket. In Scheme 2.7 we propose a mechanism for rearrangement of 6b to 7. We

believe that a pivotal intermediate in this rearrangement is the species diagrammed as 6d, in
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which the hydride ligand is adjacent to the alkynyl B-carbon, facilitating migration to this
carbon. We suggest that this intermediate, in which the hydride ligand is on the same face
of the complex as the alkynyl group, results from 6b by movement of the hydride between
the metals. This can occur by replacement of the T interaction of the alkynyl with rhodium
by a bridging hydride interaction (6c); this latter interaction maintains the electron count at
each metal, since the hydride bridge can be viewed as an agostic interaction of the Ir-H
bond with Rh. Having the hydride-bridged intermediate 6¢, twisting of the equatorial
ligand framework about the metal-phosphine bonds brings the hydride between the metals,
as has been proposed in a number of related systems.*® Movement of the alkynyl group
back to the bridging site, displacing the hydride bridge generates 6d, which has an ideal
structure to facilitate transfer of the hydride to the B-carbon of the phenylacetylide. A
similar mechanism has been proposed for the formation of vinylidenes from related
alkynyl-hydride diiridium complexes.*

The DMAD adduct [RhIr(CO),(n*-DMAD)(u-C=CPh)(dppm),}{O,SCF;] (12),
having the DMAD ligand bound on the outside of the complex at Ir (see Scheme 2.4) also
rearranges in a manner not unlike that of 6a to give the isomeric complex
[RhIr(CO),(1-C=CPh)(u-n'm'-DMAD)(dppm),][O,SCF;] (18) in which the alkyne now
bridges the metals opposite the bridging alkynyl group. This rearrangement is not
unexpected since most other binuclear alkyne complexes have the alkyne in bridging
sites.? The failure of the analogous alkyne adducts [RhIr(CO),(n*-RC=CR")(u-C=CPh)-
(dppm),][O,SCF,] (13-16 and particularly the closely related HFB complex 11) to
rearrange presumably results from their weaker binding which instead favours alkyne
dissociation. In the rearrangement of 12 to 18 an intermediate 17 was observed; however,
not enough spectral data were accessible to allow us to establish its structure so the

mechanism of this rearrangement remains equivocal.
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The reaction of 2 with terminal alkynes, as shown in Scheme 2.5, incorporates a
number of the rearrangements proposed for other substrates. The first products have the
alkyne bound on the outside of the complex at Ir, analogous to all initial olefin and alkyne
adducts. We then propose a rearrangement (either as for the DMAD adduct rearrangement
of 12 to 18, or via alkyne dissociation and recoordination) to a species having the alkyne
on the inside of the complex, on Ir but adjacent to Rh. Oxidative addition would yield the
hydride-bridged bis(alkynyl) intermediate X, in which the phenylacetylide group has
remained in the bridging site. This species rearranges to 20 in the propyne reaction,
having the propynyl group in the bridging position and the phenylacetylide terminally
bound to iridium. Although it would appear that 19 and 20 should be fluxional, via facile
exchange of the terminal and bridging alkynyl groups, there is no evidence of this.

The reaction of the neutral vinylidene [RhIr(CO),(u-CCHPh)(dppm),] (7) with
DMAD or HFB in attempts to induce carbon-carbon bond formation, as is often observed
for alkynes and vinylidenes,*° instead led to the unexpected formation of vinyl
compounds. The formation of [RhIr(C=CPh)(CR=CHR)(CO),(dppm),] (R = CO,CH,,
23; R = CF,, 24) probably occurs via an alkynyl/hydride intermediate, as insertion of an
alkyne into a metal-hydride bond is well documented. It is uncertain whether the
migration of the hydrogen from the vinylidene moiety to the metal centre occurs before or
after coordination of the alkyne. While it is possible that alkyne coordination induces this
migration, it is also possible that the vinylidene is in rapid equilibrium with a small amount
of an alkynyl hydride complex such as 6d (shown in Scheme 2.7), and that it is this
species which reacts with the alkyne. Although transfer of a hydride from a vinylidene to
an alkyne (to form a alkynyl/vinyl complex) was proposed as a step in the reaction of the
analogous dirhodium phenylvinylidene [Rh,(CO),(u-CCHPh)(dppm),] with phenyl-

acetylene, no evidence was offered to support this proposal.”
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Concluding Remarks

The sites of attack by a number of small molecules on the phenylacetylide-bridged
A-frame, [RhIr(CO),(u-C=CPh)(dppm),]*, have been determined. In most cases the
initially observed species have the added ligand terminally bound to indium on the
“outside” of the A-frame structure, remote from the rhodium centre. Only dihydrogen and
sulphur dioxide are exceptions, with both apparently attacking in the A-frame pocket
between the metals. Although one of our goals was to induce transformation of the alkynyl
group, this has only been achieved in the present study with the hydride group, in which
hydride migration from Ir to the B-carbon of the alkynyl occured yielding a bridging
vinylidene group. In the next chapter, we will describe extensions of the above chemistry,
in which carbon-carbon bond formation, involving allyl group migration to the $-carbon of
the alkynyl group, is observed, and in a later chapter the formation of a thiovinylidene
complex is described by attack of sulphur-containing substrates at the B-carbon of the

alkynyl.
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Chapter 3
Electrophilic Addition to Alkynyl Complexes

Introduction

Alkynyl complexes of transition metals, as discussed in the previous chapter, are
well known to undergo a wide range of reactions, including conversion to vinylidenes,'
cycloadditions,? and other carbon-carbon bond forming reactions.” Of these, electrophilic
attack at the B-carbon of the alkynyl ligand (yielding vinylidene complexes) is of particular
interest, as vinylidene complexes tend to be highly reactive, being susceptible to both
nucleophilic and electrophilic attack,' and also readily undergo coupling reactions with
unsaturated organic substrates such as alkynes,” olefins,’ and diazoalkanes.® Vinylidenes
have also been postulated as intermediates in reactions such as Fischer-Tropsch chemistry’
and alkyne polymerization.® Vinylidenes are formally isoelectronic with carbonyl and
alkynyl ligands, and, like these ligands, can exhibit a range of binding modes in
multinuclear systems.'? For the simplest of the multinuclear systems, the binuclear one,

the common binding modes of the vinylidene ligand in binuclear systems are outlined

below.
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In A, the vinylidene is bound to one metal centre in an 1' fashion, acting as a 2-electron
donor as is found in mononuclear systems. In B (the p-n'm' coordination mode), the

vinylidene bridges the metals in an essentially symmetric manner, bound through only the
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a-carbon atom. If this ligand is viewed as a neutral ligand, the o-carbon acts as a 1-
electron o-donor to each metal. Alternatively, if viewed as a dianionic ligand, it donates 2
electrons to each metal. As with the geometrically similar symmetrically bridging carbonyl,
the m* antibonding orbital of the carbon-carbon double bond can accept electron donation
from both metals. In structures C and D, the vinylidene binds terminally to one metal, as
in A, but leans over towards the adjacent metal centre in order to form a m-interaction with
it. As such the ligand functions as a neutral four-electron donor. This last mode is
analogous to the ¢,n-bridging carbonyl found in some early metal polynuclear complexes,
as well as the more common G,%-bridging alkynyl ligand.'® It should also be noted that if
the substituents on Cg are inequivalent (R # R), then E - Z (cis-trans) isomerization is also
possible, assuming that the molecule is unsymmetrical. However, in many cases, facile
rotation about the metal-carbon double bond prevents the isolation or separation of the two
isomers. In systems where more than two metal centres are present, more complex binding
modes are possible.'

Vinylidenes are commonly generated from alkynyl complexes by electrophilic attack
at the B-carbon,’ or by migration of a ligand from a metal centre to the B-carbon. With this
in mind, it was of interest to determine how the heterobinuclear alkynyl complex
[RhIr(CO),(CCPh)(dppm),][X] (2a, X = BF,; 2b, X = O,SCF,), described in the
previous chapter, would react towards electrophiles. Although it was anticipated that
electrophilic attack would occur at the electron-rich metal centre, it was of interest to

determine if this would be followed by rearrangement to a vinylidene complex.

Experimental
General experimental conditions are given in Chapter 2. The compound

[RhIr(CO),(1-CCPh)(dppm),][O;SCF;] (hereafter referred to as compound 2b) was
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prepared as reported in the previous chapter; the fluoborate salt (2a) was prepared by an
analogous method, outlined below. Silver salts (AgBF,, AgO;SCF;) and tetrabutyl-
ammonium cyanide (Bu,NCN) were obtained from Aldrich, and were stored and used in
an argon-filled glove box. All other compounds were obtained from Aldrich and used as

received. Spectroscopic data for all compounds are given in Table 3.1.

(a) Preparation of [RhIr(CO),(u-CCPh)(dppm)},][BF,] (2a). A solid sample of
[IrAgCI(CO)(CCPh)(dppm),] (1.000 g, 810.7 umol) was placed in a flask with
[Rh,(COD),Cl,] (180.0 mg, 409.9 pmol), NaBF, (90.0 mg, 820 pumol) and 30 mL of
CH,Cl,, yielding a brown-red mixture which was stirred for 1 h, followed by the
introduction of 1 atm of carbon monoxide. The solution was filtered after a further 3 h of
stirring, then the solvent was removed in vacuo. The resulting solid was recrystallized
from 5:15 CH,Cl,:ether, and washed three times with 10 mL aliquots of pentane. The
product was dissolved in 10 mL CH,Cl, and the solution refluxed for 1 h. THF (20 mL)
was added, and the reflux continued for 5 h, after which time the solvent was reduced to 10
mL, and the product was precipitated by the addition of ether (60 mL). The red product

was then washed three times with 10 mL aliquots of ether. Yield: 0.8850 g (84%).

(b) Reaction of 2a with HBF ,*OEt,. An NMR tube was charged with 2a (20.2 myg,
15.4 pumol) and 0.4 mL of CD,Cl,. Excess HBF,*OEt, (5.1 puL, 37 umol) was added,
resulting in a colour change from red-brown to yellow-brown. This was shown by
3'P{'H} NMR spectroscopy to contain pure [RhIr(FBF,)(CO),(1-H)(1-CCPh)(dppm),]-
[BF,] (25a); however, this compound could not be isolated pure due to facile loss of HBF,

to give 2a, and so was characterized in solution only.
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(c) Reaction of 2b with HBF *OEt,. An NMR tube was charged with 2b (20.2
mg, 15.4 pmol) and 0.4 mL of CD,Cl,. Excess HBF,OEt, (5.1 pL, 37 pumol) was
added, resulting in a colour change from red-brown to yellow-brown. This was shown by
'P{'H} NMR spectroscopy to contain [RhIr(OSO,CF,)(CO),(u-H)(u-CCPh)(dppm),]-
[BF,] (25b) as the only organometallic compound; however, this compound could not be
isolated pure due to facile loss of free acid to give 2, and so was characterized in solution

only.

(d) Reaction of 25a with CO. An NMR tube was charged with 2a (20.2 mg, 15.4
mmol) and 0.4 mL of CD,Cl,. Excess HBF,*OEt, was added, forming a brown-yellow
solution. This was placed under an atmosphere of CO, causing a colour change to yellow.
The *'P{'H} NMR of this sample showed complete conversion to [RhIr(CO),(u-H)-
(L-CCPh)(dppm),][BF,], (26). Upon standing under CO, this converted to the vinylidene
complex [RhIr(CO),(u-CCHPh)(dppm),][BF,], (27). Neither compound could be
isolated free from residual 1, resulting from loss of HBF,, and were characterized in

solution only.

(e) Preparation of [RhIrBr(CO)(u-CCPhCH,CH=CH,)(u-CO)(dppm),][BF ]
(28a). A sample of 2a (140.0 mg, 107.0 pmol) was placed in a flask with 15 mL of
CH,CI,, forming a red-purple solution. Allyl bromide (9.3 pL, 107.5 umol) was added
via gastight syringe, causing a colour change to brown. After stirring for 3 h, the solution
had turned a deep cherry red. The solvent volume was then reduced to 2 mL under
nitrogen flow, and the product precipitated by the addition of 40 mL of diethyl ether. The
product was recrystallized from 5:5:20 CH,Cl,/THF/ether, then washed three times with
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ether. Yield: 110.0 mg (72 %). Calc. for Ci;H,,BrO,P,RhIrBF,: C 52.95%, H 3.81%;

found: C 52.85%, H 3.94%.

(f) Preparation of [RhIrBr(CO)(u-CCPhCH,CH=CH,)(1-CO)(dppm),l-
[O,SCF,] (28b). A sample of 2b (50.5 mg, 36.9 pumol) was placed in a flask with 5
mL of benzene and 7 mL THF. Allyl bromide (3.2 pL, 44 umol) was added via gastight
syringe, causing a slew colour change to brown. After stirring for 1 h, the solution was
allowed to stand undisturbed overnight, yielding a crop of dark purple crystals. The red-
brown supernatant was removed, and product was dried under vacuum. Yield: 28.1 mg
(51% yield). Calc. for C,H,,BrO,P,RhIfF,S: C 51.55%, H 3.65%, Br 5.36%; found: C

51.56%, H 3.54%, Br 5.64%.

(g) Low Temperature Reaction of 2b with CH,=CHCH,Br. An NMR tube was
charged with 2b (17.5 mg, 12.8 umol) and 0.4 mL of CD,Cl,. The sample was cooled to
-90 °C and treated with allyl bromide (1.1 pL, 13 pmol). The *'P{'H} NMR spectrum of
this sample showed the formation of the olefin adduct [RhIr(CO),(n*-CH,CHCH,Br)-
(u-CCPh)(dppm),][O,SCF,] (29). Warming to -30 °C resulted in complete conversion to
the oxidative addition product [RhIrBr(T]‘-CH2CHCH2)(CO)2(u-CCPh)(dppm)z][O3SCF3]
(30). Upon warming to room temperature, this compound reacted further, slowly giving

the allylvinylidene bromo complex 28b as the major product.

(h) Preparation of [RhIr(BF,)(CO)(u-CCPhCH,CH=CH,)(1-CO)(dppm),]-
[BF,] (31). Compound 2a (140.0 mg, 107.0 umol) was placed in a flask and dissolved
in 20 mL of CH,Cl,. Allyl bromide (9.2 puL, 106 umol) was added via gastight syringe,

causing a colour change from red-purple to brown. This solution was stirred for 3 h, over
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which time the solution changed to a deep cherry red. A solution of AgBF, (21.0 mg,
107.9 umol) in 10 mL of THF was added via cannula, resulting in an red-orange
suspension. This was stirred 1 h, filtered through celite, and taken to dryness in vacuo.
The residue was recrystallized from 2:30 CH,Cl/ether, and then again from 1:3:25
CH,Cl,/THF/ether. Yield 122.0 mg (80%). Calc. for C;H,,0,P,RhIrB,Fy: C 52.70%,
H 3.79%; found: C 52.53%, H 3.62%.

(i) Preparation of [RhIr(CO)_,,(p.-CCI’hCHZCH=CHZ)(dppm)z][BF4]2 (32).
An NMR tube was charged with 31 (10.2 mg, 7.8 pmol) and 0.4 mL of CD,Cl,. An
atmosphere of CO was placed over the sample resulting in a colour change from red-orange
to yellow. The *P{'H} NMR of this sample at -20 °C showed complete conversion to 32.
This compound was not isolated in the solid state, due to facile loss of CO, and was

characterized in solution only.

(j) Preparation of [RhIrCl(CO)(u-CCPhCH,CH=CH,)(1-CO)(dppm),](BF,]
(33) (Method 1). A sample of 2a (29.4 mg, 22.5 pumol) was placed in a flask with 5
mL of CH,Cl,, forming a red-purple solution. Allyl chloride (1.8 pL, 22 pmol) was added
via gastight syringe, causing a colour change to brown. Afier stirring overnight, the
solution had turned a deep cherry red. The solvent volume was then reduced to 1 mL
under nitrogen flow, and the product precipitated by the addition of 10 mL of ether. The
product was recrystallized from 2:10 CH,Cl,/ether, then washed twice with 5 mL of ether.
Yield: 15.3 mg (50%).

(Method 2) An NMR tube was charged with 33 (11.8 mg, 8.2 pmol) and bis(triphenyl-
phosphoranylidene)ammonium chloride (PPNCI, 5.1 mg, 8.9 pmol). CD,Cl, (0.4 mL)
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was added, forming a purple solution which was shown by *'P{'H} NMR spectroscopy to
have undergone complete conversion to 33, along with a small quantity (= 10%) of the

dichloro complex 34 (see below).

(k) Preparation of [RhIrCL(CO)(u-CCPhCH,CH=CH,)(dppm),] (34).
Compound 31 (30.1 mg, 21.0 pmol) was placed in a flask with PPNCI (24.5 mg, 42.7
pmol) and 5 mL of CH,Cl,, resulting in a red solution which quickly turned to an orange
suspension. This was stirred for 1 h, and the supernatant was removed and the small
amount of orange precipitate was washed twice with 5 mL of CH,Cl,. The supernatant and
the washings were combined and taken to dryness under vacuum. The residue was
extracted twice with a mixture of THF (2 mL) and ether (4 mL) and filtered to remove
insoluble PPN* salts. The filtrate was reduced to 1 mL under vacuum, and the product was
precipitated and washed with 5 mL of pentane. Yield 12.2 mg (45%). Diffraction-quality
crystals of 34a*CH,Cl, were grown by slow diffusion of pentane into a concentrated
CH,CI, solution of 34. Calc. for C,;H,,Cl,OP ,Rhlr: C 54.44%, H 4.06%, Cl 10.20%:

found: C 54.40%, H 3.91%, Cl 10.52%.

() Preparation of [RhIr(CO)(u-CCPhCH,CH(PMe,)CH,)(u-CO)(dppm),]-
[BF,], (35). Compound 31 (100.0 mg, 76.5 umol) was placed in a flask with 20 mL of
CH,Cl,. Trimethylphosphine (77 puL, 77 pmol) was added as a 1 M solution in THF, via
gastight syringe, causing a colour change from brown to red. After stirring for 1 h, the
solvent was reduced under vacuum to 1 mL, and the product precipitated by the addition of
I5 mL of ether. The dark orange compound was then recrystallized from 35:30
CH,Cl,/ether, washed three times with ether, and dried under vacuum, giving a bright

yellow microcrystalline powder. Yield: 78.6 mg (63%)
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(m) Reaction of 31 with H,. Compound 31 (60.0 mg, 41.8 pmol) was placed in a
flask with 5 mL of CH,Cl,. An atmosphere of dihydrogen gas was placed over the
solution, and the solution was stirred overnight, causing a slow colour change from red-
brown to yellow. Pentane (10 mL) was added, causing a yellow ppt to form, which was
washed with 5 mL of pentane and dried. Yield: 31.5 mg (62%) This compound was
identified as [RhIr(H)(CO),(u-H),{dppm),][BF,]"' by its *P{'H} NMR and 'H NMR
spectra C'P{1H} NMR: § 27.3 (dm, 'J,,, = 110.2 Hz), -2.2 (m); 'H NMR (hydride
region): -10.6 (b, 1H), -11.4 (b, 1H), -11.7 (b, 1H). The organic product was identified
by repeating the reaction in minimum of CH,Cl, in an NMR tube, and extracting with 0.4
mL of C,D,. The '"H NMR of this compound was consistent with 2-phenyl-1, 4-pentadiene
('H: 7.1-7.4 (m, 5H, phenyls), 5.9 (m, 1H), 5.4 (s, 1H), 5.1 (m, 3H), 3.2 (d, 2H)),
however, most of the signals in the "C{'H} NMR spectrum were obscured by the phenyl

signals of residual decomposition products.

(n) Preparation of [RhIr(n’-CH,CHCH,)(CO),(1-CCPh)(dppm),][BF,],
(36a). Silver fluoborate (28.0 mg, 144 pumol) and 2a (181.0 mg, 138.3 pumol) were
dissolved in 20 mL of CH,Cl,, forming a purple solution. Allyl bromide (12.0 pL, 139
umol) was added, causing an rapid colour change to brown. After stirring for 2 h, the
suspension was filtered to give a clear yellow solution, and the solvent removed under
vacuum. The brown residue was dissolved in 2 mL of CH,CI, and 4 mL of THF, and the
product precipitated by the slow addition of 25 mL of ether. The yellow solid was washed
three times with 15 mL of ether, and dried. Yield: 160.4 mg (81%). Calc. for
C;H,,0,P,RhIrB,F,: C 52.70%, H 3.79%; found: C 52.62%, H 3.79%.



(0) Preparation of [RhIr(n’-CH,CHCH,)(CO),(u-CCPh)(dppm),][O,SCF,],
(36b). Silver triflate (27.1 mg, 106 pmol) and 2b (140.6 mg, 102.6 pmol) were
dissolved in 8 mL of CH,Cl,, forming a purple solution. Allyl bromide (8.9 pL, 103
umol) was added, causing an rapid colour change to brown. After stirring for 1 h, the
suspension was filtered to give a clear yellow solution. The solution was then reduced to 1
mL, diluted with 3 mL of THF, and precipitated by the slow addition of 25 mL c;f ether.
The yellow solid was washed three times with 10 mL of ether, and dried. Yield: 131.0 mg
(80%). Calc. for CiH,,O,S,P,RhIrF;: C 50.04%, H 3.49%; found: C 50.47%, H
3.50%.

(p) Low temperature reaction of 2a with AgO,SCF, and CH,=CHCH,Br.
Compound 2a (23.0 mg, 17.6 umol) was placed in a flask with AgO,SCF, (14.5 mg,
56.4 umol) and 0.6 mL of CD,CI, and stirred for 5 min. The purple solution was then
transferred to an NMR tube and cooled to -80 °C. The *'P{'H} NMR spectrum of this
sample showed the presence of one new compound ('P{'H}: 23.6 (dm, 'Jg, = 101.3
Hz), 7.5 (b); '"H: 4.55 (b), 4.0 (b), each 2H) in addition to small amounts of 2a. Upon
addition of allyl bromide (1.5 pL, 17 pmol) to this solution at -80 °C, the colour changed
form purple to brown. This solution was shown to contain a mixture of 36 and two new
species (A, *'P{'H}: 28.3 (dm, 'J,, = 107.9 Hz), -24.2 (b); B 27.8 (dm, 'Jg,, = 109.3

Hz), -24.2 (b)). Even at -80 °C, these compounds rapidly decomposed to give 36.

(q) Reaction of 36 with chloride anion. An NMR tube was charged with 36a
(10.8 mg, 7.5 umol) and PPNCI (11.0 mg, 19.2 umol). This was cooled to -80 °C, and
0.4 mL of CD,Cl, was added, forming a red solution. This was shown by *'P{'H} NMR
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spectroscopy to contain a mixture of 36 and 2 in a 5:1 ratio. Warming to -60 °C caused

nearly complete conversion to 2. This reacted upon further warming to give 34.

(r) Preparation of [RhIr(CH,CH(PMe,)CH,)(CO),(u-CCPh)(dppm),][BF,],
(37). Compound 36a (27.5 mg, 19.2 pmol) was placed in a flask with 1 mL of CH,CI,
and treated with PMe, (20 pL, 20 pmol), causing a colour change from orange to bright
yellow. This was stirred 20 min, and the product precipitated by the addition of 15 mL of
ether. This was washed twice with 10 mL aliquots of ether, and dried under vacuum.

Yield: 19.1 mg (66%).

(s) Preparation of [RhIr(CH,CH,CH,)(CO),(u-CCPh)(dppm),][O,SCF;]
(38). Compound 36b (26.0 mg, 16.7 umol) was placed in a flask with 1 mL of CH,Cl,
and treated with superhydride (1.0 M solution of LiBH(Et); in THF; 18 pL, 18 pmol),
resulting in a colour change from orange to yellow. This solution was stirred 1 h, then 40
UL of methanol was added to destroy the excess superhydride. After a further 30 min of
stirring, the product was precipitated as a fine yellow powder by the addition of 25 mL of
ether. This was washed twice with 10 mL of ether, and dried under vacuum. Yield: 14.6
mg (62%). Calc. for Co,H,,O,P,RhIrF,S: C 54.43%, H 3.93%; found: C 54.12%, H

3.69%.

(t) Preparation of [RhIr(CH,CH(CN)CH,)(CO),(u-CCPh)(dppm),][O,SCF;]
(39). Compound 36b (61.8 mg, 39.6 pumol) was placed in a flask with 5 mL of CH,Cl,.
Tetrabutylammonium cyanide (12.0 mg, 44.7 mmol) was placed in a separate flask and
dissolved in 5 mL of CH,Cl,, and added via cannula to the solution of 36b, resulting in a

colour change from red-brown to orange. This solution was stirred overnight, and the
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solvent was removed in vacuo. The residue was dissolved in 3 mL of CH,0H, and 5 mL
of degassed water was added, forming a bright orange suspension. The product was
collected by filtration, dried under vacuum, then extracted with 4 mL of THF. The solvent
volume was reduced to 2 mL, and ether (15 mL) was added, affording a yellow precipitate,
which was washed twice with 10 mL of ether and dried under vacuum. Yield: 26.7 mg

(47%).

(u) Attempted Reaction of 2 with CH,0,SCF,. An NMR tube was charged with
2b (24.0 mg, 17.5 umol) and 0.4 mL of CD,Cl,. Methyl triflate (2.0 pL, 16 pmol) was

added, resulting in no change in the *'P{'H} spectrum.

(v) Attempted Reaction of 2 with PhCH,Br. An NMR tube was charged with 2b
(20.0 mg, 14.6 pmol) and 0.4 mL of CD,Cl,. Benzyl bromide (1.3 puL, 11 pmol) was
added. NMR spectroscopy showed no reaction. The same result was obtained after the

addition of AgO,SCF, (2.7 mg, 11 pmol).

(w) Attempted reaction of 2 with CH,I. An NMR tube was charged with 2b (19.9
mg, 14.5 umol) and 0.4 mL of CD,Cl,. Methyl iodide (0.9 pL, 15 pmol) was added,

resulting in no change in the *'P{'H} NMR spectrum.

X-ray Data Collection. Suitable crystals of compound 28a were grown by slow
diffusion of benzene into a concentrated CH,Cl, solution of 28a at 22 °C. Data were
collected at -173 °C on an Enraf-Nonius Kappa CCD diffractometer by Dr. Alan J. Lough
at the University of Toronto, using Mo Ko radiation. Solution and refinement of the

structure was carried out by Dr. R. McDonald. Experimental details are given in Table 3.2.
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Table 3.2. Crystallographic Experimental Details for Compounds 28a and 34a.

