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ABSTRACT

The complexes, [Ir,1,(CO)p-COXDPM),], [1r,(CO),(u-IDPM),](BF,],
[RhIrCl,(CO),(DPM),}, [RhIr(CO),(n-C(DPM),][BF,] and [RhIr(CO),(u-S)-
(DPM),] (DPM = bis(diphenylphosphino)methane) have been prepared
and their reactions with CO and alkynes investigated. The X-ray structure
determination of [Ir,I,(CO)(p-CO)}(DPM),] reveals an unusual unsym-
metrical geometry. All of the above complexes react reversibly with Co,
yielding tricarbonyls, and an additional unstable tetracarbonyl complex
results in the case of [RhIrCl,(CO)»(DPM),] and [RhIr(CO),(u-C)(DPM),}-
[BF,). Reactions with activated alkynes, dimethylacetylenedicarboxylate
(DMA) or hexafluoro-2-butyne (HFB), give products which contain one
molecule of the alkyne, bridging the metals as a cis-dimetallated olefin.

The sulfide-bridged complexes, [Ir,(CO),(n-SXDPM),] and [Rhir-
(CO),(1-S)(DPM),] react reversibly with DMA and HFB yielding complexes
in which the alkyne moiety is terminally bound at an iridium center. The
X-ray structure of [Irz(CO)(nz-HFB)(u—S)(u-CO)(DPM)Z] confirms this
structural assig‘nment.

The reactions of neutral and cationic binuclear complexes with
dihydrogen are studied, with the results leading to a proposed mechanism
for hydride rearrangement in A-frame complexes. The reaction of
[Ir,(CO),(1-SHDPM),] with H, reveals the formation of three dihydride
products over time. These products correspond to stepwise rearrangement
of the hydrido ligands from the pocket of the A-frame (between the

metals) to the outsides, adjacent to the sulfide-bridge. The complexes,



[RhIrCl,(CO),(DPM),), [RhIr(CO),(u-C1)(DPM),][BF,] and [RhIr(CO),(4-S)-
(DPM),] , react with H, yielding dihydrides in which the hydrido iigands
are primarily bound to iridium, as substantiated by the crystal structure
determination of [Rhlr(H)z(CO)z(p,-Cl)(DPM)Z][BF4]. The iodo complexes
do not exhibit hydride rearrangement upon reaction with Hy, with [Ir,I,-
(CO)(p-CO)DPM),] giving an equilibrium mixture of two dihydrides,
[lrzlz(H)z(CO)z(DPM)Z] and llrz(H)z(CO)(u-I)(DPM)zl[I]. Reaction of [Iry,(CO),-
(1-1)(DPM),][BF,] with excess H, yields a tetrahydride, but undergoes facile
loss of both HI and H,.

Reaction of [Irz(H)z(CO)z(u-Cl)(DPM)Z][BF,,] with DMA in THF yields
[lrz(CH3C02C==C(H)COZCHS)Z(CO)Z(LL-CI)(DPM)Z][BF4], which subsequently |
adds H, giving the structurally characterized dihydrido-dialkenyl species,
[lrz(H)ZCI(CH3COZC=C(H)COZCH3)2(CO)2(DPM)2][BF4]. Although this
species does not eliminate the hydrogenated substrate, the same reaction
using phenylacetylene does produce styrene. Based on these data, a
mechanism is proposed by which the hydrogenation occurs. The same
reaction with 2-butyne or ethylene immediately gives hydrogenated

products by an intermolecular pathway.

Reaction of [Ir,],(CO)(n-CO)(DPM),] with atmospheric oxygen yields
[Irzlz(CO)z(u-Oz)(DPM)Z]. An X-ray structure determination reveals a
peroxo-bridged metal-metal bond. This peroxo species is reactive toward

H*, N02 and SOz.
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CHAPTER 1

INTRODUCTION

It is well known that catalysts play an important role in many
modern industrial scale chemical-processes.! Examples such as the hydro-
genation of edible fats using Rainey nickel, the hydrogenation of fine
organic cherﬁicals using palladium on carbon, and chemical oxidation
using 90%Pt-10%Rh wire gauze are only a few among many useful
processes which are catalytically driven.!® It is therefore not surprising
that there is considerable interest in the development of improved and
more efficient catalyst systems.

Catalysts can be broadly classified into two groups, heterogeneous
and homogeneous, where the latter type refers to catalysts which are
soluble in the reaction medium, while the former are not. Heterogeneous
catalysts tend to be metals or metal oxides which promote chemical react-
jvity on their surfaces, whereas homogeneous catalysts are most often
transition metal complexes dissolved in appropriate solvents.

Although heterogeneous catalysts are by far the more important
type irdustrially, an increasing interest in homogeneous catalysts is
arising due to their capacity for high catalytic activity under mild cond-
itions and especially for their high selectivity toward specific functional
groups in the substrates.2 Homogeneous catalysts also offer the advantages
of being better understood, mainly due to the ease by which spectroscopic

characterization can be applied in situ. Techniques such as infrared (IR)



and nuclear magnetic resonance (NMR) spectroscopy have proven to be
very useful in characterizing transition metal intermediates which are
potentially involved in catalytic cycles. Further information can be gained
by crystallization of organometallic complexes (which may be catalyst
precursors or related complexes designed to model catalytic intermediates)
and using X-ray crystallography for a complete structural analysis.

Transition metal complexes have already been utilized in many
types of catalytic reactions including hydrogenation, hydroformylation,
oxidation, polymerization, hydrocyanation, hydrosilation and olefin
metathesis.2 Among these reactions, homogeneous hydrogenation has
drawn substantial interest in chemical research, much of which has been
summarized in a number of text books and reviews.2® This field con-
tinues to receive much attention and has been marked by impressive
achievements, such as the asymmetric hydrogenation of prochiral olefins,
in which stereoselectivity has been found to rival enzymic catalysts.* This
process is being applied to the commercial production of L-DOPA (3,4-di-
hydroxyphenylalanine),5 a drug used in the treatment of Parkinson's
Disease. This and other highly stereoselective hydrogenations are
achieved by Rh(I) complexes which contain chiral diphosphine ligands,*
and represent an excellent example of the advantage that homogeneous
systems can have over heterogeneous ones.

Since alkenes have been and remain an important feedstock for the
chemical industry,? investigations in the area of catalytic hydrogenation
of unsaturated organic substrates have been extensive. The reactivity of

hydrogen sources and unsaturated compounds toward metal centers is



therefore of considerable interest. This thesis will deal with cases in which
the hydrogen source is molecular hydrogen ana will be concerned wita
the hydrogenation of unsaturated C-C bonds of organic substrates.

Much of the current understanding about homogeneous hydrogen-
ation of unsaturated organic substrates stems from investigations of
mononuclear rhodium phosphine complexes, the most extensively
studied of these complexes being RhCI(PPhs);, often referred to as
"Wilkinson's Catalyst".3¢ For this Group-VIII complex and many others
like it, hydrogenation evidently occurs by initial oxidative addition of H,
to the metal center, yielding a dihydride species as outlined in Scheme 1.1.
Subsequent alkene coordination, followed by hydride migration to the
alkene and finally reductive elimination of the alkane, complete the
catalytic cyclef The scheme shown is somewhat simplified, as mechanistic
studies have revealed this reaction system to be more complex than was
originally supposed.” The general reaction scheme is often referred to as
the "hydride route" of catalytic hydrogenation since metal hydrides are
formed first, followed by olefin coordination. For many transition metal
complexes the "olefin route” (or more generally, "unsaturate route”)’* can
be important as well, or may be the dominant pathway. By this route,
olefin coordination precedes hydrogen activation in the catalytic cycle.

The olefin route is often followed in cases where the active catalyst
is a transition-metal hydride complex. For example, HRh(CO)(PPhs);
catalyzes the hydrogenation of alkynes and olefins under mild conditions
(25 °C, <1 atm H,).8 The high selectivity of this complex toward hydrogen-

ation of terminal alkenes is attributed to the spacial restrictions imposed
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by the steric bulk of the phosphine ligands. Olefin hydrogenation by this
rhodium hydride has been shown to proceed by olefin coordination and
hydride migration before oxidative addition of H,, as outlined in Scheme

1.2. The related ruthenium complex, HRuCl(PPhy), likewise exhibits a

Scheme 1.2.
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remarkable selectivity whereby terminal olefins are hydrogenated at a rate
10% times faster than the corresponding internal olefins.®

Homogeneous hydrogenation has also been observed to occur by
radical processes. An example is the hydrogenation of a-methylstyrene by

HMn(CO);,"® which was established to proceed by a free radical path based

(CO)sMnH  + Ph=—C=CH, o Ph—C—CH, + (CO);Mn.

(COMnH + Ph—C—CH; ——  Ph—C—CH, + (CO)Mn.



on the observation of CIDNP (Chemically Induced Dynamic Nuclear
Polarization) in the NMR spectra. Polarization of the methy! resonance of
the hydrogenated product was attributed to competition, involving the
radical pair, between product formation and reversion to reactants.