A. Crystal Data

formula C79H70BBrE4IrOoPsRh  Cg3Hs6ClalrOP4Rh
formula weight 1637.06 1389.87
crystal dimensions (mm) @ 0.50 x 0.12 x 0.10
crystal system monoclinic monoclinic
Space group P21/n (a nonstandard P2,/c (No. 14)
setting of P21/c
[No. 14])
unit cell parameters
a(A) 12.534 (3) 19.7269 (3)
b (A) 27.011 (5) 20.4479 (4)
c(A) 62.73 (1) 14.3383 (3)
B (deg) 94.05 (3) 101.2154 (11)
V(A3 21186 (7) 5673.2 (2)
z 12 4
Pcaled (g cm-3) 1.540 1.627
p (mm-1) 2.83 2.978

B. Data Collection and Refinement Conditions

diffractometer Enraf-Nonius KappaCCD?
radiation (A [A]) graphite-monochromated Mo Kot (0.71073)
temperature (°C) -173 -110
scan type mixture of ¢ rotations and @ scans
data collection 28 limit (deg) 50.0 61.0
total data collected 31116 (0 < h < 14, 16559 (0 <h <27,
0< k<31, 0< k<29,
74 <1< 74) -20£1<20)
independent reflections 31116 16559
number of observations (NO) 14982 (Fp2 2 20(F2)) 12230 (Fp2 = 20(F,2))
structure solution method direct methods (SHELXS-86¢)
refinement method full-matrix least-squares on F2 (SHELXL-934)
data/restraints/parameters 31116 [Fo2 2 —30(Fod)]/ 16498 [Fo2 2 -30(Fo?)]
1554/ 1316 / 0/667
goodness-of-fit (S)f 4 1.008 [Fo2 2 —30(Fo2)]  1.155 [Fo2 = -30(Fo2)]
final R indices8
Fo2>20(F42) Ry = 0.0852, R; = 0.0507,
wRy = 0.2154 wR, = 0.1104
all data R; =0.1804, R1 =0.0917,
wR, = 0.2522 wR> = 0.1614

largest difference peak and hole ~ 2.343 and -1.287e A3 1.655 and -2.341 ¢ A~
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Table 3.2. Continued.

aNot measured.

bPrograms for diffractometer operation and data collection were those supplied by Enraf-
Nonius.

cSheldrick, G. M. Acta Crystallogr. 1990, A46, 467-473.

dSheldrick, G. M. SHELXL-93. Program for crystal structure determination. University
of Gottingen, Germany, 1993. Refinement on Fy2 for all reflections (all of these
having Fo2 2> -30(F,2)). Weighted R-factors wR; and all goodnesses of fit § are based
on Fy2; conventional R-factors R) are based on F,, with F, set to zero for negative
Fo2. The observed criterion of Fo2 > 20(F,2) is used only for calculating Ry, and is not
relevant to the choice of reflections for refinement. R-factors based on F,2 are
statistically about twice as large as those based on F,, and R-factors based on ALL data
will be even larger.

¢(a) Distances within one of the BF4~ ions of compound 28a (the one containing F(5),
F(6), F(7), F(8) and B(2)) were fixed at idealized values: d(F-B) = 1.35 A and
d(F---F)=2.20 A. (b) Distances within the solvent benzene molecules were fixed to
give idealized geometries: d(C-C) = 1.40 A (bonded), d(C---C) (1,3 distance) = 2.425
A, and d(C---C) (1,4 distance) = 2.80 A. (c) Each BF4~ ion or solvent benzene
molecule was refined with a single isotropic displacement parameter.

IS = [Ew(F o2 - Fe2)2/(n - p)11/2 (n = number of data; p = number of parameters varied; w
= [G2(F,2) + (0.1282P)2]1 where P = [Max(F,2, 0) + 2F.2/3).

ER| = ZIF ) — IFM/EIFl; wRy = [EW(Fo2 — Fe2)2/Ew(F ] V2.
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The unit cell was found to contain three crystallographically independent molecules of 28a,
along with one molecule of benzene. The crystals diffracted rather poorly, resulting in less
than half of the independent reflections being observed (even with a CCD detector); the
resulting poor quality of the data prevented the structure from refining acceptably. The
poor refinement of this structure can been seen in the bond lengths and angles of these
molecules (see Tables 3.3 and 3.4), which vary greatly from one molecule to the next. The
carbon-carbon bonds of the alkynyl phenyl group, for example, are expected to be
reasonably constant at 1.39 A."? In this structure, they range from 1.34(2) Ato 1.54(4) A.
Similarly, this same aromatic ring is expected to have all carbon-carbon bond angles close
to the ideal 120°; in 28a, these angles range from 108(3)° to 131(2)°. In addition, only two
of the three fluoborate counterions could be located, the other presumably being disordered
at several sites within the lattice. Crystals of 28b (grown from THF/pentane and from
THF/benzene) were also subjected to X-ray diffraction, however, the refinement of these
crystals was less satisfactory than that of the fluoborate salt.

Orange crystals of 34a, as the dichloromethane solvate, were grown by diffusion
of pentane into a concentrated CH,Cl, solution of 34. Data were collected by D. Frankel
and S. Lowell at the University of Washington, Seattle, USA, on an Enraf-Nonius Kappa
CCD diffractometer at -110 °C. Other experimental details are given in Table 3.2. The
solution of this structure was carried out by Dr. R. McDonald, and presented no unusual
difficulties. The final model for the complex refined to values of R, = 0.0507 (for F’>
20(F,%)) and wR, = 0.1614 (for all data). Selected bond lengths and angles are given in
Tables 3.5 and 3.6, respectively.

Atomic coordinates and thermal displacement parameters for both 28a and 34a are

available upon request from Dr. R. McDonald.



Table 3.3. Selected Interatomic Distances (A) for Compound 28a

Atoml Atom2 Distance

Molecule A Molecule B Molecule C
Ir Rh 3.022(2) 3.026(2) 2.9982(15)
Ir P(1) 2.357(4) 2.363(5) 2.345(4)
Ir P(3) 2.360(4) 2.358(5) 2.346(4)
Ir C() 1.87(2) 2.09(2) 1.94(2)
Ir C(2) 2.04(2) 2.04(2) 2.005(15)
Ir o(@))] 2.06(2) 2.07(2) 2.014(14)
Rh Br 2.659(2) 2.669(2) 2.656(2)
Rh P(2) 2.401(5) 2.402(5) 2.413(5)
Rh P(4) 2.393(5) 2.397(5) 2.395(5)
Rh C(2) 2.07(2) 2.06(2) 2.071(14)
Rh C(3) 2.407(15) 2.41(2) 2.425(14)
Rh Cc4) 2.40(2) 2.39(2) 2.428(14)
Rh C( 2.100(15) 2.08(2) 2.101(13)
P(1) C(8) 1.821(15) 1.79(2) 1.849(15)
P(2) C(8) 1.82(2) 1.87(2) 1.860(15)
P(3) C(9) 1.836(14) 1.802(15) 1.867(13)
P4) C(9) 1.834(14) 1.85(2) 1.807(13)
o C(D) 1.21(2) 0.89(2) 1.15(2)
02) C(2) 1.18(2) 1.14(2) 1.163(14)
C(3) C4) 1.33(3) 1.41(3) 1.35(2)
Cc@) C(5) 1.36(3) 1.39(3) 1.57(2)
C(5) C(6) 1.60(2) 1.54(2) 1.51(2)
C(6) C() 1.27(2) 1.30(2) 1.36(2)
C(6) C(o1) 1.50(2) 1.51(3) 1.50(2)
CcCoOl C(92) 1.35(2) 1.34(2) 1.42(2)
CO1) C96) 1.53(3) 1.52(3) 1.39(2)
C@©92) C(93) 1.37(2) 1.34(2) 1.41(2)
C93) C(94) 1.42(3) 1.4503) 1.43(2)
C4) C(95) 1.54(4) 1.5C4) 1.36(2)
C5) C(96) 1.41(3) 1.44(4) 1.43(2)



Table 3.4. Selected Interatomic Angles (deg) for Compound 28a.
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Atom! Atom2 Atom3 Angle

Molecule A Molecule B Molecule C
Rh Ir P(1) 92.16(11) 92.45(11) 93.55(11)
Rh Ir P(3) 92.04(11) 92.59(11) 92.02(10)
Rh Ir (1) 142.8(5) 149.5(6) 141.2(4)
Rh Ir C) 43.0(5) 42.8(5) 43.5(4)
Rh I cm 43.94) 43.4(4) 44.4(4)
P(1) Ir P(3) 164.7(2) 165.2(2) 163.42(14)
P(1) Ir C(D) 95.0(5) 90.94) 93.3(5)
P(1) Ir C(2) 97.8(5) 97.3(4) 97.9(4)
P(1) Ir 6(@)] 84.7(4) 86.6(4) 85.0(4)
P(3) Ir c(n 90.5(5) 91.9(4) 92.1(5)
P(3) Ir CQ2) 95.3(5) 95.94) 96.9(4)
P(3) Ir Cc( 88.1(4) 87.5(4) 88.2(4)
C(1 Ir C(2) 99.8(7) 106.7(8) 97.7(6)
(1) Ir c(n 173.3(6) 167.1(7) 174.4(6)
C(2) Ir (7 86.9(6) 86.1(6) 87.8(6)
Ir Rh Br 137.59(6) 138.02(7) 135.08(6)
Ir Rh P(2) 88.31(11) 88.17(12) 87.71(10)
Ir Rh P(4) 88.52(11) 87.95(11) 88.48(10)
Ir Rh C(2) 42.2(5) 42.2(5) 41.8(4)
g Rh C(3) 146.1(4) 146.2(5) 146.1(4)
Ir Rh C4) 114.2(6) 113.3(8) 115.6(4)
Ir Rh C( 42.9(4) 43.0(5) 42.1(4)
Br Rh P(2) 88.62(12) 86.58(13) 89.25(11)
Br Rh P(4) 91.57(12) 93.41(13) 92.11(11)
Br Rh C@Q) 95.5(5) 96.0(5) 93.3(4)
Br Rh C(3) 76.3(4) 75.4(5) 78.6(4)
Br Rh Cc@4) 108.2(6) 108.7(8) 109.0(4)
Br Rh c( 177.3(4) 175.8(4) 174.3(4)
P(2) Rh P4) 175.5(2) 174.2(2) 175.8(2)
P(2) Rh C2) 88.34) 88.2(4) 88.7(4)
P(2) Rh Cc@3) 91.8(4) 89.6(5) 89.7(5)
P(2) Rh C4) 96.4(7) 98.2(7) 100.6(4)
P(2) Rh c( 88.7(4) 89.4(4) 85.7(4)
P(4) Rh C2) 87.2(4) 86.0(4) 87.2(4)
P4) Rh C@3) 92.6(4) 96.1(5) 94.5(5)
P4) Rh C4) 87.8(7) 87.3(7) 82.7(4)
P(4) Rh (@)} 91.1(4) 90.7(4) 92.7(4)
C(2) Rh C@3) 171.7(6) 171.2(7) 171.8(5)
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Table 3.4. Selected Angles for Compound 28a (Continued).

Atoml Atom2 Atom3 Angle

Molecule A Molecule B Molecule C
C2) Rh C@) 155.9(8) 154.7(9) 155.7(6)
C) Rh Cc) 85.1(6) 85.2(7) 83.9(6)
C@3) Rh Cc@4) 32.2(6) 34.1(7) 32.3(5)
C@3) Rh (o(g))] 103.2(6) 103.3(7) 104.0(5)
C(4) Rh (/@) 7L.5(7) 70.5(9) 74.6(5)
Ir P(1) C(8) 111.2(5) 112.6(5) 112.8(5)
Rh P(2) C(8) 109.1(5) 110.6(5) 112.6(5)
Ir P(3) C©) 111.4(5) 111.7(6) 111.6(5)
Rh P(4) C©) 109.9(5) 110.0(6) 109.2(5)
Ir C(1) o) 171.6(13) 174(2) 171.9(14)
Ir C(2) Rh 94.8(7) 95.0(7) 94.7(6)
Ir C(2) 0Q) 129.7(12) 128.7(13) 129.5(11)
Rh CQ) 0o(2) 135.5(12) 135.9(14) 135.8(12)
Rh C(3) C4) 73.6(11) 72.0(11) 74.009)
Rh C4) C@3) 74.2(12) 74.0(13) 73.7(9)
Rh C4) (o)) 113(2) 111(2) 102.3(9)
C@3) C4) C(5 146(3) 140(3) 124(2)
C(4) C(5) C(6) 106(2) 109(2) 108.0(12)
C(5) C(6) Cc( 118.6(14) 115(2) 118.9(12)
C(5) C(6) Co1) 115(2) 117(2) 115.4(13)
(7 C(6) con 125(2) 127(2) 125.4(13)
Ir (elg)) Rh 93.2(6) 93.6(7) 93.5(6)
Ir (o(@)] C(6) 144.0(13) 140.5(12) 146.2(11)
Rh C() C(6) 122.5(12) 125.3(13) 119.5(10)
P(1) C(8) P(2) 115.1(7) 114.5(8) 111.3(8)
P(3) C(9) P4) 113.2(7) 114.7(8) 112.1(7)
C(6) C1) C92) 124(2) 125(2) 120.7(14)
C(6) C@1) C(96) 123(2) 119(2) 121(2)
C(92) c1) C(96) 113(2) 115(2) 118(2)
Con C(92) C(93) 1312) 127(2) 120(2)
C(92) C(93) C(94) 111Q2) 115(2) 120(2)
C(93) C(94) C(95) 129(3) 128(3) 121(2)
C(94) C(95) C(96) 108(3) 108(3) 119(2)

c@1  C6) C(95) 126(2) 125(3) 122(2)



Table 3.5. Selected Interatomic Distances (A) for Compound 34a.

???g?:‘:‘:‘:‘:‘g
8

Atom2
Rh
CI(1)
P(1)
P(3)
C(1)
C(2)
Cl(2)
P(2)
P(4)
C(2)

Distance
2.7366(5)
2.5341(13)
2.3274(14)
2.3530(14)
1.876(6)
1.987(5)
2.4094(14)
2.3284(15)
2.3122(15)
1.992(6)

Atoml
P(1)
P(2)
P(3)
P(4)
o)
C(2)
C@3)
C(3)
C4)
C(5)

Atom?2

C(7
C
C(®)
C(®)
C(1)
C®
C4)
C©On
C(5)
C(6)

Distance

1.816(6)
1.838(6)
1.817(6)
1.856(6)
1.139(8)
1.362(8)
1.538(8)
1.474(8)
1.492(8)
1.328(8)

101
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Table 3.6. Selected Interatomic Angles (deg) for compound 34a.

Atoml Atom2 Atom3 Angle Atoml Atom2 Atom3 Angle
Rh Ir CI(1) 108.58(4) Rh C@2) C@B) 125.8(4)
Rh Ir P(1) 85.32(4) C2) C@B) C@) 117.9()
Rh Ir P(3) 93.18(4) C2) C(3) C@O1) 124.005)
Rh Ir C(l) 161.1(2) C4) C@B) COI) 118.2(5
Rh Ir C(2) 46.6(2) C3) C4 C»B) 113.6(5)
1y Ir P(1) 87.09(5) C4 C() <C) 125.1(6)
c1y Ir P(3) 87.29(5) P(1) C(@T P@) 107.9(3)
iy Ir C(1) 90.2(2) P(3) C@®) P@4) 108.1(3)
Ci(1) Ir C(2) 154.9(2) Ir P(1) C(11) 112.3(2)
P(1) Ir P(3) 173.39(5) Ir P(1) C(21) 118.9(2)
P(1) Ir C(1) 94.1(2) C() P(1) C(11) 104.9(3)
P(1) Ir C(2) 93.4(2) C(m PQ) C(21) 104.2(3)
P(3) Ir C(1) 89.4(2) C(11) P(1) C(21) 104.5(3)
P(3) Ir C(2) 90.2(2) Rh P(2) C(31) 118.2(2)
C(1) Ir C(2) 114.7(3) Rh P(2) C(41) 118.4(2)
Ir Rh Cl(2) 172.48(4) C(7) P(2) C(31) 102.0(3)
Ir Rh P(2) 95.49(4) C() P(2) C(41) 102.3(3)
Ir Rh P(4) 87.14(4) C@31L) P@2) C(41) 101.8(3)
Ir Rh C(2) 46.5(2) Ir P(3) C(51) 115.0(2)
CI(2) Rh P(2) 87.36(5) Ir P(3) C(61) 120.4(2)
Cl(2) Rh P(4) 89.00(5) C@®) P@3) C(51) 107.5(3)
Cl(2) Rh C(2) 141.002) C@®) PQ@3) C(61) 107.6(3)
P(2) Rh P(4) 170.81(5) C(51)  PQ@3) C(61) 101.9(3)
P(2) Rh C(2) 82.1(2) Rh P(4) C(71) 119.1(2)
P(4) Rh C(2) 105.9(2) Rh P(4) C(81) 108.0(2)
Ir P(1) C(7) 110.9(2) c@8) P4 C(71) 102.5(3)
Rh P(2) C(7) 111.7(2) C®) P@4) C(81) 102.6(3)
Ir P(3) C(8) 103.8(2) C(71) P@4) C(81) 102.5(2)
Rh P(4) C(8) 119.8(2) C(3) C@O1) C(92) 119.9(5)
Ir C(l) O(1) 178.4(6) C@3) C1) C96) 122.6(5)
Ir C(2) Rh 86.9(2)

Ir C2) C(3) 147.3(5)
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Results and Compound Characterization

Reaction of the phenylacetylide bridged A-frame complex [RhIr(CO),(i-C,Ph)-
(dppm),][BF,] (2a) with an excess of HBF, leads to the formation of the hydride complex
25a, for which we propose the structure [RhIr(BF,)(CO),(u-H)(1u-CCPh)(dppm),][BF,]
(see Scheme 3.1), resulting from formal oxidative addition of HBF, to the iridium centre.
Coordination of the fluoborate ion to a late transition metal centre is well documented,
although rare."® The hydride signal of 25a appears in the '"H NMR spectrum at & -19.00,
and shows small (= 6 Hz) coupling to rhodium. The low coupling to rhodium is consistent
with an iridium-bound hydride having a weak bridging interaction with rhodium, as is
found for other products of HX addition to 2, such as 19 (X = CCPh, 'J,,; = 9 Hz), and
21 (X = H, T, = 16 Hz), described in Chapter 2. The IR spectrum shows only terminal
carbonyls (Vo = 2068, 1985 cm™), in agreement with the *C{'H} NMR spectrum, which
shows a terminal carbonyl on rhodium (8 186.7, 'Jg,c = 82 Hz) and another on iridium (8
170.6). The geometry around iridium is uncertain, in that the hydride and the fluoborate
may be either mutually cis or trans. Although the fluxional nature of this compound (with
the coordinated fluoborate presumably exchanging with the free counterion) precluded the
determination of its exact geometry, the hydride and fluoborate ligands are proposed to be
mutually rrans for two reasons. First, strongly polar reagents (such as HBF,) are known
to normally add to square planar Ir(I) complexes such as Vaska's compound in an Sy2
fashion, with electrophilic attack of one fragment followed by addition of the other
fragment resulting in trans-addition products.'* Second, it has been shown that in many
[Ir(H)L,]-type complexes, the chemical shift of the hydride in the 'H NMR spectrum
depends strongly upon the identity of the ligand frans to the hydride."”” Compounds in

which the frans ligand is a weakly coordinating o-donor display the hydride at extremely



104

Scheme 3.1
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high field, such as that found in the complexes [Ir(H)(CI)(X)(CO)(PPh,),] (X = BF,, &
-26.5; X = O,SCF,, § -21.8; X = AICl,, § -20.8),'** [Ir(H)(C1)(L)(CO)(PPh,),][BF,] (L
= CH,C(O)CH,, 8§ -21.4; L = H,0, 8 -21.1),'® and [Ir(H)(Cl)(BF,)(N,)(PPh,),] (&
-24.8)."® In complexes in which the hydride is frans to a carbonyl, however, the hydride
signal appears at lower field, such as in [Ir(H)(L)(CO),(PPh,),][X] (L = Cl, X = BF,,
-8.6; X = CCPh, & -8.8)'®®"7 and [RhIr(X)(CO),(1-H)(1-CCR)(dppm),][O,SCF,] (20: X
= CCPh, R =CH,, 8 -8.5; 21: X=H, R=Ph, 0 -9.9, described in the previous chapter).

Although it is difficult to confirm the coordination of fluoborate to the metal centre
of 25a without a crystal structure, there are several factors which suggest that coordination
does take place. The first is by analogy with the mononuclear complexes
[Ir(H)(CI)(BF)(L)(PPh,),] (L = CO, N,),'®® which contain coordinating fluoborate
anions. Compound 25a, with its higher cationic charge, would be less likely to undergo
anion dissociation in the absence of stronger ligands. Secondly, the protonation of the
triflate salt of compound 2 (2b) by HBF, yields [RhIr(O,SCF;)(CO),(u-H)(1-CCPh)-
(dppm),][BF,] (25b) which contains a coordinated triflate anion rather than a fluoborate
ligand. This triflate-containing compound is more stable towards deprotonation than 25a,
requiring a smaller excess of acid to effect 100% conversion to the hydride complex, and
the two compounds show significant differences in their >'P{'H} NMR spectra for the
iridium-bound phosphines. Not only are the signals for the two compounds separated by
nearly 1.5 ppm, but the signals for 25b are much sharper than those of 25a, suggesting
that the coordinating anion in 25a is more labile than that in the triflate analogue. This is
consistent with previous reports which have shown triflate to be a more strongly
coordinating ligand than fluoborate."”'® Replacing both anions with triflate (by adding
triflic acid to 2b) gives [RhIr(O,SCF;)(CO),(u-H)(u-CCPh)(dppm),][O,SCF,], which is

indistinguishable from 25b by *'P{'H} and 'H NMR spectroscopy. The change in
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spectroscopy upon addition of one equivalent of triflate confirms that the triflate ion in 25b
is coordinated to the iridium centre, as replacing one innocent counterion with another
would not be expected to significantly change either the spectral parameters or stability of
compound 25. The coordination of the triflate ion in 25b implies fluoborate coordination
in 25a, as the transition from an 18-electron, six-coordinate iridium centre in 25b to a 16-
electron, five-coordinate iridium centre in 25a would be expected to result in a dramatic
change in structure and spectral parameters. It must be noted, however, that solvent
coordination could also fill this coordination site, allowing iridium to attain an 18-electron,
six-coordinate configuration without the coordination of fluoborate. Although '’F NMR
spectroscopy would be expected to confirm or disprove the coordination of the fluoborate
ion, the broad signals from the excess HBF, in solution mask any potentially informative
signals in this case.

Addition of carbon monoxide to a solution of 25a results in the immediate
formation of [RhIr(CO),(u-H)(u-CCPh)(dppm),][BF,], (26). The IR spectrum of this
compound shows only terminal carbonyl stretches (Vo = 2019, 1996, 1984 cm™), while
the *C{'H} NMR spectrum shows three carbonyl signals, one due to a terminal carbonyl
bound to rhodium (8 188.1, 'Jz,. = 83 Hz), and two due to terminal carbonyls bound to
iridium (8 161.4, 154.9). The 'H NMR spectrum shows a hydride signal at & -7.78,
which shows coupling to rhodium ('J,,; = 12 Hz) and to both sets of dppm phosphines
Clpgnu = 2 Hz, ZJP([,)H = 8 Hz). This splitting pattern is typical for a bridging hydride in
these dppm-bridged systems, and is very similar to those seen for compounds 19, 20 and
21. The lower-field chemical shift is also consistent with the hydride ligand being frans to
a carbonyl. The hydride- and alkynyl-bridged structure proposed for compound 26,
shown in Scheme 3.1, is analogous to that proposed for 19 and 20 (with the terminal

alkynyl replaced by a formally isoelectronic carbonyl) and to [RhIr(CO),(i-H),(dppm),]-
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[BF,],,!! with one of the bridging hydride ligands replaced with an alkynyl. Labeling
experiments in which unenriched 26 is reacted with 13CO have shown that the newly-
introduced carbonyl ligand is bound to iridium, giving rise to the signal at 154.9 ppm. The
large coupling seen between this carbonyl and the hydride in the 'H{’'P} NMR spectra
(3Jo = 44 Hz) indicates that these ligands are mutually trans, with the carbony! occupying
the coordination site previously filled by the labile fluoborate ion. In contrast, labeling the
other carbony! positions (by adding '*CO to an “CO-enriched sample of 25a) gives rise to
only small (= 2 Hz) coupling between the hydride and the labeled carbonyl, indicating that
the carbonyls originally in the complex remain trans to the alkynyl ligand.

Under excess carbon monoxide, 26 slowly converts to complex 27, in which the
hydride ligand has migrated from the metals to the C; of the alkynyl ligand, forming a
vinylidene. The C, of the vinylidene appears in the "C{'H} NMR spectrum at 5 210.6
(*Tec = 28 Hz), which is diagnostic for a bridging vinylidene,' and is similar to those seen
in the other vinylidenes to be described in this chapter. Also apparent are four carbonyl
signals, two resulting from carbonyls terminally bound to rhodium (8 188.7, Jgpe = 51
Hz; & 176.1, 'J . = 61 Hz) and two due to carbonyls terminally bound to iridium
(5 168.1, 161.7). The hydride signal of 26 has disappeared from the '"H NMR spectrum,
and is replaced by a new broad signal at & 6.94, which is in the range expected for a
vinylidene hydrogen.! The *'P{'H} NMR spectrum of this compound shows a dramatic
upfield shift in the signals for the rhodium-bound phosphines (from & 22.0 in 26 to 59.5
in 27), suggesting a significant change in environment at the rhodium centre, consistent
with the conversion of the alkynyl ligand to a vinylidene. As seen in the previous chapter,
the *'P signal for the rhodium-bound phosphines was found to be rather insensitive to

coordination or oxidative addition at the iridium centre.
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Attempts to effect the oxidative addition of methyl iodide and benzyl bromide to
compound 2 failed, with no reaction being observed in either case. In contrast, allyl
bromide reacts with compound 2 at room temperature to give the complex [RhIrBr(CO)-
(L-CO)(u-C=C(Ph)CH,CH=CH,)(dppm),][X] (X = BF,, 28a; X = O,SCF;, 28b), in
which the allyl fragment has condensed with the alkynyl moiety to give a bridging
allylvinylidene ligand, as outlined in Scheme 3.2. The “C{'H} NMR spectrum of 28b
shows that the signals for the alkynyl carbons shift from & 107.9 and 106.0 in 2 to 8
200.4 and & 157.4, for C, and Cg, respectively, the latter two being within the expected
range for vinylidenes in analogous systems.' The observed coupling of C, to the rhodium
nucleus ('Jg,c = 19 Hz) and to both sets of phosphines confirms that the vinylidene is in
the bridging position; the rhodium coupling is very close to that observed for the vinylidene
compounds 7 (20 Hz) and 27 (20 Hz). This spectrum also shows the presence of two
carbonyls, one of which is terminal on iridium (8 179.1), and one which bridges the two
metals (8 186.0, 'Jp, = 41 Hz). The "C{'H} NMR signals for the olefinic carbons of the
allyl fragment (8 123.5 (C,) and 99.1 (C,); see reference 19 for the numbering scheme for
these carbons) are closer to the expected range for an uncoordinated olefin (RC,H=C.H,,
C, = 8 120 - 140; C, = 8 105 - 120)* than for that expected for a typical olefin coordinated
to rhodium or iridium, which gives rise to *C{'H} NMR signals in the range & 40 - 85.%'
Similarly, the signals for the olefin in the 'H NMR spectrum (8 6.20, 4.15, 4.05) fall
closer to the range expected for a non-coordinated alkene (8 4.5 - 7)™ than for a typical
coordinated olefin (which normally are shifted to higher field by 1 - 5 ppm,* although
coordination to an electron-poor metal has been reported to result in shifts of less than 1
ppm?). In addition, no coupling of either the olefinic carbons or protons to rhodium or to
phosphorus is observed. This suggests that any bonding between the olefin and either

metal centre is weak.
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The *'P{'H} NMR spectrum of 28 at room temperature shows a typical AA'BB'X
pattern, although the signals for the iridium-bound phosphines are broader than are
normally found for these compounds. Cooling the sample to -80 °C causes the spectrum to
change to an AA'BCX system, as the two iridium-bound phosphines become inequivalent,
causing the peak at & -1.0 to split into a second order set of doublets of multiplets, due to
two strongly coupled (261 Hz) nuclei at & 1.7 and -2.4. The signal for the thodium-bound
phosphines, in contrast, does not change significantly with temperature.