Unlike the previous routes, such a radical mechanism need not proceed by
prior coordination of the olefin to the metal. This pathway is often
favored by conjugated olefins like styrene and butadiene due to the
stability of the resulting radicals.”

Alkynes tend to undergo hydrogenation in much the same way as
do alkenes, but have not been nearly as extensively studied. Being some-
what more n-acidic than their alkene counterparts, once the alkyne is
bound, oxidative addition of H, tends to be more difficult.3® There is also a
tendency for alkynes to oligomerize and polymerize, especially at high
temperatures, and one must also be aware that further hydrogenation to
alkanes is possible. Catalysts are known which preferentially reduce
alkynes but often the reaction products need to be monitored so that the
reaction can be stopped if the alkene is desired. For example, HRuCl-
(PPh,); selectively hydrogenates 1-hexyne in the presence of 1-octene,
which is attributed to stronger binding of the alkyne. Individually,
however, the alkene is hydrogenated at a faster rate due to a slower rate-
determining oxidative-addition of H, for the alkyne complex.?*

The need for a catalyst in the hydrogenation of an unsaturated
carbon-carbon bond is realized upon consi dering the reaction without the

aid of a catalyst. Although the reaction ic thermodynamically favorable,

hydrogen is very stable toward pciarization and therefore will not



normally undergo a typical addition reaction with alkenes via heterolytic
bond cleavage. Two other conceivable routes involving homolytic bond

cleavage are diagrammed below. Route A describes a concerted addition

involving a four-centered transition state. However, the required inter-
actions between highest occupied molecular orbitals (HOMO) of one
reactant and the lowest unoccupied molecular orbital (LUMO) on the
other is forbidden by orbital symmetry rules.’? Homolysis of the hydrogen
molecule (Route B) to form hydrogen atoms is also difficult due to the
substantial bond dissociation energy that must be overcome.® The
conclusion is that the activation barrier for uncatalyzed hydrogenation is
unfavorably high. On the other hand, transition metal complexes are
conveniently well suited for reducing this activation barrier by reacting
with each of the necessary components in succession.

If the formation of a metal-dihydride complex is favored thermo-
dynamically, hydrogen activation is accomplished by a concerted process.

Interaction of a metal "d" orbital and the ¢* molecular orbital of H, causes



a reduction in the activation energy for cleaving the H-H bond by simul-
taneously forming two M-H bonds, favorable by virtue of the fact that
twice the bond energy of a transition metal-hydride bond is normally in
the range comparable to the pond dissociation enthalpy of Hy»® This
similarity in net bond strengths, along with the positive entropy associated
with reductive elimination, often makeé H, addition reversible.

The presumed intermediate in H, activation is the dihydrogen

complex (illustrated below), which has only been recognized as a viable

H
L M-=—]|
H

species since 1984.14 Since that time, many examples of polyhydride
complexes containing the n2-H, ligand have been recognized'® and are
routinely distinguished from classical hydrides by T; measurements in the
NMR experiment.’® The attractive forces in such complexes are described
to be dominated by a donation of o-bonding electrons of H, toward an
appropriate metal "d” orbital, while metal(d,)-H(c") backbonding is very
limited.’®

An early observation of the reversible binding of H, was that of
trans-[IrCI(CO)(PPh,),], commonly referred to as "Vaska's Complex".}” The
dihydride formed by H, addition to this complex has been characterized'®

by infrared and NMR spectroscopy- Infrared bands due to Ir-H stretching



vibrations are observed at 2222 cm™ and 2098 em! and the 'TH NMR
spectrum displays distinctive resonances at § -7.3 and & -18.4, each signal
being a 1:2:1 triplet due to IH-3'P coupling. A kinetic study of the reaction
suggests a concerted addition of H;, to the complex via a non-polar
transition state, and a relatively small deuterium isotope effect indicates
that Ir-H bond formation is more important than H-H bond cleavage.!
The dependence of the reactivity of such complexes upon the ancillary
ligands has been demonstrated in this case by changing the halide to
bromide and iodide,? and thé rate of reaction with hydrogen is found to
increase in the order Cl<Br<l. Reaction with hydrogen is also found to be
enhanced by introduction of electron donating substituents on the phos-
phine phenyl groups2! These observations indicate another advantage
that homogeneous complexes have over heterogeneous catalysts, that is,
their ability to be "tailored” to change their reactivity.

Although the term "hydride” is used in discussing these complexes,
the M-H bond is normally considered a covalent bond, and is not remark-
ably polar.3 Nevertheless, a consider=ble range of bond polarities exists in
transition metal hydrides, dependent upon the metal and upon the nature
of the ligands. The hydridic nature of such complexes has been measured
by their propensities to reduce ketones, 2 while acidities, based on acid
dissociation constants, have also been used to characterize the nature of
the M-H bond ?