In order to unambiguously establish the structure of 28, as well as to understand
the temperature-dependence of the *'P{'H} NMR spectrum, a single crystal of 28a was
subjected to X-ray diffraction analysis, which showed that 28a has the structure shown in
Figure 3.1. This structure confirms that the allyl fragment from the allyl bromide has
added to the B-carbon of the alkynyl ligand, forming a vinylidene ligand. In addition, it
shows that the olefinic moiety of the allylvinylidene ligand is coordinated, not to iridium,
but surprisingly to rhodium, resulting in an octahedral geometry around this metal centre (if
the Rh-Ir bond is ignored), with the olefinic and vinylidene functionalities of the
allylvinylidene ligand occupying two mutually cis coordination sites, with the remaining
four occupied by the mutually trans dppm phosphines, the bromide, and the bridging
carbonyl. The significance of the allyl-group coordination at rhodium will be made
obvious later. At iridium, the coordination is best described (again ignoring the metal-metal
bond) as a tetragonal pyramid, with the dppm phosphines, the bridging vinylidene, and the
terminal carbonyl occupying the basal sites and the bridging carbonyl occupying the apical
site.  Although the angles vary significantly between the three crystallographically
independent molecules in the unit cell of this compound (due to the poor refinement), the
basal ligands are clearly bent away from the bridging carbonyl (P(1)-Ir-P(3) = 163 - 1657
C(1)-Ir-C(7) = 167 - 175°), which is consistent with this geometry description. This
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Figure 3.1. Perspective view of one of the three crystallographically-independent
[RhIrBr(CO)(u~C=CPhCH,CHCH,)(u-CO)(dppm)]*+ complex ions
(molecule A) of compound 28a, showing the atom labelling scheme. Non-
hydrogen atoms are represented by Gaussian ellipsoids at the 20%
probability level. Hydrogen atoms are shown with arbitrarily small thermal
parameters for the allyl and dppm methylene groups, and are not shown for

the phenyl groups.
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Figure 3.2. Alternate view of the cation of complex 28a (molecule A). Only the ipso
carbons of the dppm ligands are shown.
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combination of geometries (octahedral around one metal centre; tetragonal pyramidal
around the other metal centre) is fairly common in these heterobinuclear systems, and has
been observed in the crystal structures of [RhMn(CO),(it-S)(dppm),],** [RhMo(CO);-
(u-Cl)(dppm),],” and [RhIr(CCPh)(CO),(u-CCPh)(u-H)(dppm),][O,SCF,1** (19) (see
also compounds 40 and 44 in Chapter 4 of this thesis).

In this compound, both metal centres are saturated. However, it is unusual in that
rhodium has a higher oxidation state than iridium, and also has a higher coordination
number. In most rhodium-iridium complexes of this sort, it is the iridium which is in the
higher oxidation state and has a higher coordination number.?*?"-*

The bridging carbonyl of 28 appears to bridge the two metals in a symmetric
fashion (Rh-C(2) = 2.07 A, Ir-C(2) = 2.04 A; (Rh-C(2)-O(2) = 135°, Ir-C(2)-O(2) =
129°). The compound is best formulated with a metal-metal bond, both to satisfy the
electron count at each metal and because carbonyls which bridge two non-bonded metals
typically® give rise to bands in the IR spectrum at = 1700 cm™ (in contrast, the IR band for
the bridging carbonyl of 28a is observed at 1803 cm™). Although the metal-metal
separation of = 3.01 A is more consistent with the absence of a bond (compare the non-
bonded complexes [RhIr(CO),(u-CCH,=NBu)(dppm),][O,SCF,] (2.950(2) A),” and
[RhIr(H),(CO),(1-Cl)(dppm),][BF,] (3.0651(5) A)),”® metal-metal bonds of this length
have been reported,” the increased separation being attributed to steric repulsions between
the ligands. In 28, the long separation is likely due to the presence of the chelating
allylvinylidene ligand. Because of the strain involving the pendant allyl moiety, the
rhodium centre is pulled away from the C, of the vinylidene (C(7) in the crystal structure),
and thus the iridium centre, in order to remain within bonding distance of the olefinic

carbons of the allylvinylidene unit. Consistent with this, the Rh-C(7) distance (= 2.08 -

2.10 A) is somewhat longer than the Ir-C(7) distance (= 2.01 - 2.07 A), and is notably
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longer than the rhodium-carbon bonds in comparable vinylidene complexes such as
[Rh,(CO),(PCy,),(1-O,CCH,)(1-C=CHPh)][BF,] (Rh-C = 2.015(5), 1.984(5) A)3
Similarly, the vinylidene is bent towards the rhodium centre, with the Rh-C(7)-C(6) angle
being significantly smaller (119.5 ° - 1253 °) than the Ir-C(7)-C(6) angle (140.5 ° -
146.2 °). Due to the poor refinement of this structure, however, the structural parameters
should not be overinterpreted.

Similarly, the bonds between the rhodium and the olefinic carbons are long,
ranging from 2.39(2) A and 2.43(1) A (compared to 2.16 A and 2.02 A found in
[CpRh(CH,=CH,)(CF,=CF,)]** and between 2.09 A to 2.19 A for a number of “normal”
Rh(I) olefin complexes®), indicating that the coordination is strained, which is consistent
with the NMR data described above. Although the olefinic carbon-carbon bond length may
be expected to show lengthening due to m-backdonation from rhodium, the imprecision in
this bond length (1.33(3) A to 1.41(3) A in the three independent molecules) makes
meaningful comparisons impossible. Nevertheless, the structure determination clearly
establishes the overall structure, confirming the migration of the allyl unit to C; and the
weak coordination of the olefinic moiety to rhodium.

An understanding of why the *'P{'H} NMR spectrum changes at low temperature
can be also obtained from the crystal structure of 28a. The coordination of the olefinic
fragment (C; and C, of the allylvinylidene ligand) to rhodium causes the vinylidene to bend
out of the equatorial plane. This results in the phenyl ring of the allylvinylidene ligand
being thrust into the vicinity of the dppm phenyl rings on the iridium-bound phosphines, as
shown below. As a result, the magnetic environments of the phosphorus atoms bound to
iridium are inequivalent in the static structure. At room temperature, however, the two

iridium-bound phosphines can become equivalent on the NMR timescale by a process in
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which the olefin dissociates, twists around the C~C; single bond, and recoordinates via the

other face of the olefin. This causes the vinylidene to bend in the other direction, resulting

in effective exchange of the phosphine environments. At lower temperatures, the up-and-
down motion of the allyvinylidene group is sufficiently slowed to allow the different
environments to be detected. The top-bottom asymmetry apparently has a much reduced
affect upon the rhodium-bound phosphines, which appear degenerate at all temperatures
between ambient temperature and -80 °C.

In an attempt to determine how the allyl fragment migrated to the alkynyl group, we
sought to observe intermediates in this transformation by monitoring the low-temperature
addition of allyl bromide to compound 2b. The first intermediate, observed at -80 °C, is
proposed to be [RhIr(CO),(n*-CH,=CHCH,Br)(CCPh)(dppm),][O,SCF;] (29), as shown
in Scheme 3.2. This species contains a semibridging carbonyl and the olefin coordinated to
iridium in an arrangement similar to that suggested in the previous chapter for a number of
olefin adducts and confirmed crystallographically for the dimethylallene adduct 10. The
olefin signals in the '"H NMR have shifted substantially, from between & 6.2 - 5.0 in free
allyl bromide to & 2.0, 0.0, and -0.8, consistent with the upfield shift expected upon

coordination to a metal centre.??> Unfortunately, these signals are broad, even at very low
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temperatures (-90 °C), and reveal very little structural information. Because of this, exact
assignments of these signals to H,, H,, and H, could not be made.”” The *'P{'H} NMR
signals are complex, suggesting top-bottom asymmetry in this compound, as expected, if
the CH,Br substituent lies out of the equatorial plane, aimed towards one iridium-bound
phosphine and away from the other. The chemical shifts of & 16.7 and 5 14.8 for the
rhodium-bound phosphines and § -11.7 for the iridium bound phosphines are sirﬁilar to
those observed in the previous chapter for compound 8 (8 20.7 and & -9.3, respectively).
and other analogous olefin and alkyne complexes (9 - 16), in which the unsaturated
organic ligand is coordinated to iridium. This is supported by the low temperature (-90 °O)
13C{'H} NMR spectrum, which shows the presence of a terminal carbonyl bound to
rhodium (8 189.9, ‘T, = 84 Hz) and an iridium-bound carbonyl which is semibridging to
rhodium (8 180.2, ‘T, = 18 Hz). Although it would be expected that coordination of a
substituted olefin to iridium would result in inequivalence of the iridium-bound phosphines
rather than those bound to rhodium, this is not the case. Presumably, the coordination of
the olefin causes the dppm ligands to twist in such a way that the alkynyl ligand is skewed
out of the metal-carbonyl plane. Since the phenyl group points much more in the direction
of the rhodium, this would be expected to affect the phosphines on the rhodium much more
than those on iridium, rendering the rhodium-bound phosphines inequivalent by several
ppm, while allowing the iridium-bound phosphines to remain nearly degenerate.

When compound 29 is warmed to -50 °C, it transforms into a mixture of 2 and the
oxidative-addition product {RhIr(m'-CH,CHCH,)(CO),(1-CCPh)(i-Br)(dppm),] [O,SCF;]
(30). The observation of 2 in the reaction mixture indicates that the allyl bromide ligand
does not remain coordinated at higher temperatures. The structural formulation, in which
an 1'-allyl group is bound to iridium (see Scheme 3.2) is based on the '"H NMR spectrum,

which shows signals characteristic of a c-bound allyl ligand;* the signal for the C -bound
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hydrogens appears as a multiplet at & 2.40, showing coupling to the iridium-bound
phosphines, and the three olefinic protons appear at & 4.90 (H,), 4.15 (H,), and 3.65 (H,),
showing no coupling to rhodium or to phosphorus. The equivalence of the hydrogens on
C, indicates that the allyl is o-bound, as coordination of the olefinic moiety would render
these hydrogens inequivalent (since one would be trans to H_, and the other would be
cis).”® The olefinic protons in an m3-allyl would also be expected to couple to the
phosphines of 30. Although the exact arrangement of the ligands at the iridium centre is
equivocal, the arrangement shown, containing the bridging bromide trans to the ny'-allyl, is
assumed, as addition of organic halides to the analogous mononuclear complex
[IrCI(CO)(PPh,),] has been found to occur in an S 2 fashion, often resulting in trans
addition to the metal centre.*® Furthermore, the intraligand phosphorus-phosphorus
coupling is unusually small (< 2 Hz). It has been previously observed that, for reasons
unknown, the presence of a bridging halide in these systems can greatly reduce or eliminate
the apparent P-P coupling within a dppm ligand.”>*® Also, the chemical shift of the
iridium-bound carbonyl (8§ 167.7) in the "C{'H} NMR spectrum is more consistent with a
carbonyl angled away from the rhodium centre. As described in the previous chapter,
iridium-bound carbonyls angled towards the rhodium centre appear at lower field than
those angled away. Warming a solution of compound 30 results in transformation to the
allylvinylidene complex 28, along with small quantities (= 10 - 15%) of unidentified
decomposition products. No other intermediates were observed.

It was thought that replacement of the coordinating bromide from 28 with a non-
coordinating counterion would result in rearrangement to an “A-frame” structure, in which
the bridging carbonyl would move to a terminal site on rhodium, replacing the coordinating
halide. However, reaction of 28a with AgBF, gives [RhIr(BF,)(CO)(u-CO)-
(u-C=C(Ph)CH,CH=CH,)(dppm),][BF,] (31), in which the bromide has been replaced by
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a coordinating fluoborate, with all other ligands maintaining the same geometries as in the
previous compound (see Scheme 3.3). The C{'H} NMR signals for the carbonyl and
allylvinylidene ligands are very similar to those of 28, indicating a similar structure. The
IR spectrum of this complex shows carbonyl stretches at 2023 cm’ and 1814 cm’,
indicating the presence of both terminal and bridging CO ligands, and the shift to higher
wavenumbers is consistent with the replacement of the good donor bromide by the weakly
coordinating fluoborate anion. This compound was also subjected to X-ray diffraction
analysis, however, the very poor quality of the diffraction data prevented the successful
structure refinement beyond the determination of the connectivity of the molecule, and
although the coordinated fluoborate group was located, it failed to refine acceptably. A
common method for the determination of fluoborate coordination is '"F NMR
spectroscopy.” A strongly coordinated fluoborate ion, such as that found in the
compounds [CpM(CO),(L)(BF,)] (M = Mo, W; L = CO, PPh,, PMe,, PEt, P(OPh),)”’
and [CpFe(CH,)(BF,)],”® should give rise to two widely-separated signals in a 1:3 ratio,
for the coordinating (& -250 to -420) and terminal (8 -153 to -159) fluorides. A more
labile fluoborate will give a single broad peak, due to rotation of the anion equilibrating the
four fluorides, as seen in the complex [Ru(BF,)(NO)(CO)(PPh,),], for which the '°F
NMR spectrum showed a single peak at & -160.7 with a half-width of 321 Hz.*® Since
compound 31 contains both a free and a coordinated fluoborate, the '°’F NMR spectrum of
this compound would be expected to show at least two separate signals in the absence of
exchange between free and coordinated fluoborate. However, at both ambient temperature
and -80 °C, only one, very broad peak (W, =217 Hz) is seen at § -150.3, indicating that
the coordinating fluoborate is exchanging with free fluoborate, equilibrating all eight
fluorine nuclei. Addition of one equivalent of free fluoborate (in the form of [Bu,N][BF,])

caused this signal to sharpen (W,, = 113 Hz), and move slightly upfield to & -150.8. In
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Scheme 3.3

28a

32
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contrast, a solution containing only free fluoborate, in the form of 1a or [Bu,N][BF,],
gave two very sharp signals (W,, = 5 Hz) in the F NMR spectrum, separated by 0.05
ppm (the low-field signal being due to fluoborate anions containing the 9B nucleus rather
than the more abundant "B nucleus),* although the chemical shift of the fluorine nucleus
in the free fluoborate anion varied greatly with the identity of the cation in this study,
ranging from 8§ -150.6 to -152.4. The ""F NMR spectral parameters for selected
compounds are shown in Table 3.7. Although the fluoborate fluorines in 31 appear
downfield of those of free fluoborate, contrary to expectations, the extremely broad peak,
along with the sharpening observed upon addition of free fluoborate, indicates that the
fluoborate counterion in 31 is exchanging with coordinated fluoborate.

Compound 31 reacts reversibly with carbon monoxide, forming 32, in which the
coordinating fluoborate ion is replaced by a carbonyl ligand. This exchange is
accompanied by the movement of the bridging carbonyl of 31 to a terminal position on the
iridium centre of 32, as demonstrated by the IR spectrum, which shows only terminal
carbonyl groups. The coupling of one of the iridium-bound carbonyls to rhodium
observed in the '*C{'H} NMR spectrum is probably due to a trans coupling through the
metal-metal bond, as the coupling of 6 Hz is too small for a terminal carbonyl on rhodium,
and a semibridging interaction is ruled out both by the absence of a band in the IR spectrum
between 1900 and 1700 cm™ and by the high-field chemical shift of this carbonyl in the
SC{'H} NMR. We had anticipated that carbon monoxide would displace the olefinic
moiety instead, but apparently, this has not happened; the olefinic fragment remains
coordinated to rhodium, and this coordination appears to have been strengthened by the
addition of the carbonyl, as seen in the slight high-field shift of the *C{'H} NMR signals
of the olefinic carbons. The *'P{'H} NMR spectrum of this compound at low temperature

shows that all four phosphorus nuclei are inequivalent, showing a pattern typical of an
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Table 3.7 “F NMR Spectral Data“

Compound 8(1°F)® W,, (Hz)
[Bu,/N][BF,] -151.56 4.7
[RhIr(CO),(CCPh)- -152.39 6.3
(dppm),][BF,] (1a)

[RhIr(BF )(CO)(u- -150.33 216.5

CCPhCH,CH=CH,)-
(1-CO)(dppm),]{BF,] (31)

[RhIr(CO),(u- -150.57 13.0
CCPhCH,CH=CH,)-
(dppm),][BF,],(32)

[RhIr(CO),(u-C=C(Ph)- ~ -150.78 8.4
CH,CH(PMe,)CH,)-
(dppm),](BF,], (35)

31 + 1 eq [Bu,N][BF,] -150.83 113.0

[RhIr(n*-CH,CHCH,)- -151.29 11.0
(CO),(CCPh)(dppm),}-
[BF,] 2 (36a)

4 Vs. CFCl, in CD,Cl, at -80 °C. For uncoordinated BF,, the chemical shift given is for

the ""B-containing ion. The anions containing the '°B isotope give rise to signals = 0.05
ppm downfield.”
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ABCDX system. The top-bottom asymmetry is more pronounced in this compound than in
the dicarbonyl complex 31; this is probably due to the stronger coordination of the olefinic
group to rhodium, which causes a more pronounced bending of the vinylidene out of the
equatorial plane. The strong P-P coupling between the two rhodium-bound phosphines
(387 Hz) and between the two iridium-bound phosphines (303 Hz) indicates that the frans
arrangement of the dppm ligands has been retained. The PF NMR spectrum. of this
compound clearly shows that the fluoborate has been displaced by the carbonyl, and is no
longer coordinated to either metal centre (W, = 6.5 Hz). Compound 32 readily loses CO
under vacuum or dinitrogen purge, reforming 31.

Compound 31 also reacts slowly with dihydrogen, forming the previously
characterized compound [RhIr(H)(CO),(u-H),(dppm),][BF,],'"! along with the organic
product 2-phenylpenta-1,4-diene (identified by its 'H and “C{'H} NMR spectra), as
shown in Scheme 3.3. These products result from hydrogenolysis of the vinylidene
complex in which one equivalent of hydrogen has added to the ct-carbon of the vinylidene
moiety, while two equivalents of dihydrogen have added to the binuclear framework
(followed by loss of one hydrogen ion, possibly as HBF,). No intermediates were
observed in this reaction, even at low temperatures.

Compound 31, as expected, reacts with a halide source such as PPNCI to give
[RhIrCl(CO),(CC(Ph)CH,CHCH,)(dppm),}[BF,] (33), the chloro analogue of compound
28a, as shown in Scheme 3.4. Compound 33 can also be prepared by the oxidative
addition of allyl chloride to 2a, in a manner similar to the formation of 28a. The nearly-
identical spectral characteristics of the two halo complexes, at both ambient and low
temperatures, argue for identical structures.

Reaction of 31 or 33 with an excess of chloride ion gives the neutral monocarbonyl

dichloride species [RhIrClL,(CO)(CC(Ph)CH,CHCH,)(dppm),] (34), along with traces of
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an insoluble orange precipitate, believed to be the dicarbonyl species [RhIrCl,(CO)-
(CC(Ph)CH,CHCH,)(u-CO)(dppm),] (Vo = 2057, 1728), which could also be obtained
by placing an atmosphere of carbon monoxide over a solution of 34. Owing to its low
solubility in dichloromethane, acetonitrile, and other solvents, this compound was not
further characterized. Loss of carbon monoxide from this compound yields the
monocarbonyl species 34, which appears as a mixture of isomers 34a and 34b. Although
34a can be obtained pure through recrystallization, it will, upon standing in solution,
slowly convert to a mixture of the two isomers. This kind of isomerization is frequently
observed in vinylidene species of this type' due to the facile rotation around the carbon-
carbon double bond, and is equivalent to the isomerization observed in the previous chapter
for [RhIr(CO),(CCHPh)(dppm),] (7a, 7b). The similarity of the two isomers in the
'P{'H} NMR spectrum suggests that the allyl fragment on the vinylidene is not
coordinated to either metal centre, since olefinic coordination would be expected to change
the chemical environment of the metal-bound phosphines significantly. This is supported
by the *C{'H} NMR spectrum, which shows much lower field chemical shifts for the
olefinic carbons in 34a (Cj: o 144.0; C.: 0 112.2) than in the complexes containing
coordinated olefinic groups (28, 31, 32: C; 8 110 - 120; C: & 80 - 100), which is
consistent with the high-field shift expected upon coordination to a metal centre.”? The
*C{'H} NMR spectrum also shows the presence of a vinylidene alpha carbon (8 216.6),
which displays coupling to rhodium ('J,, = 34 Hz) typical for a bridging vinylidene, and a
single carbonyl resonance at 8 167.9, which is typical for an Ir-bound carbonyl aimed
away from the adjacent metal centre. The presence of a single carbonyl is supported by the
IR spectrum, which shows a single CO stretch at 1991 cm™.

The major isomer, 34a, could be crystallized as the dichloromethane solvate and

was shown by X-ray diffraction to have the structure shown in Figure 3.3. The overall
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Figure 3.3. Perspective view of the [RhIrClL,(CO)(u—C=C(Ph)CH,CH=CH,)(dppm),]
(34a) molecule showing the atom labelling scheme. Non-hydrogen atoms
are represented by Gaussian ellipsoids at the 20% probability level.
Hydrogen atoms are shown with arbitrarily small thermal parameters for the
allyl and dppm methylene groups, and are not shown for the phenyl groups.
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structure closely resembles that of the isoelectronic [IrMIZ(CO)(u-CO)(dppm)Z]‘” (M = Rh,
Ir) and the related [RhZCIZ(CO)(u-CO)((MeO)ZPNEtP(OMe)Z)Z].“2 The coordination
geometry around rhodium is typical of a flattened A-frame structure, with the chloride
nearly trans to the iridium centre (Ir-Rh-CI(2) = 172.48(4)°), much as was reported for the
rhodium centres of [Rh,_ClZ(u-CO)(dppm)z],“3 [Rh,(CH,)(CO)(p-CO)(dppm),]-
[0,SCF,],* and [Rh,(CO),(PCys,),(1-C=CR,)][BF,] (CR, = CHPh,*! C=CPh,*), as well
as the unsaturated iridium centre of [Ir,L(CO)(1-CO)(dppm),].* At iridium, the geometry
is a distorted octahedral, with the chloride being almost opposite the vinylidene group and
the carbonyl almost opposite the metal-metal bond. Distortions from the idealized geometry
result from the strain imparted by the bridging vinylidene group. This is the same
geometry as was observed for the saturated iridium centre of [Ir,L,(CO)(u-CO)(dppm).],*
as well as the saturated rhodium centre of [Rh2CI2(CO)(;,L-CO)((MeO)ZPNEtP(OMe)z)Z].42
Although the asymmetric structure found in these compounds was attributed to the electron-
richness of the metal centres forcing the carbonyl into a bridging position to increase 7t-
acceptance from the metals, 34 should not be expected to be significantly more electron-
rich than the dicarbonyl analogue [RhIrCL(CO),(dppm),]” (which has a symmetric
structure, containing only terminal carbonyls), since the vinylidene ligand is generally
thought of as being at least as 7-acidic as a carbonyl.!” The adoption of this structure for
34 is attributed to the greater tendency of a vinylidene ligand to act as a bridging ligand
than does a carbonyl.'

The rhodium-iridium separation of 2.7366(5) A is typical for a dppm-bridged
rhodium-iridium bond (cf. [RhIr(CO),(dppm),] (Rh-Ir = 2.7722(7) A)"' and [RhIr(CH,)-
(CO),(dppm),][0,SCF,] (Rh-Ir = 2.743(1) A))* and is significantly shorter than that seen
for the monobromo allylvinylidene complex 28a. This is consistent with the dissociation

of the allylvinylidene olefin moiety from rhodium, as this ligand is no longer pulling the
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Figure 3.4. Alternate view of complex 34a showing the twisting of the metal-
diphosphine units with respect to each other. Only the ipso carbons of the

dppm phenyl rings are shown.



128

two metals away from each other, as previously described for compound 28a. The
orientation of the olefin moiety away from rhodium is clearly seen in the alternate view of
the complex, shown in Figure 3.4. The vinylidene carbon-carbon bond length of 1.362(8)
A is comparable to those found in other bridging vinylidene complexes, such as
[Ir,I,(CO),(n-HC=CH)(u-C=CHPh)(dppm),] (C-C = 1.335(9) A)*® and [Ir,I,(CO),-
(u-C=CHR)(dppm),] (R = H, C-C = 1.25(3) A; R = Ph, 1.35(3) A)" and the CS—C;: (C(5)-
C(6)) bond length (1.328(8) A) is typical for an uncoordinated double bond. All other
parameters are unremarkable.

The X-ray study also shows that the two sets of dppm phosphines are significantly
twisted with respect to one another (torsional angles: P(1)-Ir-Rh-P(2) =25.58(5)°, P(3)-Ir-
Rh-P(4) = 27.96(5)°), as shown in Figure 3.4. This would be expected to result in the
four phosphorus nuclei being inequivalent, thus giving rise to an ABCDX pattern in the
SIP{'H} NMR, as was found for the tricarbonyl complex [RhIr(CO),(i-
C=CPhCH,CHCH,)(dppm),][BF,], (31). However, at ambient temperature, the *'P{'H }
NMR shows a typical AA'BB'X pattern, indicating that the compounds twists rapidly
enough in solution to render the two dppm ligands equivalent on the NMR timescale.
Cooling the sample to -80 °C resulted only in broadening of the *'P{'H} NMR signals,
rather than the expected ABCDX pattern.

It was anticipated that reaction of 31 with a soft nucleophile, such as a phosphine,
would simply result in replacement of the labile fluoborate anion, similar to the
displacement observed in the addition of carbon monoxide to 31. However,
trimethylphosphine reacts with 31 to form [RhIr(u-C=C(Ph)CH,CH(PMe,)CH,)(CO),-
(dppm),]1[BFE,], (35), in which the phosphine has attacked the central carbon of the allyl
fragment (see Scheme 3.4). The *'P{'H} signal for the PMe, phosphorus nucleus appears

as a singlet at 8 29.6, which is expected for a phosphorus nucleus bearing four alkyl
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substituents.”® The *'P{'H} NMR signals for the dppm phosphines are more complex,
appearing as AB quartets of multiplets, typical of an ABCDX system (ignoring the non-
coupled PMe, nucleus), suggesting top-bottom asymmetry, which is consistent with the
proposed structure. Although the signals for the vinylidene carbons could not be
unambiguously assigned in the *C{'H} or “C{'H, *'P} NMR spectra of 35, two
carbonyl resonances are observed, one at § 187.5, which couples strongly to rhodium (76
Hz), and one at 8 178.1, which shows a pattern typical for a terminal carbonyl on iridium.
This is supported by the infrared spectrum, which shows only terminal carbonyl stretches.
The carbons of the allyl fragment are observed in the *C{'H} NMR, and their identity
confirmed by "C-'H correlation experiments. The carbon signal at & 33.3, due to C;,
correlates with the signal due to H,, and shows strong coupling (52 Hz) to the phosphorus
nucleus of the PMe, group, indicating that the phosphine is bonded directly to this carbon.
The "F NMR spectrum shows that 35, unlike 31, does not contain a coordinating
fluoborate (W,, = 8.4 Hz). The mechanism of the formation of 3§ is uncertain, as
addition of PMe, to 31 at low temperature results in a mixture of unidentified species,
which gradually converts to 35.

If the addition of allyl bromide to 2 is carried out in the presence of the appropriate
silver salt, the condensation of the alkynyl with the allyl fragment does not occur. Rather,
the n’-allyl complex [RhIr(n*-CH,CHCH,)(CO),(1-CCPh)(dppm),][X], (X = BF,, 36a:
X = O,SCF,;, 36b) is formed, in which the allyl ligand is asymmetrically bound to iridium,
as shown in Scheme 3.5. The 'H{*'P} NMR spectrum of this complex shows an
asymmetric 1’-allyl pattern, with the signals due to the endo and exo protons bound to C,
(ie, H, and H,)" appearing at a significantly higher field (8 1.00, 2.06) than the signals due
to H, and H, (8 3.45, 4.98). This shows that the bonding of the allyl ligand approaches
the &, ©t- coordination mode, as is found for [RhM(1*-C;H,)(CO);(dppm),] M = Os,
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Ru),* with C, having significantly more o-character in its interaction with the metal centre
than do Cy or C,. A complex containing a symmetric wt-allyl ligand would be expected to
give rise to a '"H NMR spectrum in which the signals for the endo hydrogens (H, and H)
would be at significantly higher field than those due to the exo hydrogens (H, and H).’
The assignment of the high-field signals to H, and H, (as opposed to the endo hydrogens)

has been confirmed by C-H correlation experiments.

Pa
Ph cs He
c,,”h \\‘\\\\
/.' Ir- Hd
oC
He

/PB

Although the chemical shifts are also consistent with an n'-allyl group, which
normally give rise to signals at & 2.0 - 3.5 for the methylene protons and 8§ 3.5 - 5.5 for the
olefinic hydrogens,** the coupling patterns are inconsistent with this coordination mode.
The coupling observed between the iridium-bound phosphines and all five hydrogens on
the allyl ligand would not occur in an n'-allyl complex. Similarly, the high-field protons
on C, would be expected to be equivalent in an n'-allyl, due to free rotation around the C.-
C; single bond; in 36, not only are the two protons inequivalent, but H, has a much greater
coupling to H_ (J,. = 9 Hz) than does H, (Jzc = 5 Hz), indicating that H, is anti to H_.
The *C{'H} NMR spectrum shows that the Ir-bound carbony! is semibridging to rhodium
('Jene = 17 Hz), an observation supported by the IR spectrum (Voo = 1882 cm™). The
alkynyl ligand also remains in the bridging position, as shown by the coupling of the o-
and B-carbons to rthodium (C,, & 64.6, Jg,c = 5 Hz; Cy, 8 106.1, Ty = 4 Hz), which, as

seen in the previous chapter, is typical for a bridging alkynyl o-bound to Ir(IIT).
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The *'P{'H} NMR spectrum of 36 indicates that this compound displays top-
bottom asymmetry, and the P-P coupling constants of (317 Hz and 335 Hz for the
rhodium- and iridium-bound phosphines) indicate that the diphosphine ligands are still
mutually trans at the metals. Although the top-bottom asymmetry can easily be explained
by the asymmetric nature of the allyl ligand (as shown above), the trans arrangement of the
phosphines is unexpected, since the comparable mononuclear [IrCl(n3-C3H5)(CO)-
(PPh,),]*° and the binuclear [RhM(1*-C;H;)(CO),(dppm),] (M = Os, Ru)** all contain cis
phosphines, presumably to minimize steric interactions with the allyl group.

In order to probe the steps involved in the formation of 36, low-temperature
addition of allyl bromide to a solution of 2a and silver triflate was monitored by *'P{'H}
NMR spectroscopy. Prior to the addition of allyl bromide, the purple solution of 2 and
AgO,SCF, shows the presence of one main compound, which gives rise to broad signals
in the *'P{'H} NMR spectrum at & 23.6 ('J,, = 101 Hz) and & 7.5, which are only
slightly shifted from the signals of compound 2a (8 21.0 and & 6.2). Although it is clear
that this compound is formed through the interaction of the silver ion with 2, the actual
structure is uncertain, as it could not be isolated or further characterized. No coupling was
observed in the *'P{'H} NMR spectrum to either 'Ag or '"Ag (52% and 48% natural
abundance, respectively).” Upon addition of allyl bromide to this solution at -80 °C, a
mixture is formed which contains 36 and two new compounds, presumably isomers,
which give rise to broad overlapping peaks at § 28 ('J,,, = 108 and 109) and 6 -24. These
signals are very similar to those seen for the oxidative-addition product [RhiIr(n'-
CH,CH=CH,)Br(CO),(CCPh)(dppm),][O,SCF;] (30), and are thus attributed to a similar
species which has the bromide ligand acting as a bridge between one or both of the metal
centres and the silver. This species is tentatively formulated as [RhIr(n'-CH,CH=CH,)-

(BrAgOSO,CF,)(CO),(CCPh)(dppm),][O;SCF;], as represented in brackets in Scheme
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3.5. Compounds of this sort have been postulated as intermediate species in the removal of
halides by silver ion in many systems,”” and one has been isolated for
[CpFe(CO),(IAgB,,CH,,)].*® The silver-containing ligand would be expected to readily
dissociate as silver bromide to form 36. Because these compounds are unstable even at
low temperature, they could not be fully characterized, and the proposed structure is
speculative.

Compound 36, like its isomer 31, is susceptible to nucleophilic attack. Chloride
attack on 36 causes migration of the allyl fragment to the alkynyl group, yielding the
allylvinylidene chloride 33. At low temperature, the initial product of chloride addition to
36 is compound 2 and free allyl chloride, formed either through halide attack on the
terminal carbon of the allyl ligand, or through halide attack at iridium, followed by
reductive elimination. At higher temperatures, this oxidatively adds in the same fashion as
allyl bromide, giving the allylvinylidene chloride 33.

Small phosphines such as PMe,, although expected to coordinate directly to one of
the metal centers, appear instead to attack the central carbon of the allyl ligand, yielding the
phosphine-substituted iridacyclobutane [RhIr(CH,CH(PMe,)CH,)(CO),(u-CCPh)-
(dppm),][BF,], (37), similar to the phosphine addition to the central carbon of the allyl
fragment in the reaction of the allylvinylidene complex 31 with trimethylphosphine.
Addition to the central carbon is expected for nucleophilic attack on an electron-rich allyl
complex,” and has been seen in several systems.”*” The phosphorus nucleus of the PMe;
fragment appears at & 32.2 in the >'P{'H} NMR spectrum, which is within the expected
range for a quaternary phosphonium salt.®® In contrast to 35, the PMe, signal is a doublet
(Jp = 15 Hz) in the *P{'H} NMR spectrum of 37, coupling to one of the iridium-bound
dppm phosphines. This compound also shows top-bottom asymmetry, due to the inherent

asymmetry in the substituted ring, resulting in two resonances for the iridium-bound dppm
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phosphines, separated by 5 ppm in the *'P{'H} NMR spectrum. The large (= 380 Hz)
coupling between these two phosphorus nuclei indicates that the dppm ligands are still
mutually trans, despite the presence of a bulky ligand. The "C{'H} NMR spectrum of this
compound also supports this formulation. The two metal-bound carbons of the
iridacyclobutane appear at very high field (8 -10.7 (C,) and -30.6 (C))) and show coupling
to the iridium-bound phosphines and to the PMe, substituent. The central ca:b.on, Css
appears at significantly lower field (8§ 42.5), coupling to the PMe,; phosphorus nucleus
('Je = 27 Hz) and to one of the iridium-bound dppm phosphines (Jep = 12 Hz). The
chemical shifts are consistent with those reported for other iridacyclobutanes, such as
[Ir(CH,CMe,CH,)(H)(EMe,),]*® (E = P; & -17.87 (Ir-CH,), 45.75 (CMe,); E = As: )
-20.96 (Ir—CH,), 47.28 (CMe,)) and [Cp*Ir(CH,CHRCH,)(L)] (6 -31.7 - -31.9 (Ir-CH,),
31 - 33 (CHR) for R = H and L = CH,=CH,,** PhC=CPh,*** CH,C=CCH,**; & -18.8
(Ir-CH,), 38.8 (CHR) for R = CH,, L = PhC=CPh).**® The observed coupling between
the PMe, phosphorus nucleus and one of the iridium-bound dppm phosphines (vide supra)
indicates that the iridacyclobutane ring is puckered, allowing "W-coupling" between these

nuclei, as shown below.?
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The alkynyl ligand of this compound remains in the o,n-bridging position, as

shown by the *C{'H} signals at § 79.7 (C,) and & 105.2 (Cj), which represents only 2
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minor change from those found in 36. It should be noted, however, that the alkynyl ligand
deviates somewhat from the ideal o,7t-binding mode, as the a-carbon is significantly more
strongly coupled to the rhodium (6 Hz) than is the B-carbon (2 Hz). The carbonyl signals
appear in the region expected for a terminal carbonyl on rhodium (6 191.8, 'Jg,c = 80 Hz)
and an iridium-bound carbonyl, semibridging to rhodium (5 185.6, Jg,c = 7 Hz). This is
supported by the IR spectrum, which shows the presence of both terminal (ve, = 1981
cm’) and bridging (v, = 1888 cm™) carbonyls.

The 'H NMR spectrum also supports the proposed binding of the C;H,PMe; unit,
with all five protons on the C3 fragment being inequivalent. The central proton, H,
appears as a complex multiplet at & 2.60, whereas the protons on the two iridium-bound
carbons appear as multiplets at & 1.75 - 1.45 (H,, H,) and & 0.75 - 0.65 (H, H,).
Although all five iridacyclobutane protons show coupling to phosphorus, the complexity of
the spectrum prevented the measurement of exact coupling constants.

Compound 36 also reacts with hydride sources, with attack at the central carbon of
the allyl fragment. This reaction takes place cleanly in the presence of triflate anion,
yielding the iridacyclobutane product [RhIr(CH,CH,CH,)(CO),(1-CCPh)(dppm),]-
[O,SCF;] (38). The spectroscopy for this compound is very similar to that of 37,
although it lacks the top-bottom asymmetry of this compound, resulting in degeneracy of
the iridium-bound phosphorus nuclei. The methylene hydrogens of the ring appear in the
'H{*P} NMR spectrum as triplets at 8 1.34 and 0.42 (J, = 8 Hz) and a multiplet at &
2.31. Selective 'H{'H} experiments show that the multiplet at 8 2.31 is due to the
hydrogens on Cj, showing coupling to the hydrogens of both C, and C,. In addition, the
high-field methylenes (H,, and Hy,) display strong couplings to the phosphorus nuclei on
iridium, whereas the low-field methylene (H,) shows no coupling to phosphorus. In the

BC{'H} NMR spectrum, the signal for C; appears as a singlet at & 30.1, whereas the
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terminal carbons appear as triplets (Jpc = 4 Hz) at much higher field (8 -33.8 (C,) and
-15.6(C,)), consistent with direct bonding to iridium. The carbonyl region shows two
signals, one for a terminal carbonyl on rhodium (Jape = 80 Hz) at § 192.5, and a multiplet
at 8 189.2, showing coupling typical for an iridium-bound carbonyl semibridging to
rhodium ('Jg,. = 7 Hz). The chemical shifts for the alkynyl carbons are in the range
expected for this compound (3 84.3, C,; 8 107.2, Cp), and show an even stronger
deviation from the pure o, Tt-bridge than does 37 (the alpha carbon is much more strongly
coupled to the rhodium (10 Hz) than is the beta carbon (3 Hz).

Reaction of 36b with a carbon-based nucleophile such as tetrabutylammonium
cyanide leads to the formation of [RhIr(CHZCH(CN)CHz)(CO)z(u-CCPh)(dppm)z}
[O,SCF,] (39). As is found for the analogous phosphine-substituted iridacyclobutane, this
complex shows dramatic top-bottom asymmetry; the iridium-bound phosphines being
separated by nearly 5 ppm in the *'P{'H} NMR spectrum. The 'H and “C{'H} NMR
spectra are similar to those of the analogous phosphinocycloiridabutane 37. In the 'H
NMR spectra, five separate signals appear for the inequivalent iridacycle hydrogens. The
proton on the central methylene carbon (H,) gives rise to a multiplet at 6 2.60, coupling
only to the other protons on the ring, while the signals for the other ring protons appear at
higher field— & 1.71 and 1.58 for the protons on C,, and & 0.76 and 0.48 for the protons
on Cr The BC{'H} NMR spectrum of 39, with the exception of the signals for C., and C,
(5 -8.7 and -27.6), is virtually identical (within 2 ppm) to that of 38, and is very similar to
that of 37.

The reaction of 36b with methyllithium was also attempted. Although a product
analogous to the iridacyclobutanes 37 - 39 was obtained which was assumed to be the 2-
methy! substituted complex 'P{'H} NMR: & 19.0 (dm, 'Jg,, = 104 Hz), -10.9, (dm, *Jpp

= 394 Hz), -16.3 (dm, *J,, = 394 Hz)), this reaction was not clean. Substantial amounts



137

(upwards of 40%) of 2b were also produced, presumably through deprotonation of the
allyl group and loss of methane and allene, or through elimination of an unsaturated C4
fragment from the methyl iridacyclobutane, and the targeted product could not be isolated

without decomposition. The organic products of this decomposition were not identified.

Discussion

One of the main goals in the investigation of the alkynyl-bridged complex 2 was the
coupling of the alkynyl ligand with organic substrates. Although the reaction of 2 with
nucleophiles, such as hydride or phosphines, or with simple olefins and alkynes led only to
the coordination to the iridium centre of 2, reaction with strong acid or allyl bromide under
the proper conditions results in the formation of vinylidene complexes, in which the
electrophile has formally added to the B-carbon of the alkynyl ligand. In fact, however,
low-temperature studies show that neither reagent adds directly to the alkynyl ligand, the
formation of a vinylidene in each case being preceded by oxidative addition to iridium.
This is consistent with the presence of an adjacent metal centre, in this case rhodium, which
reduces the electron density on the alkynyl moiety through formation of a m-interaction,
making it a less effective nucleophile than the electron-rich iridium centre. The presence of
the cationic rhodium centre also explains the resistance of 2a to attack by common
electrophiles such as methyl iodide, as the overall positive charge makes the complex less
nucleophilic than the analogous mononuclear complex [Ir(CCPh)(CO)(PPh;),], which
reacts readily with many electrophilic reagents."”

Protonation of 2a by HBF, leads to the formation of [RhIr(BF,)(CO),(u-H)-
(u-CCPh)(dppm),][BF,] (25a), which contains a coordinated fluoborate ion (as is also
found in the allylvinylidene complex 31) frans to the bridging hydride. As was shown in

the previous chapter, the octahedral configuration around the iridium centre is typical for
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oxidative addition products to 2. Trans addition of polar reagents, including strong acids,
is expected for many square planar 16-electron complexes. It is likely that the fluoborate
ion, being a weak ligand, dissociates and re-coordinates freely in solution, even at low
temperatures, giving rise to the broad signals seen for the hydride in the 'H NMR
spectrum, the iridium-bound phosphines in the *'P{'H} NMR spectrum, and the fluoborate
anion in the '’F NMR spectrum. Replacing one of the fluoborate ions in 25a with a more
strongly-coordinating triflate ion results in the formation of [RhIr(O;SCF;)(CO),(u-H)-
(u-CCPh)(dppm),][BF,] (25b), which is less fluxional in solution and less labile towards
loss of free acid than 25a.

The proposed coordination of fluoborate to the metal centres in [RhIr(BF,)(CO),-
(u-H)(u-CCPh)(dppm),][BF,] (25a) and [RhIr(BF,)(CO)u-CO)(u-C=C(Ph)CH,-
CH=CH,)(dppm),][BF,] (31), while unusual in these systems, has precedents in many
other systems, and has been the subject of several reviews."” The coordination of
fluoborate in these complexes is probably enhanced by the high positive charge density on
the metal centres in these cations. Thus, fluoborate will displace a labile carbonyl in the
dicationic compound [RhIr(CO),(n-C=C(Ph)CH,CH=CH,)(dppm),][BF,], (32) upon
removal of the carbon monoxide atmosphere, whereas the phosphine-containing [RhIr(p-
C=C(Ph)CH,CH(PMe,)CH,)(CO),(dppm),l[BF,], (35) (in which the neutral olefinic
ligand has been converted to a formally anionic alkyl group, thus reducing the positive
charge on the rhodium centre and localizing some of the charge on the PMe, ligand) does
not coordinate fluoborate.

Addition of a carbon monoxide to 25a initially displaces the coordinating
fluoborate to form [RhIr(CO),(u-H)(1-CCPh)(dppm),][BF,], (26). This is followed by
the formation of a tetracarbonyl species, in which the hydride has migrated onto the C; of

the alkynyl, generating the vinylidene complex 27 ([RhIr(CO)(u-CCHPh)(dppm),]-
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[BF],). It is not known if the migration of the hydride precedes the addition of a second
carbonyl, or if the addition of the carbonyl induces the migration of the hydride. The
formation of a vinylidene from an alkynyl hydride complex has been observed before (cf.
the conversion of [RhIrH(CO),(u-CCPh)(dppm),] (6) to [RhIr(CO),(u-CCHPh)(dppm),}
(7) in the previous chapter), and probably occurs through a similar mechanism. Despite
the structural similarity between 26 and the previously described complexes
[RhIr(X)(CO),(u-H)(-CCR)(dppm),}[O,SCF;] (19 - 21; X = H, CCPh), these
monocationic compounds do not react with carbon monoxide except under forcing
conditions, under which they reductively eliminate HX to form [RhIr(CO),(u-CCPh)-
(1-CO)(dppm),][O;SCF,] (1). The rearrangement of the alkynyl hydride complex 26 to
the vinylidene complex 27 is in stark contrast to the analogous mononuclear complex
[Ir(H)(CCPh)(CO),(PPh,),1[PF,], which loses phenylacetylene when placed under carbon
monoxide."”

Like 27, the vinylidene complex 28 ([RhIrBr(CO)(u—-CO)(u-C=C(Ph)CH,-
CH=CH,)(dppm),][X]) is not formed through direct electrophilic attack at the alkynyl B-
carbon. Rather, initial coordination of the olefin is followed by oxidative addition of the
allyl bromide to the iridium centre, which results in the formation of
[RhIr(n'-CH,CH=CH,)(1-Br)(CO),(1-CCPh)(dppm),][O,SCF;] (30).  Although this
species may be expected to be stable, based on the stability of other oxidative-addition
products of 2 (such as 19, 20, and 21), it rearranges upon warming to give 28, in which
the allyl fragment has migrated to the B-carbon of the alkynyl, forming an allylvinylidene
ligand. At the same time, the bromo ligand has migrated to a terminal position on rhodium.
Although no intermediates were observed in the thermal rearrangement of 30 to 28, the
observation of allyl chloride loss from the dicationic n’-allyl  complex

[RhIr(T]’-CHZCHCHZ)(CO)2(1.L-CCPh)(dppm)z][BF4]2 (36a) upon addition of chloride at
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low temperature, and subsequent formation of the allylvinylidene product [[RhIrCI(CO)-
(u-CO)(u-C=C(Ph)CH,CH=CH,)(dppm),][BF,] (33) is a pivotal observation. Further,
the location of the allyl fragment adjacent to rhodium implies that migration from this metal
to the alkynyl B-carbon has occured. With the bridging alkynyl ligand 6-bound to iridium
and n’-coordinated to rhodium, a moiety on rhodium is in an ideal position for migration to
the alkynyl B-carbon. We therefore propose that the oxidative addition to iridium is
reversible at higher temperatures, and that reductive elimination from this metal is followed
by oxidative addition at rhodium. The subsequent migration of the n'-allyl fragment to the
alkynyl group must be facile, as no intermediates are observed having the allyl group
bound to rhodium. Removal of the bromide (by the addition of silver ion) prior to the
condensation of the allyl ligand with the alkynyl group prevents both the reductive
elimination of allyl bromide and the migration of the allyl fragment to the alkyny! B-carbon.
Apparently the migration of the iridium-bound allyl moiety to the alkynyl group is not
favoured, possibly due to the unfavourable orientation of the alkynyl group, in which the
B-carbon is not in a position favouring migration. In the absence of halide, of course, the
allyl ligand adopts the 1y’ coordination mode to alleviate the unsaturation caused by the loss
of halide, and the terminal carbons of this ligand cannot come within bonding distance of
the alkynyl B-carbon.

The coordination of the olefinic moiety to the rhodium centre in compounds 28 and
31 - 33 is surprising, as it is well known that iridium has a greater tendency to be
coordinatively saturated and in a higher oxidation state than rhodium. Even if the migration
of the allyl ligand to the alkynyl B-carbon occurs in such a manner so as to form the Z
isomer (with the phenyl group cis to the iridium), one might expect the compound to
rearrange, through rotation of the carbon-carbon double bond of the vinylidene,' so that the

olefinic portion of the ligand could coordinate to iridium. However, it is possible that this
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rotation would be hindered by both the steric interference from the dppm groups and by the
coordination of the olefin, which must dissociate from rhodium before rotation can take
place. The steric hindrance is the more significant of the two factors, as shown by the slow
isomerization between the two isomers of [RhIrCL(CO)(CCPhCH,CH=CH,)(dppm),]
(34a, 34b), in which the olefinic moiety is not coordinated to either metal centre.
Although 34a is the major isomer produced in the addition of chloride to
[RhIr(X)(CO)(CCPhCH,CH=CH,)(dppm),][BF,] (X = BF,, 31; X = CI, 33), 34b can
be obtained nearly free from 34a by the direct reaction of [IrAgCl(CCPh)(CO)(dppm),]
with [RhCI(COD)], in the presence of one equivalent of allyl chloride. This reaction,
however, produced other inseparable impurities, and was not pursued.

The addition of an additional chloride ion to 33, yielding 34, results in some
notable changes. First, chloride addition is accompanied by loss of a carbonyl ligand and
the dissociation of the olefinic moiety of the allylvinylidene ligand. The loss of olefin
coordination allows for the formation of two isomers of 34, in which the allyl moiety is
either cis or trans (about the vinylidene double bond) to rhodium. Although rotation about
the vinylidenic C=C bond is common,' it occurs slowly in this case, with only small
amounts of the isomer (34b) in which the allyl fragment is now cis to iridium, being
formed after 12 h in solution. Interestingly, the metal-metal bond in 34a is substantially
shorter than that observed in 28a (and presumably that in 33). We assume that the
absence of the coordinated allyl moiety, which we proposed weakened the Rh-Ir bond in
28a by pulling the rhodium towards the allyl unit to optimize interaction with the olefin,
now allows the rhodium to optimize its interaction with iridium, shortening this bond.

If the addition of allyl bromide to 2 is done in the presence of a soluble silver salt,
the migration of the allyl to the alkynyl B-carbon does not occur. Oxidative addition occurs

at a much lower temperature (-80 °C rather than -30 °C) than in the absence of silver ion;
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this is attributed to an interaction between the silver and the bromide, which causes the
bromide to act as a much better leaving group. The similar *'P{'H} NMR spectra of the
initial oxidation product and 30 argue for structural similarity. Facile dissociation of AgBr
from this intermediate leads to the coordination of the olefinic part of the n'-allyl ligand to
iridium, forming the 1* allyl compound 36.

The unsymmetrical nature of the allyl ligand in 36 is similar to that found in
[RhOs(C,H,)(CO),(dppm),]** and a number of other allyl complexes,” and approaches a
pure o,n-ligand rather than an normal symmetric m-allyl. This can be explained by the
presence of two very different environments for the two ends of the allyl ligand. The high-
field end (C) of the allyl is trans to the w-acidic carbonyl ligand, which favours c-donation
from the allyl carbon and disfavours m-backdonation from iridium, leading to a mostly ¢
interaction between the carbon and the metal. The low-field end, however, is trans to the
alkynyl ligand, which is a very poor m-acid. This favours nt-backdonation from iridium to
the 8- and e-carbons of the allyl, leading to a more olefinic interaction of these carbons with
the metal. Thus, while structure Y is the most common way of describing the bonding

between an 1-allyl ligand and a metal, the bonding in 36 is closer to that shown in X.

Ph e _|2+ Ph o —|2+

‘/\\C\ ‘/\\\C\ >
Rh Ir Rh Ir—
o c/ c/ ‘V o) c/ c )
(o} o]
X Y

In view of the migration of the allyl group to the alkynyl ligand upon addition of
halide to compound 36, it was of interest to determine whether the addition of other
nucleophiles would induce similar migrations. Addition of trimethylphosphine to either 31

or 36, surprisingly, does not lead to phosphine coordination to either of the metal centres.
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Despite the two very different structures for the two isomeric compounds, phosphine
addition in both cases occurs at the unsaturated organic group, forming a B-phosphinoalkyl
ligand. Reaction of nucleophiles with coordinated alkenes and alkynes is well documented’
(even in preference to unsaturated metal centres),® as is the equivalent insertion of an
unsaturated organic fragment into a metal phosphine bond.®' In both cases, there are two
possible sites for phosphine addition to the olefinic moiety. In the allylvinylidene 31,
attack occurs at the 8-carbon,' forming a six-membered metallacycle, which reduces the
strain in the chelate ring of 31 by breaking the bond between C; and the rhodium centre. If
the phosphine were to attack the e-carbon, the bond length between rhodium and C; would

decrease, thus increasing the strain already present.