Due to the potential differences in the M-H bond strengths, it is an
important consideration that the metal hydride complex involved in

catalytic hydrogenation not have overly strong metal-hydrogen bonds. In
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that case the hydride migration step to give the metal-alky! intermediate
may be difficult. On the other hand, complexes which are modified to
have stronger M-H bonds may be useful as models for catalysis by provid-
ing stability to intermediates.

Formation of the metal alkyls by reaction of the metal hydride with
alkene can also be reversible, and the reverse reaction, B-hydride elimina-
tion, has been extensively studied.?® Evidence for p-hydride elimination is
acknowledged in the commonly observed isomerization of organic sub-
strates under catalytic conditions, and can be explained by the equilibria

shown below, involving alternate p-hydride elimination and hydride

/ /
N2 ne—cZ HOS e
rd ‘ NH 3 “SH H/ SH
o . s —
LM p— ILM—H ——— WMy,
H

migration steps. In the same way that transition metal catalysts can be
highly specific for terminal olefins, isomerization can also be inhibited by
the presence of bulky ligands on the metal. The hydride migration step
itself typically occurs with cis addition of M-H across the C=C bond as
required by the postulated transition state, shown below (left). Following
the olefin route, oxidative addition of H, would then be possible due to
coordinative unsaturation generated by the hydride migration. Finally,
hydride transfer through a 3.centered transition state (below, right) is

considered to occur very rapidly, so that dihydrido alkyl complexes have,
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in fact, not been detected.> Complexes containing "agostic"? C-H inter-
actions with metal centers, such as those shown below (two additional
chloride ligands on each complex, above and below the plane shown, are
omitted)? containing B-agostic and a-agostic C-H interactions, respec-
tively, represent models of the above transition states. This class of

compounds is more often discussed in connection with dehydrogenation,

or C-H activation.!®

cr T
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Although homogeneous catalysts have demonstrated the advan-
tages of specificity and selectivity, there are some drawbacks to the use of
homogeneous systems, leading to consideration of combining the attri-
butes of both homogeneous and heterogeneous systems. A major dis-
advantage of homogeneous catalysts is that they are difficult to separate
from the reaction mixture, which is especially of concern in large scale

processes. Because of this problem, research has branched into the area of
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supported metal complexes, 2627 where the metal complex is chemically
bound to solid supports such as organic polymers or inorganic oxides.
Another question which arises with respect to homogeneous catalysts is
whether there is an advantage to be gained by having metal atoms near
one another, as is the case in heterogeneous systems. For example, a
number of metal cluster complexes have been described wherein the
bonding of ligands to the cluster framework is often postulated to repre-
sent the bonding on metal surfaces. 2 [t has been pointed out that al-
though metal-metal bonds are weaker in clusters than they are in bulk
metals, the binding modes of ligands such as hydrogen, carbon m.onoxide
and acetylenes should be quite analogous?® Bonding of ligands and
reactive substrates can therefore involve more than one metal center,
which is normally not available in mononuclear systems. Another
potential advantage is the capability for ligand migration around the
cluster framework rather than the necessity for ligand dissociation in
order to create open coordination sites. Such discussion prompts the
study of possible cooperation between closely situated metals in transition-
metal complexes as a means by which reactivity of homogeneous catalysts
could be enhanced.

The simplest molecular unit capable of displaying metal-metal co-
operanvxty is the binuclear complex which has two adjacent metal centers,
and a great deal of interesting reactivity has already been observed in this
type of system. Several strategies have been employed in order to main-
tain the integrity of such complexes, normally using some type of bridging

ligand to hold the metals in close proximity.31 As was evident in the



previously discussed mononuclear hydrogenation catalysts, tertiary phos-
phines are effective as ligands because of the ease by which electronic and
steric properties can be controlled.3 A related diphosphine ligand suitable
for binuclear systems is bis(diphenylphosphino)methane, often abbrevi-
ated "dppm" or simply "DPM". Its success as a bridging-ligand in binuc-
lear complexes has been surveyed in recent reviews,® and arises from its
reluctance to form a strained, four-membered chelate ring at one metal,
therefore being more likely to act as a bidentate ligand across two metals.
The analogy between a pair of closely situated molecules of the

mononuclear phosphine complex, "Vallerino's compound”,3 and a DPM-

bridged dirhodium complex, [RhCHCO)DPM)],, is illustrated below. This

PPh, PPh, Ph,P/\PPh,
vC] 0m | OCl | cm
A Py ::) /Rl'i /m;
oc | cl | oc I o) l
PPh, PPh, PhP__~TPh:

was the first DPM-bridged binuclear complex reported,® and was later
structurally characterized,® revealing the trans relationship between the
two chloro and the two carbony! ligands. Since that time it has been
shown that DPM can coordinate to many different metals to yield a variety
of homobinuclear complexes and more recently, heterobinuclear com-
plexes. Within this class of compounds there are examples which

contain one, two, or three bridging DPM groups per dimer, but most

13



common to Group VIII metals are binuclear complexes that contain two
trans DPM ligands.®