R3P Ph
d-addition

P‘(\ o .
// 3 | Rh———Ir
A

h——Ir RsP Ph

g-addition
—

Rh———Ir

In the addition of nucleophiles to the allyl ligand of complex 36, reaction may take
place at either the central carbon (C;, resulting in the formation of a metallacyclobutane) or
at one of the terminal carbons (C, or C, resulting in the formation of an olefin). One site of
attack will be favoured over the other, depending on the electronic properties of the metal
fragment. Although the tendency for electron-rich allyl complexes to undergo nucleophilic
attack at the central carbon has been explained in terms of charge distribution on the allyl

fragment,”*® molecular orbital calculations™ have shown that the charge distribution is
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relatively independent of the metal fragment, with the central carbon always being slightly
more positively charged than the terminal carbons. The symmetry of the allyl LUMO, on
the other hand, is highly dependent on the symmetry and occupancy of the d orbitals of the
metal centre. Compounds such as [L,Pt(allyD]*, [(OC) JFe(allyD]*, and
[(OC),X;Mo(allyl)]* have a LUMO which is derived from overlap of the allyl non-bonding
orbital with the metal d,2,2 orbital, and contains a node at the central allyl carbon. Since
nucleophilic attack must occur at an atom with an available, low-energy empty orbital,
nucleophiles are thus guided to the terminal carbons of the allyl ligand in these complexes,
with few exceptions.”* In compounds such as [Cp,Mo(allyl)]" or [CpRhL(allyD]",
however, molecular orbital calculations predict the existence of a molecular orbital, of
comparable energy to the LUMO described above or lower, which is derived from the
interaction of the m or m* allyl orbitals with the appropriate d orbitals, and thus has a
significant atomic orbital coefficient on the central carbon of the allyl moiety. The
availability of a low-energy empty orbital, along with the more positive charge of the
central carbon, directs nucleophilic attack to this carbon, leading to the formation of
metallacycles. These predictions have been proven correct for [Cp,M(CH,CHCH,)" M =
Mo, W, Ti, Zr)** and [Cp*M(L)(CH,CHCH,)]" M = Rh, L = PMe;; M =1Ir, L = PMe,,
CH,=CH,, PhC=CPh, CH,C=CCH,),” and attack at the central carbon has also been
observed for a number of [M(L),(RCHCHCHR)]* complexes M = Pt, Pd; L = N or P
donors; R = H, alkyl, aryl),” as well as several 2-halo- and 2-alkoxyallyl complexes of Pd
and Pt.¥’ It must be noted, however, that these calculations are only relevant for reactions
in which the nucleophile directly attack the allyl moiety. Prior coordination of the
nucleophile to the metal centre will certainly change the relative energies of the various

molecular orbitals, and may lead to the formation of different products.
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Although attempts to react the allylvinylidene complex 31 with other nucleophiles
(such as hydride and Grignard reagents) were unsuccessful, the triflate salt of the allyl
complex 36b reacts cleanly with hydride and cyanide to give cycloiridabutane complexes
of the form [RhIr(CH,CHRCH,)(CO),(CCPh)(dppm),][O,SCF,] (R = H, 38; R = CN,
39). The requirement for the presence of triflate in these reactions is not understood.
While a case could be made for the triflate being needed to react with the triethylborane in
the hydride reaction, the tetrabutylammonium counterion present in the reaction of 36 with

cyanide is not expected to interact with either the fluoborate or the triflate ions.

Concluding Remarks

The alkynyl-bridged complex 2 undergoes oxidative addition with the electrophilic
reagents HBF,*OEt, and CH,=CHCH,Br at the iridium centre. ~Under the proper
conditions (addition of CO or absence of silver ions, respectively), this is followed by a
migratory insertion reaction in which the alkynyl ligand is transformed into a vinylidene
ligand. The transformation of the alkynyl ligand was one of the goals of this research,
particularly as it was hoped that the formation of vinylidene complexes could be followed
by further couplings with organic substrates. Unfortunately, neither vinylidene complex

shows any tendency to react with additional organic reagents without decomposition.
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Chapter 4
Addition of Thiacumulenes to Alkynyl Complexes

Introduction

In the two previous chapters, the reactivity of the alkynyl-bridged species
[RhIr(CO),(u-C=CPh)(dppm),][X] (2a, 2b) with a number of small molecules was
described, in which we set out to determine the sites of substrate attack in this species, the
subsequent reactivity that was possible, and the roles of the different metals in this
reactivity. We had particular interest in the possible activation of the alkynyl group toward
condensation reactions with unsaturated substrates. A number of these goals have been
realized, culminating with the migration of an allyl ligand to the B-carbon of the alkynyl
group to give a bridging allylvinylidene moiety, described in Chapter 3.

In this chapter we describe some preliminary studies on the reactivity of compound
2 with sulphur-containing heteroallenes, S=C=X, such as carbon disulphide (X = S) and
organic isothiocyanates (X = NR). These molecules have been previously shown to
coordinate to transition metal centres in a number of coordination modes, as diagrammed

below."? In mononuclear complexes, these ligands usually adopt the n? coordination mode

X

N S AN
\ c—S M7 | M~ Mm—c M
M<ZQX M{ ......... E M ~c—Ss~ \S/
A B C D

(structure A), with the metal interacting with the m-bond between the carbon and one
sulphur atom, much as is found in the coordination of the isoelectronic allene molecule.

When more than one metal is involved, these molecules can act as bridging ligands, as
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shown above in structures B (for both CS, and RNCS) and C-D for CS, (no statements
concerning bond order are intended by the use of single bonds).

In addition to coordination, both CS, and RNCS molecules have been reported to
undergo a wide range of reactions within the coordination sphere of a transition metal, such
as carbon-sulphur bond activation® and insertion reactions.* These heteroallenes have also
displayed a propensity towards self-condensation reactions, in which two®’ or three* of
these units were found to combine in a number of ways. The most common products of
these condensations are shown below. Dimerization can occur in a “head-to-head” fashion,
yielding thiooxalate derivatives (structure E, below), or in a “head-to-tail” fashion to give

acyl/carbonate derivatives (structure F or G). Disporportionation can also occur to give

X
s & c//x s—c”
T Ty T e
/

\S/CQ‘X M'\C/ M\c/ C

A\ A\ X

X S
E F G H

carbonate and carbony! analogues (structure H). Condensation with other organic ligands,
such as alkynes and alkynyls, also commonly occurs.® Thus, these compounds were

considered as good candidates for coupling with the phenylacetylide ligand of 2a.

Experimental

General experimental conditions are detailed in Chapter 2. Spectrograde carbon
disulphide was obtained from Matheson, Coleman & Bell Co. and was distilled and stored

under nitrogen prior to use. '>C-labelled carbon disulphide was purchased from MSD
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isotopes, Ltd. n-Butyl isothiocyanate was purchased from Eastman Kodak Co. and used

as received. Spectroscopic data for all compounds are given in Table 4.1.

(a) Preparation of [RhIr(CO)(iu-n':n*-CC(Ph)SCSCS,)(1-CO)(dppm),][BF,]
(40). An NMR tube was charged with compound 2a (21.8 mg, 16.7 pmol), 0.4 mL of
CD,Cl,, and carbon disulphide (100 uL, 1.66 mmol). This was allowed to stand for 1
week, forming a black solution which was shown by *'P{'H} NMR spectroscopy to
contain a number of compounds, including 41, [Rhir(CO),(CCPh)(dppm),][BE,] (1a).
and a number of unidentified products. The supernatant was removed with a syringe,
leaving a quantity of black crystals of 40, which were washed four times with 0.5 mL
aliquots of CH,Cl, and dried under vacuum. Yield 6.4 mg (24%). Calc for
CH,,0,P,RhIrBCLF.S,: C47.16%, H 3.28%, S 7.88%, Cl 8.70%; found: C 47.66%,
H 297%, S 7.67%, Cl 8.47%.

(b) Preparation of [RhIr(SCSCS,)(CO)(u-CCPh)(1-CO)(dppm),][BF,] (41).
A solution of compound 2a (119.2 mg, 91.2 umol) in 25 mL of C,H,Cl, was heated to
gentle reflux and treated with CS, (2.00 mL, 33.2 mmol), yielding a dark brown solution.
Heating was continued for 2 h, and the solvent reduced under vacuum to 5 mL. Addition
of ether (10 mL) and pentane (25 mL) afforded a brown precipitate, which was washed
twice with 10 mL aliquots of ether. The brown solid was then recrystallized from 2:15
CH,Cl,/ether, washed three times with 10 mL of ether, and dried in vacuo. Yield: 106.6

mg (80%).

(c) Low Temperature Reaction of 2a with CS,. An NMR tube was charged with
compound 2a (19.4 mg, 14.1 pmol) and 0.4 mL of CD,Cl,. The tube was sealed with a
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rubber septum, and cooled to -80 °C by means of a dry ice-acetone bath. Carbon
disulphide (50 pL, 830 pmol) was added, causing a slow colour change to orange. Low-
temperature NMR spectroscopy showed essentially quantitative conversion to [RhIr(CO)-
("*CS,)(L-CCPh)(u-CO)(dppm),][BF,] (42). Upon warming to -20 °C, the solution
turned reddish-purple, and was shown by *'P{'H} NMR spectroscopy to contain 2a, with

no 42 present.

(d) Preparation of [RhIr(CCPh)(CO),(u-n":n'-SCNBu)(dppm),][BF ] (43).
Compound 2a (100.0 mg, 76.5 umol) was placed in a flask with 5 mL of CH,CI,.
Excess n-butyl isothiocyanate (10.0 uL, 82.9 umol) was added via syringe, causing a slow
colour change from purple-red to orange. After the solution had stirred for 30 min, the
solvent was removed under vacuum, and the orange residue was recrystallized twice from
2:25 THF/Et,0. The product was washed with three 5 mL aliquots of ether, then dried
under nitrogen. Yield: 72.0 mg (66%). A satisfactory elemental analysis of this
compound could not be obtained due to facile loss of the isothiocyanate ligand under

vacuum.

(e) Preparation of [RhIr(CCPh)(CO),(CNBu)(i1-S)(dppm),][BF,] (44).
Compound 2a (40.0 mg, 30.6 umol) was placed in a flask with 5 mL of THF, and heated
to reflux. Excess n-butyl isothiocyanate (10.0 uL, 82.9 pmol) was added via syringe,
causing a colour change from purple-red to brown. After 30 min of reflux, the solution
volume was reduced to 2 mL under a steady stream of nitrogen, was cooled and 15 mL of
ether was added to precipitate a solid. The orange solid was dried, recrystallized from 3: 15

THF/ether, washed twice with 10 mL of ether, then dried, first under nitrogen, then under
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vacuum. Yield: 21.0 mg (48%) Calc for C4HyO,P,RhIrBNE,S: C 54.86%, H 4.11%,
S 2.25%, N 0.98%; Found: C 54.31%, H 3.72%, S 2.54%, N 0.98%.

X-ray Data Collection. Small, but otherwise suitable crystals of compound 40
were grown by slow reaction of a concentrated CH,Cl, solution of 2a with an excess of
carbon disulphide at 22 °C. Data were collected by Dr. Charles F. Campana at Bruker
Analytical X-ray Services, Madison, Wisconsin on a Bruker SMART CCD using Mo Ka
radiation. Experimental details are given in Table 4.2. The crystal diffracted poorly, and
less than 30% of the reflections were observed. In addition, the fluoborate counterions and
crystallization dichloromethane molecules are disordered, occupying a helical chain of
positions in the crystal. Because of these factors, the refinement of the structure of 40 was
not as good as desired. Selected bond lengths and angles are given in Tables 4.3 and 4.4,
respectively.

Similarly, diffraction quality crystals of 44, as its THF solvate, were grown by
slow diffusion of ether into a concentrated THF solution of 44. A suitable crystal was
chosen, and data were collected by Dr. James F. Britten at McMaster University,
Hamilton, Ontario on a Siemens SMART CCD using Mo Ko radiation. Experimental
details are given in Table 4.5. Selected bond lengths and angles are given in Tables 4.6

and 4.7, respectively.
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Table 4.2. Crystallographic Experimental Details for Compound 40

A. Crystal Data
formula
formula weight
crystal system
space group
unit cell parameters?

a (A)

b (A)

c (A)

V(A3

z

Pealed (g cm3)
g (mm-1)

Ce4Hs53BCl4F4IrO2P4RhS4
1629.90

orthorhombic

Pnma (No. 62)

24.078 (2)
22.861 (2)
12.316 (1)
6779.2 (9)
4

1.597
2.633

B. Data Collection and Refinement Conditions

diffractometer
radiation (A [A])
temperature (°C)
scan type
data collection 28 limit (deg)
total data collected
independent reflections
number of observations (NO)
structure solution method
refinement method
data/restraints/parameters
extinction coefficient (x)f
goodness-of-fit (5)8
final R indices”

Fo2>20(Fy2)

all data
largest difference peak and hole

Bruker SMART CCD?
graphite-monochromated Mo Ko (0.71073)
-125

mixture of ¢ rotations and @ scans

56.75

31411 (-32<h<22,-11 £k<29,-16<[ < 15)
8336

2495 (Fo2 = 20(Fo2))

direct methods (SHELXS-86¢)

full-matrix least-squares on F2 (SHELXL-934)
8336 [Fo2 = -30(F2)]1/ 8¢ /439

0.00210 (13)

0.826 [Fy2 2 -30(F,2)]

Ri = 0.0823, wR, = 0.1746
R = 0.2600, wR3 = 0.2189
2.734 and -1.693 e A-3

aQObtained from least-squares refinement of 8192 reflections.

bPrograms for diffractometer operation, data collection, data reduction and absorption
correction were those supplied by Bruker.

cSheldrick, G. M. Acta Crystallogr. 1990, A46, 467—473.

(continued)
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Table 4.2. Crystallographic Experimental Details (continued)

dSheldrick, G. M. SHELXL-93. Program for crystal structure determination. University
of Géttingen, Germany, 1993. Refinement on Fy2 for all reflections (all of these
having Fy2 > -30(F,2)). Weighted R-factors wR; and all goodnesses of fit § are based
on Fy2; conventional R-factors R are based on F,, with F, set to zero for negative
Fo2. The observed criterion of Fo2 > 20(F,2) is used only for calculating Ry, and is not
relevant to the choice of reflections for refinement. R-factors based on F,2 are
statistically about twice as large as those based on Fy, and R-factors based on ALL data
will be even larger.

eDistances within the disordered solvent CH,Cly molecules were fixed to yield idealized
geometries: d(CI(1)-C(91)) = d(Cl(2)-C(91)) = d(CI(2A)-C(91)) = d(CI(3)-C(92)) =
d(CI(4)-C(92)) = 1.80 A; d(CI(1)---Cl(2)) = d(Cl(1)---CI(2A)) = d(CI(3)---Cl(4)) =
2.95 A.

fF.* = kF[1 + x{0.001F.2A3/sin(26) } ]-1/4 where k is the overall scale factor.

8S = [Zw(F o2 — Fc2)2/(n — p)]1/2 (n = number of data; p = number of parameters varied; w
= [02(F,2) + (0.0628P)2]-1 where P = [Max(Fy2, 0) + 2F:21/3).

hR| = ZlIF | — IFMEIFl; wRa = [Ew(Fo2 — F2)2Zw(F ]2,
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Table 4.3. Selected Interatomic Distances (A) for Compound 40

Atoml Atom2 Distance Atoml Atom2 Distance
Ir Rh 2.973(2) S4) C4) 1.80(2)

Ir S(1) 2.431(5) S4) C(5) 1.72(2)
Ir P(1) 2.380(3) P(1) C(7) 1.828(12)
Ir C(1) 1.94(2) P(2) Cc(7 1.876(13)
Ir C(3) 2.04(2) o) C(1) 1.28(2)

Ir C(5) 1.94(2) 0(2) C(2) 1.12(2)
Rh P(2) 2.355(4) C(3) C@4) 1.46(3)
Rh C(1) 2.12(2) C4) C(1) 1.47(3)
Rh C(2) 1.93(2) C(51) C(52) 1.39(2)
Rh Cc(3) 1.94(2) C(51) C(56) 1.50(3)
S(1) C(6) 1.66(2) C(52) C(53) 1.42(3)
S(2) C(6) 1.72(2) C(53) C(54) 1.37(3)
S(3) C(5) 1.75(2) C(54) C(55) 1.31(3)

S(3) C(6) 1.74(2) C(55) C(56) 1.39(3)
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Table 4.4. Selected Interatomic Angles (deg) for Compound 40

Atoml Atom2 Atom3 Angle Atoml Atom2 Atom3 Angle

Rh Ir S(h 146.58(14) C4) S(4) C(5) 98.6(9)
Rh Ir P(1) 89.58(9) Ir P(1) c 110.8(4)
Rh Ir C(1) 45.3(6) Rh P(2) (@) 112.6(4)
Rh Ir C(@3) 40.5(6) Ir C(1) Rh 94.1(8)
Rh Ir C(5) 127.3(6) Ir C(1) o) 150(2)
S(1) Ir P(1) 90.65(10) Rh C() o) 116(2)
S(1) Ir C(1) 101.3(6) Rh C(2) 02) 180(2)
S(D) Ir C@3) 172.9(6) Ir C@3) Rh 96.6(9)
S(1) It C(5) 86.1(6) Ir C(@3) C4) 116.9(14)
P(1) Ir P(1%) 178.6(2) Rh C@3) C@4) 147(2)
P(1) Ir C(1) 90.09(9) S(4) C@4) CQ@3) 117(2)
P(1) Ir C(3) 89.32(10) S4) C@4) C(s1) 118(2)
P(1) Ir C(5) 89.82(9) C(3) C@4) C(51)  125(2)
C(1) Ir C@3) 85.8(8) Ir C(5) S(3) 126.8(12)
C(l Ir C(5) 172.6(8) Ir C(5) S(4) 121.1(10)
C@3) Ir C(5) 86.7(8) S(3) C(5) S(4) 112.1(11)
Ir Rh P(2) 92.26(10) S(1) C(6) S(2) 123.4(12)
Ir Rh C(D) 40.6(6) S(1) C(6) S(3) 124.5(12)
Ir Rh C(2) 140.3(7) S(2) C(6) S(3) 112.1(11)
Ir Rh C(3) 42.9(6) P(1) C() P(2) 112.1(6)
P(2) Rh P(2%) 159.3(2) C4) C(s1) C(52)  123(2)
P(2) Rh C(1) 98.28(12) C4) C(51) C(56) 119(2)
P(2) Rh C(2) 94.67(14) C(52) C(51) C(56) 118(2)
P(2) Rh C(3) 84.82(14) C(51) C(52) C(53) 119(2)
C() Rh C(2) 99.7(9) C(52) C(53) C(54) 123(2)
C(D) Rh C(@3) 83.5(8) C(53) C(54) C(55) 118(2)
C(2) Rh C(@3) 176.8(9) C(54) C(55) C(56) 126(2)

Ir S(1) C(6) 102.4(7) C(51) C(56) C(55) 116(2)

C(3) S(3) C(6) 100.1(10)

Primed atoms are related to unprimed ones via the crystallographic mirror plane (x, 1/4, 2).
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Table 4.5. Crystallographic Experimental Details for Compound 44

A. Crystal Data
formula
formula weight
crystal dimensions (rnm)
crystal system
space group
unit cell parameters?®

a(A)

b(A)

c(A)

B (deg)

V (A3)

zZ

Pealcd (g cm3)
p (mm-1)

CeoHgsBF4IrNO3P4RhS

1495.09

0.14 x 0.12 x 0.09

monoclinic

P21/n (a nonstandard setting of P2/c [No. 14])

16.084 (5)
24.786 (7)
16.551 (4)
104.404 (6)
6391 (3)

4

1.554
2.530

B. Data Collection and Refinement Conditions

diffractometer
radiation (A [A)])
temperature (°C)
scan type
data collection 26 limit (deg)
total data collected
independent reflections
number of observations (NO)
structure solution method
refinement method
absorption correction method
range of transmission factors
data/restraints/parameters
goodness-of-fit ()¢
final R indices/

Fo2>20(F,2)

all data

largest difference peak and hole

Siemens SMART CCD?
graphite-monochromated Mo Ko (0.71073)
-60

mixture of ¢ rotations and @ scans

50.0

47121 (20 h<20,-29<k<30,-20<1<20)
12716

3775 (Fo? 2 20(Fy2))

direct methods/fragment search (DIRDIF-96¢)
full-matrix least-squares on F2 (SHELXL-939)
SADABS

0.7722-0.2891

12716 [Fy2 2 -30(F,2)]/ 0/ 416

0.996 [Fy2 = -30(Fy2)]

Ri1 = 0.1318, wRy = 0.2361

R; = 0.3687, wRy = 0.3477
1.801 and —1.725 e A-3

(continued)
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Table 4.5. Crystallographic Experimental Details (continued)

a0btained from least-squares refinement of 8192 reflections.

bPrograms for diffractometer operation, data collection, data reduction and absorption
correction were those supplied by Siemens.

cBeurskens, P. T.; Beurskens, G.; Bosman, W.P.; de Gelder, R.; Garcia Granda, S.;
Gould, R. O.; Israel, R; Smits, J M.M. (1996). The DIRDIF-96 program system.
Crystallography Laboratory, University of Nijmegen, The Netherlands.

dSheldrick, G. M. SHELXL-93. Program for crystal structure determination. University
of Gottingen, Germany, 1993. Refinement on F,2 for all reflections (all of these
having Fy2 > -30(F,2)). Weighted R-factors wR5 and all goodnesses of fit S are based
on Fy2; conventional R-factors R; are based on F,, with F, set to zero for negative
Fo2. The observed criterion of Fy2 > 20(F,2) is used only for calculating Ry, and is not
relevant to the choice of reflections for refinement. R-factors based on F,2 are
statistically about twice as large as those based on Fy, and R-factors based on ALL data
will be even larger.

€S = [Ew(Fy2 — Fc2)2/(n — p)11/2 (n = number of data; p = number of parameters varied; w
= [62(F42) + (0.1227P)2]-1 where P = [Max(F42, 0) + 2F:2]/3).

TRy = ZlIF ol — IFAV/EIF ) wRy = [Ew(Fo2 — F)2Ew(FoH)]12.
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Table 4.6. Selected Interatomic Distances (A) for Compound 44

Atoml Atom?2 Distance Atoml Atom2 Distance
Ir Rh 2.931(2) 0) C(2) 1.19(3)
Ir S 2.488(7) 0/6)) C(5 1.15(3)
Ir P(1) 2.364(7) N C(D) 1.09(3)
Ir P(3) 2.353(7) N C(97) 1.52(4)
Ir C( 1.95(3) C3® C@) 1.20(3)
Ir C@) 2.01(3) C4) Cn 1.47(4)
Ir C(3) 2.01(2) Ccon C(92) 1.41(4)
Rh S 2.343(8) Ccon C(96) 1.40(4)
Rh P(2) 2.338(7) C(92) C(93) 1.38(3)
Rh P4) 2.328(7) C(93) C(94) 1.30(3)
Rh C(2) 2.04(2) C(94) C(95) 1.40(4)
Rh C(5) 1.88(3) C(95) C(96) 1.36(4)
P(1) c(6) 1.79(2) o(C2)) C(98) 1.55(4)
P(2) C(6) 1.87(2) C(98) C(99) 1.48(4)
P(3) C) 1.84(2) C(99) C(100) 1.51(4)

P(4) C() 1.82(2)
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Table 4.7. Selected Interatomic Angles (deg) for Compound 44

Atoml Atom2 Atom3 Angle Atoml Atom2 Atom3 Angle
Rh Ir S 50.4(2) P(2) Rh C(2) 98.1(7)
Rh Ir P(1) 90.0(2) P(2) Rh C(5) 95.0(8)
Rh Ir P(3) 89.9(2) P(4) Rh C(2) 99.3(7)
Rh Ir C(D) 134.3(9) P4) Rh C(5) 92.9(8)
Rh Ir C(2) 44.0(7) C(2) Rh C(5) 100.0(11)
Rh Ir C@3) 140.0(7) Ir S Rh 74.7(2)
S Ir P(1) 90.4(2) Ir P(1) C(6) 109.9(8)
S Ir P(3) 90.0(2) Rh P(2) C(6) 112.2(7)
S Ir C(1) 83.9(9) Ir P(3) () 111.0(8)
S Ir C(2) 94.4(7) Rh P(4) C() 113.2(9)
S Ir C(3) 169.6(7) C(1) N CoO7) 177(3)
P(1) Ir P(3) 179.3(3) Ir C(l) N 174(3)
P(1) Ir C(1) 90.5(10) Ir C(2) Rh 92.8(11)
P(1) Ir C(2) 88.0(7) Ir C2) 0(2) 143(2)
P(1) Ir C(@3) 89.3(7) Rh C(2) 0(2) 124(2)
P(3) Ir C(1) 90.0(10) Ir C@3) C@4) 170(2)
P(3) Ir C2) 91.4(7) C(3) C@4) C(91) 173(3)
P(3) Ir C(3) 90.4(7) Rh C(5) o(s) 177(3)
C(l) Ir C(2) 177.7(11) P(1) C(6) P(2) 113.9(12)
C(l) Ir C3) 85.7(11) P(3) C(7) P(4) 113.3(13)
C(2) Ir C(3) 96.0(10) C(4) Cio1 CO2) 121(3)
Ir Rh S 54.9(2) C4) CcoO1) C@O6) 121(3)
Ir Rh P(2) 92.5(2) C(92) C@Ol) C(96) 118(3)
Ir Rh P(4) 92.6(2) CO1) C(92) C(O3) 119(3)
Ir Rh C2) 43.2(7) C(92) C(93) C(%4) 126(3)
Ir Rh C(5) 143.2(8) C(93) C(94) C(95) 115(3)

S Rh P(2) 82.1(2) C(94) C(95) C@©6) 125(4)

S Rh P4) 84.4(3) C(O1) C@O6) C95) 118(4)

S Rh CQ2) 98.1(8) N C7) C@O8) 111(2)

S Rh C(5) 161.8(8) C(97) C98) C(99) 114(3)
P(2) Rh P4) 159.3(3) C(98) C(99) C(100) 112(3)
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Results and Compound Characterization

Treatment of a solution of the phenylacetylide-bridged [RhIr(CO),(1-CCPh)-
(dppm),][BF,] (2a) with carbon disulphide results in the slow formation of a number of
compounds (see Scheme 4.1), from which [RhIr(CO)(u-n':1’-CC(Ph)SCSCS,)(1-CO)-
(dppm),][BF,] (40) can be isolated as black insoluble crystals. Owing to its insolubility in
all solvents tried, this compound could not be characterized by NMR techniques, therefore
an X-ray diffraction study was undertaken to determine its formulation. As a result of a
poor data set (with less than a third of the independent reflections observed) and a complex
disorder involving the fluoborate anions and cocrystallized molecules of dichloromethane,
this structure did not refine well. However, the structure determination was sufficient to
reveal the basic structure of the complex, which is shown in Figure 4.1. The structure
determination shows that two units of carbon disulphide have condensed in a head-to-tail
fashion on the iridium centre, and this resulting C,S, fragment has also added to the B-
carbon of the alkynyl ligand to give an extended fragment that combines vinylidene (C(3)-
C(4)Ph-S(4)), carbene (Ir-C(5)), and trithiocarbonate (C(6)S(1)S(2)S(3)) functionalities.
Carbon disulphide dimerization within the coordination sphere of a transition metal has
been previously reported for several compounds, such as [CpRh(PMcQ(SC(S)SCS)],5“
[Rh,CL,(CO)(SC(S)SCS)(dppmy),],™ and [Mo(SC(S)SCS)(PMe,),(CH,=CH,)}],*
however, the additional coupling of a C,S, moiety with the alkynyl ligand appears to be
unprecedented. The observed transformation is not unlike those reported in earlier chapters
in which the formation of vinylidenes via migration of formally nucleophilic moieties (such
as hydride or allyl ligands) from the metal centres to the B-carbon of the alkynyl ligand of
compound 2 was observed. Similar migrations from the metal to the alkynyl moiety were
also suggested in the formation of vinylidene complexes from the addition of hydride and

o

phosphine to [Rh,(CO),(1-CCR)(dppm),][BF,] (R = H, Ph, ‘Bu), the dirhodium analogue
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Figure 4.1. Perspective view of the [RhIr(CO)(u-n'm’-C=C(Ph)SCSCS.,)-
(L-CO)(dppm),]* complex ion of 40 showing the atom labelling scheme.
Non-hydrogen atoms are represented by Gaussian ellipsoids at the 20%
probability level. Hydrogen atoms are shown with arbitrarily small thermal
parameters for the dppm methylene groups, and are not shown for the
phenyl groups. Primed atoms are related to unprimed ones via the
crystallographic mirror plane (x, /4, z) containing the RhIr(CO)(u-n'm’-
C=C(Ph)SCSCS,)(u-CO) unit.
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of compound 2.’

The complex has the usual trans-diphosphine arrangement at both metals. At
iridium the coordination geometry is octahedral (ignoring the Rh-Ir bond), in which the
trans phosphines, bridging vinylidene, and bridging carbonyl groups occupy four sites and
the C,S, moiety occupies the two remaining sites, binding through a carbon (C(5)) and a
sulphur (S(1)) of this unit. The fused tridentate ligand resulting from condensation of the
alkynyl group and the C,S, fragment therefore occupy three meridional sites at the iridium
centre, resulting in two fused 5-membered metallacycles. At the rhodium centre, the
coordination is best described as a tetragonal pyramid with the vinylidene, the terminal
carbonyl, and the phosphines in the basal sites and the bridging carbonyl in the lone axial
site. Consistent with this description, the phosphines are bent back away from the bridging
carbonyl, with a resulting P(2)-Rh-P(2)" angle of 159.3(2)°. The C(2)-Rh-C(3) unit, on
the other hand, is essentially linear (176.8(9)°).

The tridentate ligand system is rigorously planar, as demanded by the
crystallographic mirror symmetry of the molecule. In metallacyclic rings of this sort, the
bonding is not unambiguous. For example, if the C(5)-S(4) and C(5)-S(3) bonds were
single, the Ir-C(5)S, unit could be viewed as a carbene, and certainly the short Ir-C(5)
distance (1.94(2) A) is consistent with such a description (cf. the iridium-carbon bond
lengths in the related complexes [IrCl(n’-Bu,PCH,CH,CCH,CH,PBu,)] (2.006(4) Ay
and [(HB(N,C,H(CH,),),Ir(H)(n*-NH=C(CH,)CCH,)] (1.80(3) A)."'" However, the
bond lengths within the metallacycles are more consistent with delocalized bonding over the
complete framework, so this together with the uncertainties that arise from a structure that
has not refined well do not allow a clear description of the bonding in this ligand. Even the
C(3)-C(4) bond of the vinylidene unit (1.46(3) A) is lengthened substantially from that

expected for a carbon-carbon double bond (1.30 - 1.35 A) of this type."
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In most compounds of this type we would anticipate that the bridging carbonyl be
best described as a semibridging interaction, and the asymmetry in the bonding of this
carbonyl certainly points towards such a description (Ir-C(1) = 1.94(2) A, Rh-C(1) =
2.12(2) A; Ir-C(1)-O(1) = 150(2)°, Rh-C(1)-O(1) = 116(2)°). However, this asymmetry is
not as pronounced as expected, in that a greater difference between Ir-C and Rh-C
distances is expected, as is a greater difference in the M-C-O bond angles. Nevertheless,
the bonding is certainly more consistent with a semibridging than with a symmetrically
bridging formulation. The nature of the Rh-Ir interaction is intimately related to the nature
of the carbonyl bonding; a semibridging carbonyl would donate 2 electrons to the iridium
centre, and none to rhodium, whereas a symmetrically bridging carbonyl would donate one
electron to each. The one-electron difference between these two binding models would be
compensated for by the metal-metal bond order (either O or 1). Consistent with the
intermediate description of the carbonyl bonding, the Rh-Ir interaction (2.973(2) A) is also
intermediate between a normal single bond (2.7 - 2.8 A)" and one which is clearly non-
bonding (> 3.1 A)." Certainly this separation is less than the intraligand P-P separation of
= 3.08 A, indicating some attractive interaction between the two metal centres, and this is
clearly seen in Figure 4.1, which shows the compression of the Rh-Ir bond. However, the
short metal-metal separation could result from binding to the two bridging ligands
(carbonyl and vinylidene). The Ir-C(3)-Rh angle (96.6(9)°) is substantially less than the
idealized 120°, and on this basis suggests significant Rh-Ir interaction.

Compound 40, discussed above, is only a minor product of this reaction, forming
in about 24% yield. The major product, shown in Scheme 4.1, is the dark brown complex
[RhIr(SCSCS,)(CO)(n-CCPh)(u-CO)(dppm),][BF,] (41), in which two molecules of
carbon disulphide have condensed in a head-to-tail fashion to form a

thioacyl/trithiocarbonate ligand, much as in compound 40, above. Compound 41 is also



173

formed when a sample of 40 is allowed to stand under CH,Cl, over a period of weeks.
Unlike compound 40, the C,S, fragment in 41 has not coupled with the alkynyl ligand.
Although the *'P{'H} and 'H NMR spectra of this compound are uninformative, being
typical of many dppm-bridged rhodium-iridium complexes, the *C{'H} NMR spectrum of
a CS,-enriched sample of this complex shows two signals in the region expected for a
C,S, ligand of this sort. The first of these is an unresolved multiplet at 8 274.0, which is
in the range expected for a thioacyl carbon," and the second occurs at & 233.8. These are
similar to the values found in [Mo(SC(S)SCS)(PMe,),(CH,CH,)] (8 292.3, 226.9)* for
the thioacyl and trithiocarbonate carbons, respectively. Both carbons of the C,S, fragment
show weak (4 Hz) coupling to each other in the doubly labeled compound, which is
consistent with coupling through more than one bond.'® The carbonyl region of this

spectrum shows the presence of a terminal rhodium-bound carbonyl (8 193.3, YJgpe =

57 Hz) and an iridium-bound carbonyl which is semibridging to rhodium (8 197.9, Janc
15 Hz). In the quadruply-labeled compound, made by the reaction of
[RhIr(**CO),(n-CCPh)(dppm),][BF,] with “C-enriched carbon disulphide, the iridium-
bound carbonyl shows strong coupling (34 Hz) to the thioacyl carbon, as well as weaker
coupling (= 4 Hz) to the trithiocarbonate carbon. The magnitude of the carbonyl/thioacyl
coupling suggests that the two carbons are mutually trans, as this is higher than expected
for a normal 2-bond carbon-carbon coupling,'® and it is well established that coupling
between two trans nuclei is much higher than for cis nuclei.’” The alkynyl carbons,
unfortunately, could not be located in the “C{'H} NMR spectrum.

The IR spectrum of this compound confirms the presence of both terminal (1986
cm™) and bridging (1841 cm™) carbonyls. The C-O stretching frequency of the rhodium-
bound carbonyl is significantly lower than that of 40 (1986 cm™ vs. 2019 cm™), indicating

that the rhodium centre in 41 is much more electron rich than that in compound 40. This is
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consistent with the presence of a vinylidene in 40, as vinylidenes are much stronger 7-
acids than alkynyls."

An alternative structure, in which the thioacyl fragment of the C,S, moiety bridges
the two metals (as is found in the previously characterized compound [Rh,C1(CO)-
(L-SCSCS,)(dppm),])™ can be ruled out, as the iridium-bound, semibridging carbonyl
could not, in this structure, be trans to the thioacy! carbon and occupy a bridging position.
The proposed structure for 41 is also consistent with the observation of the transformation
of compound 40 into compound 41 when allowed to stand under solvent for extended
periods of time. The conversion of 40 to 41 requires the breaking of only one carbon-
sulphur bond, and appears more likely than the dramatic molecular rearrangement that
would be required to form the C,S,-bridged structure previously observed in related
systems.’

Along with the two compounds described above, addition of carbon disulphide to
2a also produces the tricarbonyl phenylacetylide complex [RhIr(CO),(u-CCPh)(u-CO)-
(dppm),][BF] (1a)'” and an equal amount of an uncharacterized monocarbonyl complex
(*C{'H} NMR: & 169.1 (1)) that presumably also contains CS,, each approximately 20%
of the species in solution by 3Ip{'H} NMR. We assume that compound 1a is formed by
reaction of 2a with CO lost in the formation of this monocarbonyl species. Unfortunately,
the monocarbonyl complex decomposed during attempts to isolate it, and could not be
further characterized. Although an attempt was made to observe the 13CS, signals for this
compound, the reaction mixture was not sufficiently clean to unambiguously identify the
signals for this complex, particularly in the presence of a large excess of labeled carbon
disulphide.

In an attempt to understand the mechanism for the formation of these species, a

large excess of carbon disulphide was added to a sample of 2a at -80 °C, and the reaction
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monitored at low temperature by NMR spectroscopy. The initial product of CS, addition to
2a appears to be the simple CS, adduct [RhIr(CO)(1>-CS,)(1-CCPh)(u-CO)(dppm),]-
[BF,] (42), in which the heteroallene has coordinated to the external face of the iridium
centre. This coordination is analogous to that found for the coordination of allene and
dimethylallene to 2 to form compounds 9 and 10, described in Chapter 2. Unlike the
unsubstituted allene complex 9, however, only one isomer is found for compound 42.
The “C{'H} NMR spectrum of this compound at -80 °C shows the presence of one
terminal, rhodium-bound carbonyl (8 194.5, 'J;,. = 83 Hz) and one bridging carbonyl
(8 190.6, 'Jg.c = 23 Hz). The signal for the coordinated CS, ligand appears as a broad
singlet at & 239.5, which is strongly shifted from free carbon disulphide (& 193.0).
Although carbon disulphide often bridges adjacent metal centres, the CS, ligand in 42 is
thought to be terminally bound to iridium, as a complex containing a bridging carbon
disulphide ligand would be expected to be spectroscopically similar to the isostructural
isothiocyanate complex 43 (vide infra). On the contrary, the *'P NMR signals for 42 are
separated from those of the isothiocyanate complex by nearly 20 ppm, but only a few ppm
shifted from the signals for the allene complexes 9 and 10. Upon warming, the CS, ligand
is lost, forming 2a.

In light of these interesting transformations, it was of interest to determine if other
sulphur-containing substrates would react with 2a in a similar fashion. Isothiocyanates
(RN=C=S) are nitrogen-containing analogues of CS,, and often undergo similar

reactions.'”’

Compound 2a reacts with n-butyl isothiocyanate, forming [RhIr(CO),-
(L-n*-SCN"Bu)(dppm),l[BF,] (43), as shown in Scheme 4.2. Both carbonyls are
terminal, as shown by the “C{'H} NMR spectra, which shows one signal which is
ascribed to a terminal, rhodium-bound carbonyl (8 188.5; 'Jg,c = 73 Hz), and one signal

due to a terminal carbonyl on iridium (8 154.6). Although this latter resonance is rather
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high field for an iridium-bound carbonyl that is also in the vicinity of the adjacent rhodium
centre, as described in previous chapters, the position of this carbonyl is supported by the
facile rearrangement of 43 to 44 (vide infra).

Both the 'H and ?C{'H} NMR spectra show the presence of only one alkyl group,
suggesting that only one isothiocyanate moiety reacts with 2a despite the large excesses
used. The "C{'H} NMR spectrum of 43 also shows that the alkynyl ligand is terminally
bound to iridium (C_, 8 55.3 (t); Css 5 108.7 (s)). The displacement of the alkynyl from
the bridging position suggests that the isothiocyanate ligand has adopted this position,
giving a structure analogous to that of the dirhodium complex [Rh,CL(CO)(u-SCNCO,Et)-
(dppm),].’”* The “C NMR signal for the isothiocyanate carbon appears as a triplet at
8 140.5; the lack of rhodium coupling indicates that the isothiocyanate ligand is bound to
iridium through the carbon atom, and sulphur-bound to the rhodium centre.

The proposed arrangement of the isothiocyanate ligand is also supported by the
facile conversion of this complex to the oxidative-addition product [RhIr(CCPh)(CO)-
(CNR)(u-S)(n-CO)(dppm),][BF,] (44), which occurs upon standing in solution through
oxidative cleavage of the sulphur-carbon bond in the isothiocyanate complex. The PC{'H}
NMR spectrum of 44 shows that the alkynyl ligand remains terminally bound to the
iridium centre (8 69.0 (t), C; 8 108.3 (s), Cp). The rhodium-bound carbonyl appears in
the *C{'H} NMR spectrum as a doublet of triplets (& 188.8, 'Jp, = 70 Hz), which is
typical for a terminal carbonyl in these systems. The signal for the iridium-bound carbonyl
appears as a multiplet at & 195.1, showing significant coupling (18 Hz) to the rhodium
centre, which is consistent with a semibridging carbonyl. This is confirmed by the IR
spectrum, which shows bands due to both bridging/semibridging (v¢, = 1825 cm™) and
terminal (Voo = 1985 cm™) carbonyls. The IR spectrum also shows a strong band at 2126

cm’, which is typical for a coordinated isocyanide.®
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The structure of the isocyanide complex 44 was determined by X-ray
crystallography, and is shown in Figure 4.3. Although the structure did not refine well,
owing to the poor diffraction quality of the crystals, it is certainly sufficient to contirm the
structure proposed. The n-butyl isothiocyanate ligand is shown to have undergone
oxidative carbon-sulphur bond cleavage, resulting in the formation of a bridging sulphido
ligand and a butyl isocyanide ligand, which remain mutually cis. The coordination
geometries of the two metal centres in 44 are much like those described for compound 40.
The ligands bound to the iridium centre are arranged in an octahedral manner, with the
bridging sulphide, isocyanide, and alkynyl ligands occupying the coordination sites
occupied in 40 by the vinylidene/C,S, moiety. Likewise, the rhodium centre adopts a
square pyramidal configuration, with the trans phosphines, bridging sulphide, and terminal
carbonyl ligand occupying the basal sites, and the bridging carbonyl occupying the apical
site. In this case, however, the interaction between this carbonyl and the rhodium centre is
stronger. The carbonyl is more symmetrically bound (Rh-C(2)-0(2) = 124(2)°; Ir-C(2)-
0(2) = 143(2); Rh-C(2) = 2.04(2) A; Ir-C(2) = 2.01(3) A) than in 40, and the two metal
centres have also been pulled closer together (2.931(2) A vs 2.973(2) A; recall that the
transition from a semibridging to a bridging carbonyl requires the formation of a metal-
metal bond). The ligands bound to the rhodium centre of 44 are also bent further away
from the apical carbonyl than are those in 40 (S-Rh-C(5) = 161.8(8)°).

The presence of a bridging carbonyl in 44 is not surprising, as the change in
coordination number of iridium centre from 5 (in 43) to 6 would force the carbonyl into the
vicinity of the rhodium centre, allowing bonding to take place. In addition, the formal
oxidation of the iridium centre and the presence of the m-acidic isocyanide ligand will
reduce the electron density of this metal, making the iridium-bound carbonyl more likely to

accept electron density from the rhodium centre.
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Figure 4.2. Perspective view of the [RhIr(CO)(C=CPh)(CNBu)(-CO)(1-S)(dppm),]*
complex ion of 44 showing the atom labelling scheme. Non-hydrogen
atoms are represented by Gaussian ellipsoids at the 20% probability level.
Hydrogen atoms are shown with arbitrarily small thermal parameters for the
dppm methylene groups and the CNBu ligand, and are not shown for the
phenyl groups.
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Figure 4.3. Altemate view of the cation in 44. Only the ipso carbons of the dppm
phenyl rings are shown.
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Compound 2a also reacts with phenyl and allyl isothiocyanates, to initially give
products which are analogous to 43, giving rise to nearly identical signals in the *'P{'H}
and *C{'H} NMR spectra ([RhIr(CCPh)(CO),()t-SCNPh)(dppm),][BF,] *'P{'H} NMR:
& 19.2 (dm, ‘T, = 145 Hz); -35.3 (m). “C{'H} NMR: 3 188.3 ('J,c = 73 Hz); 154.3.
[RhIr(CCPh)(CO),(u-SCNCH,CH=CH,)(dppm),I[BF,] *'P{'H} NMR: & 18.9 (dm,
Jewp = 142 Hz); -34.5 (m). “C{'H} NMR: 0 1884 (MJane = 73 Hz); 154.6.).
Unfortunately, these compounds could not be reproducibly isolated in the pure state, and
their full characterization was not pursued. Upon standing in solution, these complexes
also underwent carbon-sulphur bond cleavage to give sulphido/isocyanide complexes, the
S'P{'H} and *C{'H} NMR spectra of which were nearly identical to those of compound
44 ([RhIr(CCPh)(CNR)(CO),(11-S)(dppm),][BF,]. R = Ph, *'P{'H} NMR: & 18.5 (dm,
Jewp = 124 Hz); -22.7 (m). "“C{'H} NMR: 8 195.6 ('Jg,c = 19 Hz); 188.9 (Tane = 69
Hz); R = CH,CH=CH,, *P{'H} NMR: § 18.1 (dm, 'Jg,, = 116 Hz); -22.7 (m). BC{'H}
NMR: § 195.1 (‘Jgc = 19 Hz); 188.7 (‘Jg,c = 70 Hz). Other decomposition products
were also obtained in this rearrangement, so the characterization of these compounds was

also abandoned.

Discussion

The reaction of carbon disulphide with the A-frame complex [RhIr(CO),(u-CCPh)-
(dppm),][BF,] (2a) gives a number of interesting products resulting from condensation of
two carbon disulphide molecules at the iridium centre. Although the formation of a
thioacyl/trithiocarbonate moiety has been previously observed in the reaction of CS, with
several systems,’ the coupling of this C,S, fragment with an organic ligand (in this case an
alkynyl ligand) is apparently unprecedented.

A plausible mechanism for the formation of 40 and 41 is given in Scheme 4.3.
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Initial coordination of CS, to the external face of the iridium centre of 2a results in the
formation of 42, the heteroallene analogue of the allene complex 9 (described in Chapter
2). The exo sulphur in 11>-CS, complexes is known to be nucleophilic, and can couple
with a range of electrophilic reagents. Thus, we propose that this sulphur attacks the (-
carbon of the alkynyl ligand, forming the cyclic vinylidene complex shown as X. Since
transformation of a ¢,n-bridging alkynyl ligand to a vinylidene ligand through nucleophilic
attack at the B-carbon has been previously observed, as has the formation of vinylidene
complexes through the migration of formally nucleophilic ligands from a metal centre to the
alkynyl ligands (described in previous chapters for the complexes [RhIrH(CO),(u-CCPh)-
(dppm),] (6) and [RhIr(CO),(u-H)(u-CCPh)(dppm),][BF,] (26)), we feel that the
cyclization of 42 is not unreasonable. Proposed intermediate X also contains a potentially
nucleophilic exo sulphur atom, which can attack a second carbon disulphide molecule,
forming Y, which can then rearrange to 40. Alternatively, X can undergo a [2 + 3]
cycloaddition reaction with CS,, thus directly forming 40. Compound 41 can be formed
through cleavage of the vinylidene carbon-sulphur bond in 40, or via CS, addition to the
exo sulphur of 42 prior to vinylidene formation, followed by coordination of a second
sulphur atom to the iridium centre.

In contrast to carbon disulphide, isothiocyanate compounds (which are the nitrogen
analogues of carbon disulphide) do not undergo condensation within the coordination
sphere of compound 2a, either with the alkynyl ligand or with excess substrate.
Coordination of isothiocyanate to 2a probably occurs via the mechanism outlined below.
Initial coordination of the carbon-sulphur double bond of the isothiocyanate molecule to the
external face of the iridium centre results in the formation of an analogue of the allene
complex 9 and the carbon disulphide complex 42. Although this species could not be

detected even at very low temperatures, the geometry shown is expected, as the C,S
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binding mode is much more common than the C,N binding mode.? Also, the presence of
the bulky substituent on nitrogen makes coordination to the nitrogen-carbon double bond
unlikely due to steric effects. The exo carbon-nitrogen double bond is presumed to be cis
to the alkynyl ligand, as this is the sterically favoured isomer of the dimethylallene adduct
10 (described in the previous chapter). Additionally, rearrangement of this complex via a

“merry-go-round” mechanism places the isothiocyanate in a bridging position, binding to

Ph
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the iridium centre through the carbon atom and to the rhodium centre through sulphur.
Subsequent rearrangement of the isothiocyanate-bridged species to the sulphido-bridged
isocyanide complex 44 requires very little movement of atorns within the molecule.

The oxidative bond cleavage seen in the conversion of the isothiocyanate-bridged
complex 43 to the sulphido-bridged isocyanide complex 44 is well precedented, as
cleavage of the carbon-sulphur double bond in several sulphur-containing heteroallenes
(CS,, COS, SCNR) has been previously reported in other systems.’

The failure of the isothiocyanate ligand to undergo condensation reactions, either
with the alkynyl ligand or excess isothiocyanate molecules is somewhat surprising, as the
condensation of two or even three isothiocyanate ligands has been reported.™ It is
possible that the presence of the alkyl group on the nitrogen reduces the likelihood of
nucleophilic attack of this ligand through steric effects, thus preventing the migration of this
ligand to the alkynyl B-carbon. The isothiocyanate ligand is also expected to be less
nucleophilic than the carbon disulphide ligand, despite the higher electronegativity of

nitrogen, as the poor overlap between the carbon 2p and sulphur 3p or 3d orbitals weakens
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the carbon-sulphur 7 bond, making resonance structure I less favourable than II for X =

S. For X = NR, however, structure type I should be substantially more favorable than for

S S
| |
I II

X = S. Although no studies have been done, to our knowledge, to quantify the charge
density on these atoms, this follows the trend noted in the electron-withdrawing abilities of
the analogous heterocarbonyls, with thiocarbonyl (CS) being a better m-acid than
isocyanide (CNR).**'®

This argument, however, does not explain the failure of the isothiocyanate complex
to react with further equivalents of isothiocyanate, as the structurally similar isothiocyanate-
bridged dirhodium complex [RhZCIZ(CO)(u-SCNCOzEt)(dppm)z],7d does react readily with
excess isothiocyanate or carbon disulphide, forming complex ligands derived from the
condensation of two molecules of the heteroallene. The difference may be due to the
greater tendency of iridium to undergo oxidative addition, which makes the internal

rearrangement more favourable.

Concluding Remarks

The reaction of the phenylacetylide-bridged heterobinuclear complex [RhIr(CO),-
(u-CCPh)(dppm),][BF,] (2a) with the thioheteroallenes CS, and SCN"Bu have been
investigated. ~Whereas the nitrogen-containing isothiocyanate molecule undergoes
coordination followed by carbon-sulphur bond activation, the addition of carbon disulphide
to 2a results in the dimerization of carbon disulphide, accompanied by the reversible

coupling of the resulting C,S, fragment with the alkynyl ligand.
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Chapter 5
Parallel vs. Perpendicular Alkyne Coordination Modes

Introduction

Transition-metal complexes containing coordinated alkynes have long been of
interest in o;ganometallic chemistry, as the alkyne ligand can undergo a number of
transformations within the coordination sphere of a metal.'"* Both terminal and internal
alkynes (RC=CH and RC=CR, respectively) can undergo condensation reactions with
other alkyne molecules,® and/or with other substrates such as carbon monoxide.® nitriles,’
and olefins,® leading to the formation of substituted cyclooctatetrenes, benzenes, pyridines
and unsaturated ketones. Alkynes can also insert into metal-hydride’ or other metal-
ligand'® bonds to form substituted vinyl ligands. Additionally, terminal alkynes or alkynes
containing a heteroatom substituent (such as RC=CSiR, or RC=CPR,) can oxidatively add

11 : . 2
or rearrange to form vinylidene complexes.

to metal centres to form alkynyl ligands,
The importance of alkynyl and vinylidene complexes has been discussed in the preceding
chapters of this thesis.

In binuclear systems, there are three possible coordination modes for an alkyne, as

diagrammed below.' In structure A, the alkyne is terminally bound to one metal, much as

is found in mononuclear complexes. This bonding can be satisfactorily described in terms
of the Dewar-Chatt-Duncanson model," originally proposed for alkene-metal bonding. In

this bonding mode, c-donation from one of the m bonding orbitals of the alkyne to the
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metal is accompanied by the mt-backdonation from a metal d orbital to the appropriate 1*-
antibonding orbital of the alkyne. In complexes with electron-rich metals, the alkyne
normally interacts with the metal using just one set of /m* orbitals, and acts as a 2-electron
donor.

The presence of this unused orbital set on a coordinated alkyne allows it to interact
with a second metal centre, forming an alkyne-bridged complex, as shown in structure B.
In this coordination mode (1}%:n>- coordination), the alkyne lies perpendicular to the metal-
metal vector, and interacts with the two metals using both sets of m/m* orbitals
independently, in the manner described above for bonding with one metal. In so doing, the
alkyne acts as a neutral, 4-electron donor, and the compound is referred to as a
dimetallatetrahedrane or (in the absence of a metal-metal bond) a dimetallabicyclobutane.

A second bridging mode arises when each alkyne carbon bonds to a different metal
centre, as in structure C. In this 1':1'- coordination mode, the alkyne lies parallel to the
metal-metal vector, and is formally regarded as a doubly deprotonated olefin, with each
carbon acting as a 2-electron o-donor. Donation from the metal centres into the 7*-
antibonding orbital of the olefinic double bond also occurs. A complex of this sort is
normally considered as a cis-dimetallated olefin, or (in the presence of a metal-metal bond)
a dimetallacyclobutene.