DPM often forms strong ponds to metal atoms and is also flexible
enough to span a wide range of metal-metal distances.3% In addition, the
DPM ligand offers the advantages of good solubility and crystallizability
afforded to complexes containing the ligand. These properties are con-
sidered to be a function of the phenyl groups, which allow solubility in a
variety of organic solvents and promote efficient packing of molecules in
crystals suitable for X-ray diffraction studies. Another important advan-
tage is that DPM bonds directly to the metal centers through its phos-
phorus atoms , SO that information about the environment at both metals
is readily obtained using 31p NMR. For example, in a binuclear complex
with two trans DPM ligands it is rather straightforward to identify species
which have four equivalent phosphorus atoms and therefore equivalent
metal environments. The spectra can be further simplified by broad-band
decoupling of the proton signals C'P{'H} NMR).

The reactivity of binuclear DPM-bridged rhodium complexes with
small molecules has been extensively studied.¥#> More specifically, the

complexes 1,7 116264 and I11,%5 shown below, were found to be alkyne hydro-

I’/\I’ + P/\P P/\P
‘ e v \ ‘ LoHe \ - 8 |
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genation catalysts under mild conditions. Although the possibility of
metal-metal cooperativity in the catalysis involving these species was
suggested,%% attempts to observe potential intermediates in the reactions
failed, leaving no evidence to substantiate such cooperativity. In order to |

understand how two metals could cooperate in the hydrogenation of un-

saturated substrates, suitable model complexes were required which would
be likely to react in similar fashion, but which would yield stable and
characterizable intermediates. The obvious choices in this case were
analogous binuclear iridium complexes, sirce the third-row congeners of
the Group VIII transition metals are believed to give geherally more stable
hydride and alkyl complexes than those of the second row.%’

An alternate bonding mode which is available to halides and
related ligands in binuclear complexes is demonstrated in the "A-frame”
structure of species I. Not only can the halide function, in its usual mode,
as a terminal ligand on one metal, it can also be a four-electron donor,
bridging two metal atoms. Note that the A-frame complex retains a
square-planar geometry at the metal centers as was the case in trans-
[RhCI(CO)(DPM)],, but now with one ligand shared by two metals. This
would also appear to present an open site between the two metals; the so-
called "pocket” of the A-frame complex, which has proved to be the site of
attack by a number of small-molecule reactants.3®

Subsequent studies into related binuclear DPM-bridged iridium
complexes have also been reported 808198177 Of relevance to this thesis are
reactions of binuclear iridium complexes with dihydrogen and unsatu-

rated organic substrates as models for catalytic hydrogenation at adjacent



metal centers. A project was initiated to model the alkyne hydrogenation
by the A-frame complex, I, using the diiridium analogue. Preliminary
studies!®? had revealed that, in general, activated alkynes were required in
order to induce reactivity with the model diiridium complexes. However,
in the absence of H,, relatively stable binuclear species resulted in which
the alkyne was bound as a cis-dimetallated olefin, and further reaction was
not observed, at least under moderate conditions. It was therefore appar-
ent that the hydride route for modelling the catalysis by I might be more
productive.

Reaction of both the diiridium analogue of I and the neutral di-
chloro precursor, trans-[IrCCO)XDPM)], with H, yielded significantly

different dihydride products,'® (shown below as IV and V respectively).
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Furthermore, the reactions of these dihydrides with the activated alkyne,
dimethylacetylenedicarboxylate (DMA), gave insertion of the substrate
into both Ir-H bonas of IV (although the resulting complex reacted with
chloride ion, presumably from the CH,CI, solvent, yielding VI), but into
only one of the Ir-H bonds of V, to give VIL. No additional reactivity of
these neutral dichloro species could be induced in either case, presumably

due to coordinative saturation at the metals. An additional feature of

16



complex IV was the formation of a tetrahydride species upon reaction with

excess H,, whereas V did not react further with H,.!%
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The objective of this thesis is to extend the above study in an effort
to obtain a better understanding of how the adjacent metals interact with
substrate molecules. The focus of these studies will be: (a) to explain the
result of the formation of complex IV in which a presumed concerted
oxidative addition of H, has led to non-adjacent hydrido ligands, (b) to
investigate the effect of the anionic bridging ligand and ligand mobility on
H, activation and substrate coordination, and (c) to further investigate the
possibility of metal-metal cooperativity and successfully model the hydro-
genation of unsaturated organic substrates at adjacent metal centers.