The preference of one coordination mode over the other is a function of the
electronic requirements of the metals.'* Often, changing the electronic requirements of the
metal (by adding or removing an ancillary ligand such as CO) will cause a compound to

5 However, in some systems,

change alkyne coordination modes from one to the other.
both parallel and perpendicular coordination have been found without changes in ancillary
ligands.'® The differences in bonding between the two isomers is expected to lead to

differences in reactivity. Although previous work'® had shown that protonation of the two
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isomers of [RhMn(CO);(RC=CR)(dppm),] (R = CO,CH,, CF,), having alkyne bridging
modes B and C, gave identical final products, it was of interest to determine if reactivity
differences could be found in other isomers of this sort. We therefore turned to an alkyne-
bridged diiridium complex in which one isomer was the metastable complex
[Ir,(CO),(u-n'n'-DMAD)(dppm),] (46; DMAD = CH,0,CC=CCO,CH,) in which the
alkyne ligand was bound parallel to the metal-metal vector, and the second the stable
[Ir,(CO),(u-n*:n>-DMAD)(dppm),] (47), having the alkyne bound in a perpendicular
arrangement. It was anticipated that these isomers might display different chemistry and

that these differences might extend to analogous complexes containing other alkynes.
Experimental

General experimental conditions are given in Chapter 2. The compounds
[Ir,(CO),(dppm),]"’ (45) and [Ir,(CO),(L-n*:n>-DMAD)(dppm),]'® (47) were prepared as
previously reported. Ethyl phenylpropiolate (PhC=CCO,CH,CH,, EPP) was obtained
from Aldrich, and used as received. Spectroscopic data for all compounds are given in
Table 5.1. Elemental analyses were often unsatisfactory for these compounds, presumably
due to the formation of iridium carbides during the combustion of these samples. The
weight percent of carbon measured was always low, and no chlorine (which would indicate

dichloromethane as solvent of crystallization) was found in the sample.

(a) Preparation of [Ir,(CO),(u-n':n'-DMAD)(dppm),] (46). To a solution of 45
(35.0 mg, 28.3 umol) in 4 mL of THF or benzene was added DMAD (3.6 pL, 29 pmol),
followed by gentle warming of the solution in a water bath at 40-45°C, resulting in a colour

change from orange to intense blue (about 3 min). The solution volume was then reduced
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to 1 mL by evaporation under a stream of nitrogen. Pentane (10 mL) was added, giving a
blue microcrystalline precipitate (purple from benzene), which was washed twice with 10
mL aliquots of pentane and dried, first under nitrogen, then under vacuum. Due to the high
air-sensitivity of this compound, an elemental analysis was not obtained. NMR analysis
showed this compound to be identical to the previously observed [Ir,(CO),-

(1-n'm'-DMAD)(dppm),] (46).'®

(b) Preparation of [Ir,(CO)(PMe,)(u-CO)(1-n':n'-DMAD)(dppm),] (48). To
an NMR tube charged with 46 (prepared from 53.0 mg (42.8 pumol) of 45) in 0.5 mL of
CD,Cl, was added trimethylphosphine (4.5 puL, 43 pmol), causing a slow colour change
from intense blue to a dark olive green, then to brown. Due to the product’s high air
sensitivity and loss of trimethylphosphine under vacuum, a satisfactory elemental analysis

could not be obtained.

(c) Attempted reaction of [Ir,(CO),(1-n*n*-DMAD)(dppm),] (47) with PMe,.
An NMR tube was charged with 18.0 mg (13.3 umol) of 47 and 0.5 mL of CD,Cl,. The
addition of an excess of trimethylphosphine (9.1 pL, 66 pmol) at ambient temperature

resulted in no change by *P{'H} NMR.

(d) Reaction of 46 with CH,0,SCF,. To a solution of 46 (prepared from 30.0 mg
(24.2 pmol) of 45) in 4 mL of CH,Cl, was added methyl triflate (2.8 gL, 25 pmol) at
-80 °C. The solution was stirred for one hour, during which the solution slowly turned a
reddish orange. This was warmed to room temperature, and the solution volume reduced
to 1 mL by evaporation under a rapid stream of nitrogen. The brown precipitate obtained

by addition of ether (10 mL) was washed twice with ether and dried under nitrogen and
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under vacuum. The 3'P{'H} and 'H NMR spectra of this sample showed it to be chiefly
the previously characterized [Ir,(CH,)(CO),(1-n':n'-DMAD)(dppm),][O;SCF,] (49)."°

(e) Attempted reaction of 47 with CH,0,SCF,. An NMR tube was charged with
47 (20.4 mg, 15.1 pmol) and 0.5 mL of CD,Cl,. Methyl triflate (1.8 pL, 16 pmol) was
added, and the mixture allowed to stand for several hours. Phosphorus-31 NMR showed

only slight (<10%) reaction to form 53 (vide infra), probably due to adventitious water.

(f) Preparation of [Ir,(H)(CO),(u-n':n'-DMAD)(dppm),][BF,] (50). A
sample of compound 46 (synthesized as above, from 35.0 mg (28.3 pmol) of 45 and 3.6
uL of DMAD) was dissolved in 4 mL of CH,CI, and cooled to -80°C. Addition of
tetrafluoroboric acid-dimethyl ether complex (4.1 pL, 30 pmol) caused an immediate
colour change from intense blue to orange. This mixture was allowed to warm to room
temperature over four hours. The solvent was then removed by evaporation under a stream
of nitrogen, giving an orange solid which was recrystallized from dichloromethane and
ether (v/v 1:10), and washed twice with ether. Yield: 33.0 mg (81%). Calculated for
C,H,,BF Ir,OP,: C, 48.41; H, 3.57. Found: C, 47.44%; H, 3.58%.

(g) Low Temperature protonation of 46. An NMR tube was charged with a
solution of 46 (prepared from 21.0 mg (17.0 pumol) of 45 and 2.1 pL of DMAD) in 0.5
mL of CD,Cl, and cooled to -80 °C. Triflic acid (1.5 uL, 17 pmol) was added, causing a
colour change from blue to orange. By *'P{'H} NMR, this solution was shown to contain

almost pure 50 (as the triflate salt) at -80 °C, with no intermediates detectable.
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(h) Preparation of [Irz(H)(CO)3(u-n':n'-DMAD)(dppm)z][BFJ (51). Carbon
monoxide was passed over a solution of 50 (25.3 mg, 17.6 pmol in 5 mL of CH,CL,),
resulting in a colour change from orange to bright yellow. The solution was evaporated to
1 mL under a stream of carbon monoxide, and the product was precipitated by the addition
of 15 mL of ether. Yield: 20.0 mg (78%). Calculated for Ci,H,BF Ir,O,P,: C, 48.30;
H, 3.50. Found: C, 47.16; H, 3.21.

(i) Preparation of [Ir,(H)(CO),(u-n*n>-DMAD)(dppm),I[BF,] (52). To a
solution of 47 (18.7 mg, 13.8 umol) in 2 mL of CH,CI, (cooled to -5 °C by a salt-ice bath)
was added excess HBF,*OEt, (3.0 uL, 22 umol). The solution changed colour from pale
yellow to bright yellow immediately, and then turned golden brown over the course of
about S minutes. This solution was stirred for 30 minutes, and the product precipitated by
the addition of 20 mL of pentane. The supernatant was removed, and the brown precipitate
was washed twice with 10 mL of pentane, then dried first under a flow of nitrogen, and

then under vacuum. Yield 14.0 mg (67%).

(j) Preparation of [Irz(CO)z(u-n’:nz-CH302CC=C(H)C02CHs)(dppm)z][BF4]
(53). To a solution of 47 (50.0 mg, 37.0 umol) in 15 mL of CH,Cl, was added 1 eq. of
HBF,*OEt, (5.6 uL, 41 umol). The solution changed colour from pale yellow to a clear
golden brown, then quickly changed to clear bright yellow, and was -stirrcd for half an
hour. The solvent was reduced to about 1 mL by evaporation under a steady stream of
nitrogen, and the compound precipitated by the addition of 15 mL of ether. The
supernatant was removed, and the yellow precipitate was washed twice with ether. Yield
33.0 mg (62%). Calc. for C;,H, OsBF,Ir,P,: C, 48.41; H, 3.57. Found: C, 47.77; H,

3.54.
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(k) Preparation of [Ir,(n'-C(CO,CH,)=C(H)CO,CH,)(CO),(dppm),][BF]
(54). An NMR tube was charged with 47 (19.4 mg, 14.4 pmol) in 0.5 mL of CD,Cl,.
After cooling to 0 °C, HBF,*OEt, (2.0 pL, 15 pmol) and carbon monoxide (350 pL, 14
mmol) were added and the sample shaken vigorously, éausing the solution to change
colour from pale yellow to a clear orange. This sample was shown by NMR spectroscopy
to contain mainly 54, with smaller amounts of 52 (= 10%), 53 (= 20%), and 55 (= 5%).
This compound was not isolated, due to facile loss of CO to form 53, and was

characterized only by NMR.

(1) Preparation of [Ir,(n'-C(CO,CH,=C(H)CO,CH,)(CO),(dppm),][BF ]
(55). A solution of 47 (41.2 mg, 30.5 umol) in 5 mL of CH,CI, was cooled to 0 °C and
placed under an atmosphere of carbon monoxide. Addition of HBF,~OEt, (4.2 uL, 31
pmol) caused the solution to change colour from pale yellow to a clear bright yellow, and
the solution was allowed to stir at room temperature for half an hour. The solvent was
reduced to 1 mL by evaporation under a steady stream of carbon monoxide, and 10 mL of
ether was added to give a yellow precipitate which was washed twice with 5 mL ether and
dried under a flow of carbon monoxide. The compound was not dried under vacuum due

to facile loss of a carbonyl ligand to form 54. Yield 34.3 mg (75%).

(m) Low Temperature protonation of 47. An NMR tube was charged with 47
(17.1 mg, 12.7 umol) and 0.5 mL of CD,Cl, and cooled to -80°C. Triflic acid (1.1 pL, 12
wmol) was added, causing a colour change from pale yellow to bright yellow. The NMR
of this yellow solution showed complete conversion to compound 52a. Allowing this to
warm up to -20 °C caused it to convert to compound 52, which, at room temperature,

converted to compound 53.



(1) Preparation of [Irz(CO)z(p.-nZ:nz-HFB)(dppm)z] (57). A 50-mL flask was
charged with 100 mg of 45 (80.8 pumol) and 30 mL of CH,Cl,. Hexafluoro-2-butyne was
passed over the solution for a few minutes, and the solution stirred for four days, over
which time the solution slowly changed from orange to green to brown to orange. The
solvent was removed under vacuum, and the residue recrystallized from 4 mL of benzene
and 12 mL of pentane. The yellow precipitate was then washed twice with 10 mL of ether.

Yield: 43.0 mg (39%).

(m) Reaction of 45 with HFB. An NMR tube was charged with 45 (21.2 mg, 17.1
pmol) and 0.5 mL of CD,Cl, and sealed with a rubber septum. Hexafluoro-2-butyne (420
uL, 17 umol) was added via gas-tight syringe, and the sample sealed with parafilm and
shaken. After 45 minutes, the orange solution had acquired a slight green cast; however,
BP{'H} NMR showed only starting material. After one day, the solution had become a
much darker green colour, and the NMR showed, in addition to starting material, a small
amount of compound 57, along with larger quantities of the known compound
[Ir,(CO),(dppm),]’ and compound 56. After 5 days, 56 had disappeared, leaving only
45, 57, and the tetracarbonyl species, in a 3:1:1 ratio. Complete reaction of 45 was not

seen, probably due to loss of HFB from the sample through diffusion through the septum.

(n) Attempted Reaction of 45 with PhC=CCO,CH,CH; (EPP). An NMR tube
was charged with 45 (13.3 mg, 10.8 pmol) and 0.4 mL of CD,Cl, and sealed with a
rubber septum. Ethyl phenylpropiolate (EPP, 1.8 pL, 11 pmol) was added, and the
mixture shaken. No colour change in the solution was seen, and the *'P{'H} NMR

showed the presence of only starting material, even after warming to 40 °C.
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(o) Preparation of [Ir,(n'-C(CO,Et)=CHPh)(CO),(dppm),][BF,] (14). To a
solution of 1 (40.4 mg, 32.7 umol) in 3 mL of CH,CI, was added HBF,*OEt, (4.5 puL, 33
umol), causing an immediate colour change from orange to intense red-purple. Addition of
EPP (5.4 uL, 33 umol) caused the solution to slowly return to orange. The solution was
stirred for 3 h, and 15 mL of ether was added to precipitate the product as a fine orange
microcrystalline powder. This was washed twice with 10 mL of ether and dried under

vacuum. Yield: 27.6 mg (56%).

(p) Preparation of [Ir,(n'-C(CO,Et)=CHPh)(CO),(dppm),][BF,] (15). To a
solution of 1 (96.1 mg, 77.7 pmol) in 4 mL of CH,Cl, was added HBF,*OEt, (10.7 pL,
78.0 umol), causing an immediate colour change from orange to intense red-purple.
Addition of EPP (12.9 pyL, 78.1 pmol) caused the solution to slowly return to orange. The
solution was stirred for 4 h, after which time an atmosphere of carbon monoxide was
introduced, resulting in a colour change to yellow. The solution was stirred under a flow
of CO for 1 h, and ether (10 mL) was added to precipitate the product as a fine yellow
microcrystalline powder. This was washed three times with 10 mL of ether and dried
under vacuum. Yield: 76.9 mg (73%). Calculated for C,;H,BF,Ir,O,P,: C, 51.12%; H,

3.63%. Found: C, 50.83%; H, 3.38%.
Results and Compound Characterization

Depending on conditions, addition of one equivalent of the activated alkyne
dimethyl acetylenedicarboxylate (DMAD) to [Ir,(CO),(dppm),] (45) affords the alkyne-
bridged dicarbonyl compound in one of two isomers, which differ in the coordination

mode of the alkyne, as diagrammed in Scheme 5.1.'"*  The kinetic product,
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Scheme 5.1
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[Ir,(CO),(u-n':n'-DMAD)(dppm),] (46), is the isomer which contains the bridging alkyne
parallel to the metal-metal vector. Upon standing, this converts to the thermodynamic
product [IrZ(CO)z(p.-nZ:nz-DMAD)(dppm)z] (47), in which the alkyne is perpendicular to
the metal-metal bond.

This system is unusual in that both alkyne binding modes are present in two
isomeric species with no change in the ancillary ligands. Transformation of the parallel to
the perpendicular isomer in most cases' involves the loss of an ancillary ligand, such as
CO, although transformation between isomers without loss or gain in ligands has recently
been reported.'® It is difficult to meaningfully compare alkyne reactivities in systems in
which the change in alkyne coordination mode is accompanied by other substantial changes
such as ligand addition or loss. Compounds 46 and 47 in this chapter represent an
unusual opportumnity to investigate the reactivity of an alkyne ligand in the two different
bridging coordination modes, since both isomers can be obtained free from the other. To
our knowledge, no other study comparing such reactivities has been reported.

Possibly the most obvious difference in the two isomers (46 and 47) relates to the
electron counts at the metals. With the alkyne functioning as a dianionic ligand in 46, both
iridium(I) centres have a 16-electron count, whereas in 47, in which the alkyne is a
formally neutral ligand, both iridium(0) centres are saturated, having 18 valence electrons.
This difference shows up clearly in the reactions with PMe;. Whereas compound 47
shows no reaction with excess phosphine over extended periods of time, compound 46
reacts readily with one equivalent of the phosphine to yield the adduct [Ir,(CO)(PMe,)-
(u-CO)(u-DMAD)(dppm),] (48), as shown in Scheme 5.2. This product displays five
3'p{'H} resonances for the chemically distinct phosphorus nuclei. The maximum coupling
between these nuclei is found to be ca. 110 Hz, indicating a cis arrangement of the

phosphines at each metal; by comparison, zrans phosphines in such systems show coupling



204

IS
s
0 o]
IO/.__ .__\OOO -
/"\_ 0)
H H
d d
B ~"
+
00
erg
n_\/n_
(o]
H 0
N \
0d 4| 1 0
N—=
H H
d d

0s 8y

5 o)
H /h_ h_\ /xh_/,\,/\\h...loo
,\\/m

Eapd’ o]

n_/\m
| A
+
CaNd
YAdH
6Y 9y
PN PN
ﬁ_Me/h_ __\ > - oo/h_ h__\ >
j £10%0SOSHD _/m"ﬁ_
d d d d

C’S URYIS



of ca. 300 Hz. The IR spectrum (Nujol mull) shows bands due to both terminal (v, =
1964 cm™) and bridging (v, = 1702 cm™) carbonyls. This is supported by the "C{'H}
NMR spectrum, which shows one terminal carbonyl resonance at & 182.8 and one due to
the bridging group at § 230.3. This latter resonance displays large coupling (63 Hz) to P,
and Py, indicating that these phosphorus nuclei are almost trans to this carbonyl (by
comparison, cis 2J, . values are typically less than 15 Hz). Movement of the one carbonyl
from a terminal to a bridging position presurnably results from the steric crowding upon
coordination of PMe,. We assume that this is also a major reason for the transformation
from trans to cis diphosphine groups that occurs. Compound 48 is chiral, but will be
present as a racemic mixture, resulting from PMe; attack at either metal.

162 3 species, believed to

Although neither 46 nor 47 reacts with carbon monoxide,
be a tricarbonyl, alkyne-bridged complex, was observed at intermediate times in the
reaction of [Ir,(CO),(dppm),] (45) with DMAD. This intermediate displayed three terminal
carbonyl resonances in the *C{'H} NMR spectrum (8 198.7, 183.0, 178.6). However,
due to its facile loss of CO to yield 46, this intermediate was incompletely characterized.

We next turned our attention to the reactions of 46 and 47 with the electrophiles,
CH," and H", in attempts to obtain alkyl and hydride products. It was hoped that the
alkynes in the two different bridging modes might display different tendencies to undergo
migratory insertion with the alkyl or hydride moieties. Compound 46 reacts with methyl
triftate to vield the atkyl product [Ir,(CH,)(CO),(1-n':n'-DMAD)(dppm),1[O,SCF;] (49),
(see Scheme 5.2). This product is identical to the product previously obtained in the
reaction of [Ir,(CH,)(CO)(u-CO)(dppm),][O,SCF,] with DMAD"® and is the product
expected from electrophilic attack at a filled d,2 orbital on one of the metal centres in 46.

All spectroscopic parameters, which have been previously discussed,'® are consistent with

the structure shown. No migratory insertion of the alkyne and the methyl group has been



206

seen in this or the previous study, in spite of a favourable mutually cis arrangement of the
two groups.

Surprisingly perhaps, compound 47 does not react with methyl triflate. We had
expected that the 18e, formally Ir(0) centres would be susceptible to electrophilic attack, but
this appears not to be the case with CH,".

Protonation also proceeds differently for the two isomers. Reaction of 46 with
HBF OEt, yields the hydrido species [IrZ(H)(CO)Z(u—n‘:n'-DMAD)(dppm)z][BF,J (50),
which is analogous to the methyl complex 49, again resulting from electrophilic attack on
the external face of one of the iridium centres in 46. The signal for the hydride in the 'H
NMR spectrum appears as a triplet due to coupling to only one set of *'P nuclei, confirming
that the hydride is terminally bound to one iridium centre. The IR and “C{'H} NMR
spectra show that both carbonyls are also terminally bound. Although it is possible that 50
actually has a structure in which the hydride is traris to the alkyne (rather than cis as is
shown in Scheme 5.2), this alternate geometry is ruled out for two reasons. First, the
spectral parameters of 50 are very similar to 49, thus arguing for an analogous structure.
Second, the reaction of 50 with CO yields the tricarbonyl [Ir,(H)(CO),(u-n':n'-DMAD)-~
(dppm),][BF,] (51), in which the hydride ligand remains adjacent to the DMAD unit. If
complex 50 had the alternate geometry, its product upon reaction with CO would be
expected to be the isomer S1a, which has the hydrido ligand trans to the alkyne; this latter
product has been previously characterized" and is clearly distinguishable from 51. No
migratory insertion of the alkyne and hydrido ligands in 50 is observed at ambient
temperature in spite of their mutually cis arrangement. However, refluxing 50 in benzene
for several hours yielded a mixture of products, one of which (about 50%) was identified

as the migratory insertion product 83 (vide infra).
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Although compound 47 does not react with methyl triflate, it does react readily with
HBF,*OEt, at -10 °C to yield [Ir,(H)(CO),(u-n*m*-DMAD)(dppm),][BF,] (52) in which
the hydride group is shown by '"H NMR (8 -21.2, t) to be terminally bound to one metal
(see Scheme 5.3). Although the orientation of the alkyne group is equivocal, the facile
conversion from 47 suggests that it has remained perpendicular to the metal-metal vector.
As such, compound 52 resembles the isoelectronic species [Rth(CO)3(;,L-n2:T]2;RC2R)-
(dppm),] (R = CO,CH,, CF,)'®, in which the “Mn(CO),” moiety is replaced by the
isolobal “Ir(H)(CO)*” fragment. In addition, the final product (53) in the subsequent
transformation of 52 is also shown to have a cis-diphosphine arrangement, so it seems
likely that the diphosphines have remained cis in the transformation of 47 to 52 to 53.
The appearance of two methyl resonances for the DMAD ligand seems at first to be
inconsistent with the structure shown for 52, however, the crystal structure of 47'¢ shows
that one methyl group is tipped towards one metal whereas the second is aimed at the other;
protonation at one metal would render these methyl groups inequivalent.

Warming to ambient temperature results in the smooth transformation of 52 to
[Ir,(CO),(1-n':n*-CH,0,CC=C(H)CO,CH,)(dppm),}[BF,] (53) in which the hydride has
migrated from the metal to the alkyne to give a bridging vinyl group. This transformation
is accompanied by the disappearance of the hydride resonance of 52 and the appearance of
the vinyl signal at 8 4.62 in the '"H NMR spectrum. Also observed is the C=C stretch of
this vinyl group at ca. 1550 cm’'; significantly, none of the alkyne-bridged species displays
the expected C~C stretches for these alkyne moieties. The *>'P{'H} NMR spectrum shows
four separate resonances, consistent with the structure shown, and the low coupling (*J,, <
60 Hz) between these nuclei confirms the retention of the cis—cis diphosphine arrangement
(it should be noted that the 60 Hz coupling is within one dppm ligand, and that coupling

through the metals is less than 45 Hz). In the “"C{'H} NMR spectrum, the carbonyls
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display a mutual coupling of 5 Hz, suggesting an arrangement in which both are
approximately opposite the Ir-Ir bond, facilitating their spin-spin coupling. The "C
signals for the vinyl carbons are well separated, with the a-carbon (bonding to both iridium
centres) appearing at 8 113.5, while the B-carbon (which interacts with only one iridium)
gives rise to a multiplet at & 33.6. The dramatic difference in the two signals is similar to
that seen in other bridging vinyl complexes, such as [CpRh(u-n'mn>-CH=CH,)-
(L-n*m'-C(CF,;)=CHCF;)RhCp] (C, = & 153.1, 144.3; C; = 53.8, 56.7),*° and
[LIr(u-H)(u-n'm*-CH=CH,)PtL',] (L = PMePh,, PPh;; L' = PPh;, 12
Ph,PCH,CH,CH,PPh,; C, = 8 136 - 142; C; = 3 30 - 40).>' This indicates significant
bonding with the second metal centre, as the B-carbon resonance is typical for the carbon of
a strongly coordinated olefin.”? The high-field signal also shows strong coupling (*Jpc =
24 Hz) to only one phosphorus nucleus (due to the limitations of the spectrometer, it could
not be determined if this coupling was to P, or Pp), with weak (= 5 Hz) coupling to the
other phosphorus nuclei, while the signal due to the «-carbon shows strong coupling to
both P. and P, (62 and 24 Hz), with weaker coupling to P, and P, (= 5 Hz).

These couplings can be explained by a comparison of 53 with its precursor 47, as

shown below. In 47, although the alkyne carbons are equivalent, it can be seen that one




carbon is nearly trans to the phosphines of one dppm ligand (P-Ir-C = 135-142°) and nearly
cis to the other set of phosphines (P-Ir-C = 98-99°).' Protonation at one alkyne carbon
(as shown below) breaks one iridium-carbon bond and renders the two carbons
inequivalent. The c-carbon remains bound to both iridium centres, and is approximately
trans to (and thus strongly coupled to) the phosphorus atoms of one dppm ligand (P and
P_). The B-carbon is bound to only one metal centre, and thus couples strongly to only
one phosphorus nucleus.

It is worth noting that the '>C nuclei of the ester carbonyls of the vinyl moiety also
show small (= S - 8 Hz) coupling to the phosphorus nuclei. Although the ester carbonyls
of DMAD and DMAD-derived ligands are normally singlets in these systems, the identity
of the multiplets at  194.4 and 175.2 as ester carbonyls was confirmed by a heteronuclear
HMBC NMR experiment, which showed that these carbons were three bonds removed
from the ester methyl hydrogens.

Protonation of 47 at temperatures below -20 °C suggests that the initial site of
protonation is at the DMAD carboxylate oxygens, forming 52a, as seen by the low-field
shift of the proton at § 20.0, which is consistent with a strongly hydrogen-bonded
proton.” The crystal structure of compound 47 shows that the carboxylate oxygens are in
close proximity, and protonation at these groups could easily give rise to a species in which
the proton bridges both carboxylate groups. The other spectroscopic parameters (‘H, “C,
and *'P) of 52a are all very similar to those of 47, consistent with protonation occur:ing
on the periphery of the molecule. Transfer of the proton from the carboxylate groups to
one of the metals (to form 52) would require very little movement of any of the groups.

Compound 52 is a highly reactive compound, rearranging at room temperature to
form 53. It will also react with an equivalent of carbon monoxide, forming the orange

tricarbonyl vinyl complex [Ir,(C(CO,CH,)=CHCO,CH,)(CO),(dppm),][BF,] (54). Due



to its facile disproportionation in solution (to form 53 and 55 (vide infra)) and loss of
carbon monoxide under vacuum (forming 52, which irreversibly rearranges to 53), this
compound was characterized by NMR spectroscopy only. The 'H NMR shows the
absence of a hydride ligand, and contains a broad signal at § 3.73, which indicates that the
hydrogen has migrated onto the organic ligand. The *C{'H} NMR shows the presence of
three carbonyls, two of which are terminal (8§ 181.1, 176.5), and one of which may be
either terminal or bridging (& 194.1). Unfortunately, these signals are broad, and show no
resolvable coupling to any phosphorus nuclei, so the exact coordination mode of the last
carbonyl is uncertain. An IR spectrum, which would be expected to clearly show the
coordination mode of this carbonyl, could not be obtained, due to the contamination of the
sample with significant quantities of compounds 53 and 55. The *'P{'H} and BC{'H}
NMR spectra are very similar to those of the analogous complex
[Ir,(C(CO,CH,CH,)=CHPh)(CO),(dppm),][BF,] (5§9) (vide infra), which does contain a
bridging carbonyl. Thus, compound 54 is assigned the structure shown. Low-
temperature NMR spectroscopy does not result in the sharpening of the broad signals;
rather, lowering the temperature even down to -80 °C results only in the broadening of
these signals.