One of the major difficulties with the use of homogeneous catalysts
in large-scale processes is the sensiti\;ity of transition metal complexes to
traces of impurities, notably oxygen. Nevertheless, oxygenated species can
also be of value to catalytic oxidation reactions. The reaction of one of the
DPM-bridged binucl.eér complexes (herein reported) with molecular
oxygen leads to an interesting new species. The structure determination

and subsequent chemistry of this dioxygen complex is appended to this

17



thesis as an additional study into metal-metal cooperativity effects in

binuclear complexes.
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CHAPTER 2

BINUCLEAR IODOCARBONYL COMPLEXES OF IRIDIUM:
REACTIVITIES WITH CARBON MONOXIDE AND DIMETHYL-
ACETYLENEDICARBOXYLATE, AND THE UNUSUAL STRUCTURE OF

[Ir,1,(CO) (u-CO)(DPM),]-CH,Cl,
Introduction

In attempts to gain an understanding of ligand migrations in
binuclear complexes, the chemistry of DPM-bridged diiridium complexes
having different anionic groups has been under investigation.!? It appears
that an important aspect affecting ligand mobility is the ability of these
bridging anionic groups to move back and forth, from one metal to
another, in a "windshield-wiper” motion. In later chapters the differing
tendencies of the bridging chloride and sulfide groups in [Ir,(CO),(u-CD)-
(DPM),]* and [Ir(CO),(1-S)(DPM),] to undergo this windshield-wiper
motion, and the subsequent effect on the chemistries of these species will
be discussed.

In this chapter the effect of the larger I"anion on A-frame reactivity
is studied, with the assumption that the increased size of this anion over
the chloride and sulfide groups should significantly influence its tendency
to bridge the two metals, particularly in metal-metal bonded species,
which have been shown to be important intermediates in hydrogenation

reactions.l? Furthermore, this large anion is expected to influence the
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preferred site of attack by incoming substrates, and should also enhance
the basicity of the metal centers by virtue of its n-donor ability (c.f. its
position in the spectrochemical series), thus promoting the reactivity of

these complexes.

Experimental Section

General Experimental Conditions

All solvents were appropriately dried and distilled prior to use (see
Appendix II) ar.d were stored under dinitrogen. Reactions were carried
out under starndard Schlenk conditions using dinitrogen which had been
passed through columns containing Ridox and 4A molecular sieves in
order to remove traces of oxygen and water, respectively. Hydrated
iridium trichloride was obtained from Johnson-Matthey and
bis(diphenylphosphino)methane (DPM) was purchased from Strem
Chemicals. Dimethylacetylenedicarboxylate (DMA) and silver
tetrafluoroborate were purchased from Aldrich Chemical Company.
Carbon monoxide (Matheson) and dihydrogen (Linde) were used as
received. The compound trans-[IrC(CO}DPM)], was prepared by the
previously reported procedure The *'P{'H], H, and 'H{'P} NMR spectra
were run on a Bruker WH-400 spectrometer. Infrared spectra were
recorded on a Nicolet 7199 Fourier transform IR spectrometer either as
solids in Nujol mulls on KBr plates or as solutions in KCI cells with 0.5

mm window path lengths. Elemental analyses were performed by the
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microanalytical service within the department (low carbon analyses in
some cases were ascribed to metal-carbide formation during combustion).
Conductivity measurements were made on 103 M solutions using a

Yellow Springs Instrument Co. Model 31 conductivity bridge.

Preparation of Compounds

@  [IrLCO)p-CO)NDPM),)-CH,Cl .

The compound trans-[IrCI(CO)(DPM)], (200 mg, 0.156 mmol) was
suspended in 20 mL of CH,Cl,, to which was added an excess of KI (260 mg,
10 equiv) in a minimum volume of methanol. The suspension immedi-
ately changed color from deep purple to orange, and after stirring for 30
min the solvent was removed in vacuo and the product redissolved in
approximately 10 mL of CH,Cl,. To remove the potassium salts, this
solution was filtered and washed with several portions of degassed
distilled water. The product was then precipitated by the addition of 25 mL
of diethyl ether. The resulting microcrystalline orange solid was collected
and dried in vacuo, giving typical yields of 80-85%. Compound 1 was
determined to be non-conducting in CH,Cl, solutions (A, = 1.78 & 'cm?
mole).4 Spectroscopic data for this and all subsequent compounds are
given in Table 2.1. Anal. caled for Ir,l,CLP,0,CssHyg C, 41.12%; H, 3.00%; ],
16.40%. Found: C,40.96%; H, 3.00%; I, 16.58%. In this case the amount of
solvent was confirmed in the crystallographic study (vide infra). In other
compounds that crystallized with solvent molecules the amount of

solvent was confirmed by TH NMR.



30

(PAWGEIL’(PAUNNCOLL
(HOOILL ‘(HY WSy (SYSET- ITSABTLLIAGSAII6L K PPU)LLEL'GS)I6L (q¥) (FNIAXVING-THODIT31)
(MIBISL',(US)639%
AHY ‘OISE (HY WBLY (B0 "yIS)B00T ‘(SAXOVOT HSAYSZOZ (e8) ONAXVING-HODI T2
(HT ‘WY (m)sz8l (paw)p081L
“(HZ 0SS ‘(HOY ‘W6 L-0'L I8t (19)0561°(5A)0L61 ‘(AQ'sAYpS61 Q) (4gIEAda@X-OD O 1)
(Hg ‘WELy (paun)z/81 Gs)s181
“(HZ WLy (HOY ‘W L69 O A (AQ'SA)LL6L  ‘(3Q'SA)EY61'(39) 1661 @0 [HERdXEDNO N0
(HT ‘W)8'E
“(HZ “WiTY (HOY ‘W6 L69 (s)E6€EL (SA)LS61'G9)1L6L (¥9)2£61(sM)9961 @ MHaIfaa Mo
(HT ‘W)9s¥ AuDEL 0L
(HEZ ‘WILY (HOY g L-L'L “(W)ZEL AOTHLI(SM096L  (SAIBLL(A)8T6L ® FEGI@OI X031
oH, £ (H)de puonnios Jpl[os punodwod
NN (jur)paresyul

.7 3deyd u spunodwo) ays 105 eieq aidossoapdads °1'Z 2198l



31

‘0'g-0'2 2Suez ay ut 1Sy paulquiod a1am Pr-ep spunodiied 10§ sadurUOSH 1Auayg  -oukifje pajeuspiood 3o (O=D)4, WO

30 (0=, "(ODM 5 “D0 ;"Od°H %8 SA » “GHL) §€ Pue T spunoduio ydaoxa uotnjos {iPHD , “Inw (0N, “CP-JHD punodwod ydeoxa

INaO v o 'PEOIq=1q “yardnnu = w 218wis = s “IOPINOYS = Ys ‘Jedm = m ‘winipaur = pow ‘Suons A1oA = sA ‘Suolys = 35 :pasn SUOHEIA3IQQY ,

(H9 "S)S6°T “(HT "W)L6'E
“(HZ "W6T Y “(HOY ‘W1'8-8'9

(HE "NWST (HE "S)ES'E
“(HT W)y (HT "Wi80's

(H9 5)68'T
(HT "'W)80'y (HZ 'Wiv6'v

(MIELIL ‘[(PPUNOGIT  (MIEIIL’,(POUIGOLL

(9891~  (PPW)FOLL's{(SA)B661 ‘3(1q'sA)/861
{M)BEST'(POUY)SSS] {pRunySsy
H(PRWZI91 (PAUEGIL “((PRUN6991
$(IS)E0LL'(S)ZE6L ‘(paun)Se91

(W)/8'GE-  ‘(S)900C “(SA)EEOT  5(SA)EB6L'(SATHOT

{PAU)ZEL(PRUIIGEIL
Orea T $0S)E90C ‘HSMLLOT

©) "381FNd(VING-TI-THODN )

PY FINIADVNA-HHO T

e FNdAVNG-HHOD) 1

(penuluo)) °1°gdlqel



®)  [Ir,(CO),(-N(OPM),](BF,]-THF (2).

The compound [Ir,1,(CO)(-COXDPM),] (1) (80.0 mg, 0.055 mmol),
which had previously been recrystallized from THF/diethylether, was
suspended in 10 mL of THF. To the suspension was added AgBF, (10.0 mg,
0.055 mmol) in 5 mL of THF, causing an immediate color change to dark
red. The solution was stirred for an additional 30 min after which time it
was filtered to remove the silver salts. The solution was concentrated to
approximately 5 mL with rapid dinitrogen flow and 10 mL of diethyl ether
was added, resulting in the precipitation of a brick-red microcrystalline
solid. The solid was collected and washed with two 5-mL portions of
diethyl ether and dried in vacuo, giving typical isolated yields of 75-80%.
Compound 2 was determined to be weakly conducting in THF solutions
(A, = 16.4 Qlcm?mole), but a normal 1:1 electrolyte in acetone (Ap, = 147
Qlem?mole”’). Anal. caled for Ir,]P,F,05CsBHsy: C, 44.99%; H, 3.51%; 1,
8.49%. Found: C,44.54%; H, 3.34%; 1, 7.24%.