Addition of an excess of carbon monoxide to 52 or 54 results in the formation of
the tetracarbonyl complex [Ir,(C(CO,CH,)=CHCO,CH,)(CO),(u-CO)(dppm),][BF,] (55).
Although the compound is fluxional at room temperature, giving rise to very broad signals
in the 3P{'H} NMR spectrum, cooling to -50 °C causes the *'P{'H} signals to sharpen
into a multiplet at § -10.0 and a complex AB quartet of mutliplets arising from two strongly
coupled 3'P nuclei at & -18.9 and -19.8. The large (262 Hz) coupling constant between the
two high-field *'P nuclei indicates that these phosphines, at least, have adopted a mutually

trans configuration, although it is uncertain if the low-field phosphines are also trans to
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each other. The low-temperature *C{'H} NMR spectrum of this complex shows four
signals due to four iridium-bound carbonyls, at § 222.4 (showing coupling to both sets of
phosphorus nuclei), 169.2 (showing coupling only to the low-field phosphorus nuclei),
172.9 and 167.8 (both of which couple only to the high-field phosphorus nuclei). In
addition, two singlets appear for the ester carbonyls at § 180.5 and 163.0, and a triplet at &
155.2, which couples (12 Hz) to the low-field phosphorus nuclei. This last signal is
attributed to the o-carbon of the vinyl group.

It is interesting to note that the vinyl group, which might be expected to occupy a
position trans to the other iridium centre (as is found in the previously reported
[MIr(C(CO,CH,)=C(CH,)CO,CH,)(CO),(dppm),][0,SCF;] M = Rh, Ir)),'” appears to
occupy the “pocket” of the molecule in compounds 54 and §5. Although there is no
evidence of bonding interactions between the vinyl and the adjacent iridium centre, there is
some steric interaction which causes the two high-field phosphorus nuclei to be
magnetically inequivalent at low temperature, in the same fashion as the phenyl group of
the allylvinylidene ligand in [RhIrBr(CO)(u-C=CPhCH,CH=CH,)(1-CO)(dppm),][BF,]
(28a, described in Chapter 3) causes the iridium-bound phosphines of that complex to be
inequivalent. It is not certain why these compounds do not rearrange (through a “merry-
go-round” mechanism) to a structure analogous to the reported vinyl species mentioned
above, in which the vinyl ligand is on the “outside” of the compound. It may be that free
movement of this bulky vinyl group is hindered by the phenyls of the dppm ligands.

It was hoped that this interesting chemistry could be extended to analogous
compounds containing other alkyne ligands. Although the analogous dirhodium species
[ha(u-nzznz-RCECPh)(CO)Z(dppm)z] (R = H, Ph)* have been reported, the diiridium
analogues could not be prepared by reaction of 45 with phenylacetylene and

diphenylacetylene.'® The activated alkyne hexafluoro-2-butyne (HFB) does react with
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compound 45, giving the analogous alkyne-bridged complexes [Ir,(CO),(u-n'm'-HFB)-
(dppm),] (56) and [Ir,(CO),(u-n*n>-HFB)(dppm),] (57). However, unlike the DMAD
reaction, the reaction with HFB is very slow at ambient temperatures, and only the final
product 57 can be isolated. Green solutions containing compound 56 form at intermediate
times, but the compound could not be obtained free from varying amounts of starting
material 45 and product 57. Although a '*F NMR spectrum could not be obtained, the
*'P{'H} and “C{'H} NMR spectra of 56, along with its intense colour and instability, are
enough to confirm that this is the expected parallel-bridged [Ir,(CO),(u-n':n'-HFB)-
(dppm),].

Similarly, compound 57 is clearly the perpendicular (n*n°®) isomer, showing very
similar IR and NMR spectra to compound 47. The two activated alkynes HFB and
DMAD, having similar electronic and steric properties, frequently give isostructural
compounds with systems of this sort.* Also, the '’F NMR spectrum of this compound
shows a complex multiplet for the trifluoromethyl groups, resulting from coupling to all
four phosphorus nuclei. In the parallel (1':n') isomer, the '’F NMR spectrum would be
expected to show only a triplet, as each fluorine nucleus would be four bonds removed
from one set of phosphines, and five bonds away from the other.

Protonation of the HFB complex 57 proceeds much as for the DMAD analogue to
give the vinyl product [Ir,(CO),(u-n'n*C(CF,;)=CHCF,)(dppm),] (58), the *'P{'H}
NMR (5 -9.0, -9.5, -16.3, -22.6; all broad multiplets) of which is similar to that of the
DMAD-derived vinyl complex 53. However, the formation of §8 was not clean, and the
product could not be isolated free from starting material and decomposition products.
Although the reasons for the difference between the two 1% alkyne complexes 47 and
57 are not fully understood, the HFB complex 57 lacks the carboxylate which is the initial

site of protonation in compound 47. It is also possible that the bis(methoxycarbonyl)vinyl
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complex 53 is stabilized by c-donation from one of the methoxycarbonyl oxygens, which
cannot occur in 58.

Like the electron-rich alkynes phenyl- and diphenylacetylene,'®* the unsymmetric
alkyne ethyl phenylpropiolate (PhC=CCO,Et, EPP) does not appear to react with 45 at
room temperature or upon mild heating. However, it does react with the protonated
compound [Ir,(CO),(H)(dppm),][BF,]"" to give [Ir,(CO);(C(CO,Et)=CHPh)(dppm),]-
[BF,] (59), which is analogous to the DMAD-derived species 54, as shown is Scheme
5.4. The *P{'H} and “C{'H} NMR spectra of the two complexes are virtually identical,
implying that the alkoxycarbonyl substituent is on the o-carbon of the vinyl ligand, and that
the phenyl substituent is on the B-carbon, as it seems to have very little affect upon the
spectroscopic parameters of the complex. The IR spectrum of this complex contains bands
due to both terminal (1978 cm™) and bridging (1798 cm™') carbonyls, in addition to the CO
stretch due to the ethoxycarbonyl moiety (1669 cm™). Similarly, the “C{'H} NMR
spectrum also shows signals due to a bridging carbonyl (8 193.6), two terminal carbonyls
(8 179.9 and 176.8), an ester carbonyl (8 182.4), and the a-carbon of the vinyl ligand (&
147.5). No coupling to phosphorus was observed, so the exact arrangement of the ligands
around the metal centres could not be determined. However, the arrangement shown in
Scheme 5.3, with the vinyl group in the "pocket" of the molecule, is supported by the
difference between this complex and the previously reported complexes
[IrtM(n'-C(C0O,CH,)=C(CH,)CO,CH,)(CO),(dppm),][O,SCF;] (M =Rh, Ir),'" which, as
previously explained, has the vinyl ligand on the external face of iridium.

Like 52 and 54, compound 59 reacts readily with carbon monoxide, yielding a
bright yellow tetracarbonyl vinyl complex [Ir,(CO),(C(CO,Et)=CHPh)(dppm),][BFE,]
(60), which is spectroscopically very similar to, and isostructural with, the DMAD-derived

55.
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Compound 59 will also lose CO under gentle reflux in CH,Cl,, or upon standing
for extended periods, yielding the vinyl-bridged species [Ir,(CO),(u-C(CO,Et)=CHPh)-
(dppm),][BF,] (61), among several other unidentified decomposition products.  The
compound is clearly analogous to 53, having a very similar *'P{'H} NMR spectrum, with
all four phosphorus nuclei being inequivalent (8 -13.9 (ddd, J,; = 45 Hz, J, = 4 Hz, J;
= 11 Hz); -15.1 (dd, J,5 = 45 Hz, J;c = 51 Hz); -19.3 (ddd, J, =4 Hz, Jc = 51 Hz, J,
=72 Hz); -24.5 (dd, J,, = 11 Hz, J, = 72 Hz)). The dppm ligands are mutually cis, as
shown by the low phosphorus-phosphorus coupling constants, with the largest inter-ligand
coupling being around 50 Hz. -Due to the concurrent formation of several other products,

this product could not be obtained pure, and a reliable synthetic method was not found.

Discussion

The isolation of the two isomeric forms of [Ir,(CO),(RC=CR)(dppm),] (R =
CO,CH,), having either a parallel (46) or a perpendicular (47) alkyne-bridged
arrangement, has allowed an investigation of the reactivity differences of the two species.
Even the mere exposure to air shows a dramatic difference in the two, with the parallel
isomer decomposing immediately, while that having the perpendicular alkyne shows no
sign of decomposition after two years. It is well recognized that the two binding modes
give rise to differing valence:counts at the metals. In 46, each metal has a 16-electron
configuration so it is coordinatively unsaturated, whereas the metal centres in 47 are
saturated. In keeping with these configurations, 46 reacts readily with trimethylphosphinre,
ultimately yielding saturated metal centres, whereas 47 fails to react. The product of PMe,
attack on 46, [Ir(CO)(PMe,)(t-CO)(u-n':n'-DMAD)(dppm),] (48), retains the parallel-
alkyne bridge although the diphosphines adopt a cis arrangement at both metals. Based on

the data available, we would not have predicted the transformation from trans to cis-
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diphosphines, in which the bridging carbonyl and DMAD groups end up in adjacent
positions. We would have anticipated a trans-diphosphine arrangement, having the
carbonyl and alkyne on opposite faces of the molecule. Presumably, the change involved
reflects the steric congestion around the product, which is minimized in the observed
geometry.

Although we have rationalized the failure of 47 to react with PMe, as due to the
saturation at both metals, this is only part of the story, since the analogous
[Cp,Rh,(u-CO)(1-1n*M*-CF,C=CCF,)] reacts with nucleophiles, despite the saturated
metal configurations.* It was proposed that the rotation of the alkyne from perpendicular to
parallel in this case generates unsaturation, allowing ligand coordination to occur. [n
compound 47, it seems that this rotation is very unfavourable, as the transformation of 46
to 47 has been shown to be irreversible,'™ so the metals retain their saturated
configurations, and do not allow ligand addition.

Not unexpectedly, the electron-rich species 46 and, to a lesser extent, 47 react with
electrophiles such as CH;* and H*. In 46, an orbital, corresponding to the filled d,2 orbital
on each square-planar Ir centre is the obvious site of electrophilic attack, and both CH;" and
H* react at this site to yield analogous products [IrZ(E)(CO)Z(u-n‘:n‘-DMAD)(dppm)z]* E
= CH, (49), H (50)), in which the electrophile is coordinated to one metal, adjacent to the
u-n'm'-alkyne group. In neither case does migratory insertion, to give the appropriate
vinyl ligand, occur. Although insertion involving a bridging alkyne and an alkyl group is
not common, that involving a hydride is well documented,” so the failure of 50 to
transform to a vinyl-containing product is surprising, particularly in light of the facile
transformation of the isomeric 52 to the vinyl complex 53. Since a number of
transformations from parallel alkyne complexes to vinyl complexes have been reported,”’

the reason for this difference is not understood.
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The reactivity of 47 with electrophiles is significantly different from that of 46.
First, 47 does not react with methyl triflate, presumably owing to the greater congestion at
the metals when the alkyne is perpendicular. Although the smaller proton does find access
to one of the metals, yielding, at low temperature, a product analogous to 50 except having
a perpendicular alkyne and a cis-diphosphine arrangement (see Scheme 5.3), warming to
ambient temperature results in migratory insertion and formation of the vinyl-bridged
product [IrZ(CO)Z(u-n':nl-C(C02CH3)=C(H)COZCH3)(dppm)2][BF4] (53). The latter
transformation is not surprising.

The reaction of the unsymmetric alkyne ethyl phenylpropiolate (EPP) with
[Ir,(CO),(u-H)(1-CO)(dppm),][BF.] to give the insertion product [Ir,(C(CO,Et)=CHPh)-
(CO),(dppm),][BF,] (59) is surprising in light of the previously reported reactions of this
hydride complex with the symmetric alkynes DMAD and diphenylacetylene, which resulted
in the formation of the alkyne-bridged species [Ir,(H)(CO),(1-n'm'-DMAD)(dppm),][BF,]
and [Ir,(CO),(u-H)(-n':n'-PhC=CPh)(dppm),][BF,], respectively, as shown in Scheme
5.4.'" The difference with the unsymmetric alkyne may be due to the different electronic
properties of the alkyne substituents of EPP. Because the ethoxycarbonyl moiety is more
electron-withdrawing than the phenyl group, this causes the metal to bond more strongly to
the carbon bearing this substituent than to the other. This makes the phenyl-bearing carbon
more susceptible to attack by the hydride. This does not, however, explain why the alkyne
would attack at a site of this complex which is not attacked by either symmetric alkyne.

In conclusion, we have for the first time demonstrated that the bridged, parallel and
perpendicular, alkyne binding modes in the binuclear complexes can give rise to significant
reactivity differences. Although the failure of compound 47 (the isomer containing the
perpendicular-bound alkyne) to react with PMe, or CH,O,SCF, can be rationalized based

on the saturated metal configurations or the crowded metal environments, respectively, the
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different reactivities of the two isomers upon protonation remains a mystery. The facile
conversion of the perpendicular alkyne to a vinyl group upon protonation is in marked
contrast to the failure of the other isomer, in which the parallel alkyne is adjacent to the
terminal hydride ligand, to undergo migratory insertion to give a vinyl group under

similarly mild conditions.
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Chapter 6

Summary

The major goal of the research presented in this thesis was to investigate the
reactivity of complexes containing unsaturated organic ligands bound to more than one
metal, in order to gain an understanding of the roles of adjacent metal centres in the
activation and transformation of organic fragments. Specifically, several dppm-bridged
binuclear complexes of rhodium and iridium containing an unsaturated bridging ligand
(either an alkynyl or an alkyne) were studied. As these closely related ligands have been
well-studied in mononuclear systems,' it was of interest to determine how the incorporation
of a second metal centre would affect the reactivity of these species.

In the first part of this work, the alkynyl-bridged A-frame complex [RhIr(CO),-
(u-CCPh)(dppm),][X] (X = BF,, 2a; X = O,SCF,, 2b) was prepared, and its reactivity
investigated. This complex is analogous to a number of anion-bridged A-frame complexes
previously studied in this research group,® which have shown a fascinating range of
chemistry, while at the same time remaining sufficiently well-behaved that the reaction
products could be readily characterized. The use of an alkynyl ligand as a bridging ligand
represents an interesting extension to this chemistry, due to the added possibility of
involvement of the alkynyl ligand in insertion or cycloaddition reactions. The alkynyl
ligand is also subject to electrophilic and nucleophilic attack, which normally result in the
formation of vinylidene and alkynyl complexes, respectively.?

Like its simpler analogues [RhIr(CO),(1-Cl)(dppm),][BF,]* and [RhIr(CO),(1-S)-
(dppm),],*® compound 2 normally reacts at the iridium centre. Nucleophiles such as
phosphines and the hydride anion, as well as unsaturated organic compounds such as CoO,

olefins, and alkynes, coordinate to the external face of iridium. The addition of the
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electrophilic ligand SO,, in contrast, occurs betwen the metals, in the A-frame "pocket”,
possibly due to the greater electron density available at this coordination site. In the case of
the mobile hydride ligand, the resulting neutral alkynyl-hydride complex [RhIr(H)(CO),-
(41-CCPh)(dppm),] (6) rearranges to form the vinylidene complex [RhIr(CO),-
(u-C=CHPh)(dppm),] (7). Coupling of the alkyny! ligand of 2 with the other ligands
noted above was not observed.

Like the mononuclear alkynyl complex [Ir(C=CPh)(CO)(PPh,),], compound 2 was
found to undergo oxidative addition with reagents such as dihydrogen and terminal
alkynes. Oxidative addition occurs in the "pocket" of the A-frame. Unlike the
mononuclear complex, however, 2 does not react with simple alkyl halides such as methyl
iodide, or even the powerful electrophile methyl triflate. The resistance to electrophilic
attack is attributed to its cationic charge, in which case either the chloro complex
[RhIrCI(CCPh)(CO),(dppm),] or the bis(alkynyl) complex [RhIr(CCPh),(CO),(dppm),]
should be more amenable to reaction with electrophiles. However, attempts to prepare the
latter (through deprotonation of the bis(alkynyl) hydride complex [RhIr(CCPh)(CO),-
(L-H)(n-CCPh)(dppm),1[O,SCF,] (19), or by reaction of 2 with lithium phenylacetylide)
were unsuccessful, and the former (produced as an impurity in the formation of 2) was not
investigated.

Electrophilic attack on 2 will occur with the strong electrophile HBF +OEt, and with
allyl halides. In both cases, reaction again occurs at iridium, which is consistent with the
greater tendency of iridium to undergo oxidation. The protonation products [RhIr(X)-
(CO),(n-H)(u-CCPh)(dppm),][BF,] (X = BF,, 25a; X = O,SCF;, 25b) contain a
weakly-coordinating anion which is readily displaced by carbon monoxide, forming the

tricarbonyl hydride complex [RhIr(CO),(u-H)(u-CCPh)(dppm),][BF,], (26). This
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compound readily absorbs another equivalent of carbon monoxide, and, like the neutral
alkynyl hydride complex 6, rearranges to form a vinylidene complex.

The addition of allyl bromide to 2 at low temperature results in the coordination of
the olefin to the external face of iridium, much as was seen for the adducts of ethylene,
allene, and alkynes. Upon warming to -50 °C, this compound undergoes an oxidative
addition reaction to give the o-allyl complex [RhIr(n‘-CHZCH=CH2)(CO);(u-Br)-
(u-CCPh)(dppm),}[O,SCF,] (30). This complex rearranges at room temperature (0 form
the allylvinylidene complex [RhIrBr(CO)(n-C=CPhCH,CH=CH,)(t-CO)(dppm),][X] (X
= BF,, 28a; X = O,SCF;, 28b). The mechanism of this rearrangement is thought to occur
via reductive elimination of allyl bromide, followed by re-addition to the rhodium centre.
This is supported by the coordination of both the olefinic moiety of the allylvinylidene
ligand and the bromide ion to rhodium, as well as the observation that addition of halide to
a solution of 36 (vide infra) results in the immediate formation of 2 and free allyl halide.
Although no intermediate containing an allyl group bound to rhodium was observed, it is
possible that this intermediate is too short-lived to be identified.

If the halide is removed from the reaction mixture by means of a soluble silver salt,
the migration of the allyl fragment to the B-carbon of the alkynyl ligand does not occur.
Instead, [RhIr(n*-CH,CHCH,)(CO),(1-CCPh)(dppm),] [X], (X = BF, 36a; X =
0,SCF,, 36b) is formed, in which the allyl fragment binds to iridium in an 7’ manner.
Although allyl complexes frequently react with nucleophiles at the terminal carbon of the
allyl ligand (forming olefin complexes), 36 reacts with nucleophiles such as trimethyl-
phosphine, hydride, or cyanide at the central carbon to form iridacyclobutane complexes of
the type [RhIr(CH,CHRCH,)(CO),(1-CCPh)(dppm),][X] (R = PMe,, [X] = [BF,],, 37;
R = H, [X] = [O,SCF,], 38; R = CN; [X] = [0,SCF;], 39). Addition of halide ion, in

contrast, causes rearrangment to the allylvinylidene complexes.
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The failure of 2 to react with other organic electrophiles (such as methyl iodide or
benzyl bromide), even in the presence of silver triflate, may be due to the fact that these
electrophiles cannot coordinate to iridium prior to carbon-halide bond scission. In view of
this, potentially coordinating electrophiles such as CH,C=CCH,Br and PhC=CCH,Br may
be good candidates for addition to compound 2. Preliminary experiments have shown that
freshly distilled PhC=CCH,Br reacts cleanly with 2, although commercial grade
CH,C=CCH,Br and PhC=CCH,Br give mixtures of products. Crotyl bromide (a methyl-
substituted allyl bromide) does not appear to react with 2, presumably due to steric effects.

Reaction of compond 2a with CS,, a molecule known to readily couple with
unsaturated ligands, results in a number of compounds, of which [RhIr(CO)-
(u-C=C(Ph)SCSCS,)(u-CO)(dppm),][BF,] (40) and [RhIr(CO)SCSCS,)(u-CCPh)-
(u-CO)(dppm),][BF,] (41) could be isolated and characterized. Both complexes contain a
C,S, fragment, derived from the head-to-tail dimerization of CS,. In 40, this fragment has
coupled to the B-carbon of the alkynyl ligand, forming a bicyclic thiovinylidene complex.
Although such head-to-tail dimerization of CS, has been reported,’ the additional coupling
of this fragment with another organic ligand appears to be unprecedented.

Addition of an alkyl isothiocyanate to compound 2a, which may be expected to
result in similar dimerization, gives rise to the labile adduct [RhIr(CCPh)(CO),-
(u-SCN"Bu)(dppm),][BF,].(43), in which the isothiocyanate ligand has displaced the
alkynyl ligand from its usual bridging position. This complex is unstable, being prone to
loss of the isothiocyanate ligand (forming 2a) and to carbon-sulphur bond activation,
forming the sulphido-bridged isocyanide complex [RhIr(CN"Bu)(CCPh)(CO)(u-S)-
(u-CO)(dppm),][BF,] (44). Coupling of two isothiocyanate molecuels did not occur as

for the isoelectronic CS, molecule.



Orne of the goals of this research was to induce transformations of the alkynyl
ligand. This has been achieved in several ways. The phenylacetylide ligand has been
converted into a phenylvinylidene ligand by the addition of hydride and by the addition of
acid (followed by the addition of carbon monoxide). Treatment of 2 with allyl bromide or
chloride results in the formation of an allyl phenylvinylidene ligand, in which carbon-
carbon bond formation has occurred. In this case, the resulting organic ligand can be
liberated from the metal complex as a diene by hydrogenolysis. A vinylidene complex can
also be formed through the reaction of compound 2 with carbon disulphide. Despite the
well-known tendency for vinylidenes to couple with organic substrates,’ attempts to further
transform these vinylidene ligands met with failure.

The second topic of this thesis concerns diiridium complexes containing bridging
alkyne ligands. Unlike the alkynyl ligand in the previously discussed Rhlr system, which
seldom adopted any but the ©,m-coordination mode, the alkyne ligand in [Ir,(CO)»-
(u-DMAD)(dppm),] (DMAD = CH,0C(0)C=CCO,CH,) can adopt one of two bridging
modes.5 The isomer in which the alkyne is coordinated in the n'm' binding mode (46) is
highly reactive towards both nucleophiles (such as PMe;,), electrophiles (such as
CH,O,SCF, or HBF,*OEt,), and air (upon exposure to which it decomposes immediately).
Nucleophilic and electrophilic attack takes place exclusively at the metals, with neither
attack at the alkyne nor migratory insertion being observed except under forcing conditions.
Compound 46 also rearranges to the more stable n’m? isomer, 47, in which the alkyne
bridges the metals perpendicular to the metal-metal vector. In contrast to the first isomer,
this complex is very stable, resisting attack by air, nucleophiles, and all but the strongest
electrophiles. Treatment of 47 with strong acid results in the formation of the hydrido
complex [Ir,(H)(CO),(u-n%n>-DMAD)(dppm),][(BF,] (52), which readily undergoes

migratory insertion at room temperature to form the vinyl complex [Ir,(CO),-
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(u-n':n?-C(CO,CH,)=CHCO,CH,)(dppm),][BF,] (5§3). The reactivity difference between
the two isomers is not unexpected, due to the differing electronic configurations of the
metals in the two complexes- compound 46 contains square planar Ir(I) metal centres with
16 valence electrons, while 47 contains 18-electron Ir(0) centres in a distorted trigonal
bipyramidal geometry. The difference is, however, unprecedented, as previous examples
of isomers of this sort have not shown notable differences in reactivity.’

The hydride species 52 is quite reactive, and absorbs carbon monoxide to form the
tri- and tetracarbonyl species [Irz(n‘—C(COZCH3)=CHC02CH3)(CO)3(dppm)z][BFJ (84)
and [Ir,(n'-C(CO,CH,)=CHCO,CH,)(CO),(1-CO)(dppm),][BF,] (55). Although the
tetracarbonyl species is stable, the tricarbonyl irreversibly loses carbon monoxide to form
the vinyl-bridged dicarbonyl species 53. Analogues of 54 and 55 could be obtained by
the addition of the unsymmetrical alkyne ethyl phenylpropiolate (PhC=CCO,CH,CHj;,
EPP) to the previously reported complex (Ir,(CO),(u-H)(dppm),][BF,]. This was
unexpected, as this complex does not give migratory insertion products when reacted with
the symmetrical alkynes DMAD and diphenylacetylene. This difference is ascribed to the
inhereat polarity of EPP, which arises due to the greater electron-withdrawing power of the
ester functional group as compared to the phenyl moiety.

In conclusion, the work presented in this thesis has shown some of the possible
reactions of alkynyl and alkyne complexes, and how these reactions can be influenced by
the presence of a second metal centre and by coordination mode of the ligand. It is hoped

that further work will prove at least as fruitful.



1)

2)

4)

5)

6)
7)

230

References

(2) Nast, R. Coord. Chem. Rev. 1982, 47, 89. (b) Davidson, J. L. in Reactions
of Coordinated Ligands, Vol. 1, Braterman, P. S., ed. Plenum Press, New York,
NY, 1986.

See, for example, (a) Kubiak, C. P.; Eisenberg, R. J. Am. Chem. Soc. 1977, 99,
6129. (b) Sutherland, B. R.; Cowie, M. Inorg. Chem. 1984, 23, 2324. (c)
Sutherland, B. R.; Cowie, M. Organometallics 1985, 4, 1801. (d) Vaartstra, B.
A.; Cowie, M. Inorg. Chem. 1989, 28, 3138. (e) Vaartstra, B. A.; Cowie, M.
Organometallics 1989, 8, 2388. (f) Vaartstra, B. A Xiao, J.; Jenkins, J. A.;
Verhagen, R.; Cowie, M. Organometallics 1991, 10, 2708.

Bruce, M. I. Chem. Rev. 1991, 91, 197

Walter, R. H.; Johnson, B. F. G. J. Chem. Soc., Dalton Trans. 1978, 381.

(a) Werner, H.; Kolb, O.; Feser, R.; Schunert, U. J. Organomet. Chem. 1980,
191, 283. (b) Cowie, M.; Dwight, S. K. J. Organomet. Chem. 1981, 214, 233.
(c) Carmona, E.; Galindo, A.; Monge, A.; Mufioz, M. A.; Poveda, M. L.; Ruiz, C.
Inorg. Chem. 1990, 29, 5074.

McDonald, R. Ph.D. Thesis, Chapter 5, University of Alberta, 1990.

(a) Wang, L.-S.; Cowie, M. Can. J. Chem. 1995, 73, 1058. (b) Casey, C. P.;
Carifio, R. S.; Hayashi, R. K.; Schladetzky, K. D. J. Am. Chem. Soc. 1996,

118, 1617.