Reactions with Carbon Monoxide

For each of compounds 1 and 2, a sample of the compound was
dissolved in a minimum volume of CH,Cl, and THF, respectively, under
dinitrogen. The dinitrogen atmosphere was then replaced by carbon
monoxide and in each case caused an immediate color change to light
yellow. Only in the case of 1 was the resulting compound isolable without
CO loss. Compound 3a, [Ir,(CO),(u-CO)p-I(DPM),][1], was obtained by
layering the CH,Cl, solution with 10 mL of diethyl ether under CO

atmosphere and allowing slow diffusion for 17 h to precipitate a yellow
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microcrystalline solid. The solvent was removed and the solid was dried
by rapid dinitrogen flow giving compound 3a in 90% yield. Compound 3a
was determined to be a 1:1 electrolyte in CH,Cl, solutions (A, = 56.3 Q'em?
mole). Anal. caled for Ir,[,P,0:CssHyy: C, 42.69%; H, 2.97%; 1,17.02%.

Found: C, 42.43%; H, 3.06%; 1, 16.72%.

Reactions with Dimethylacetylenedicarboxylate (DMA)

For each of compounds 1and 2, a 50.0 mg sample of the compound
was dissolved in 10 mL of CH,Cl,, and THF, respectively, and one equiva-
lent of dimethylacetylenedicarboxylate (DMA) was added. After the
reaction was complete (as monitored by *'P{'H} NMR) the solution was
concentrated to one half its original volume with rapid N, flow, and the
products precipitated by the addition of 10 mL of diethyl ether. The solid
was then collected, washed with diethyl ether and dried in vacuo.

In the case of compound 1, four products were observed over time,
the final product being [Ir,1,(CO),(1-DMA)(DPM),] (4d) obtained in 95%
yield. Compound 4d was found to be non-conducting in CH,Cl, solutions
(A, =23 Q'em?mole). Anal. caled for Ir,1,CL,P,0(CssHs,: C, 42.82%; H,
3.17%; 1, 15.23%. Found: C, 42.82%; H, 2.93%; I, 16.12%.

In the case of compound 2, one product was formed immediately,
accompanied by a color change to light orange-yellow, and was isolated in
95% yield. Compound 5, (Ir,(CO),(u-1)(4-DMA)(DPM),][BF,], was deter-
mined to be a 1:1 electrolyte in CH,Cl, solutions (A, = 57.4 Qlcm2mole™?).

.Anal. calcd for Ir,IP,F,0.CssBHsg: C, 45.54%; H, 3.29%; 1, 8.30%. Found: C,
44.57%; H, 3.10%; 1, 8.11%.
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X-ray Data Collection

Crystals of [Ir,1,(CO)(u-CO) (DPM),]-CH,Cl, (1) suitable for an X-ray
diffraction study were obtained by slow diffusion of diethyl ether into a
saturated CH,CI, solution of complex 1. Due to the sensitivity of the
crystals to air, one was wedged into a dinitrogen-filled glass capillary
which was flame sealed. Unit cell parameters were obtained from a least-
squares refinement of the setting angles of 25 reflections, in the range 22.0°
<29 < 25.2°, which were accurately centered on an Enraf-Nonius CAD4
diffractometer using graphite monochromated MoKa radiation. The
systematic absences (h0l, 1 = odd; 0kO, k = odd) were consistent with the
space group P2,/c.

Intensity data were collected on the CAD4 diffractometer in the
bisecting mode employing the 6/28 scan technique up to 20 = 50.00°. The
scan range was determined as a function of 8 to compensate for ;-
wavelength dispersion and backgrounds were scanned for 25% of the peak
width on either end of the peak scan. The intensities of three standard
reflections were measured every 1 h of exposure time in order to monitor
crystal and electronic stability. The mean decrease in the intensity of the
standards was 6.3% and a correction was applied assuming linear decay.
The data were processed in the usual manner with a value of 0.04 used for
p to downweight intense reflections.> Corrections for Lorenz and polar-
ization effects and for absorption, using the method of Walker and Stuart,®
were applied to the data. See Table 2.2 for pertinent crystal data and details

of intensity collection.



Table 2.2. Summary of Crystal Data and Details of Intensity Collection.

compd
formula
fw
crystal shape
crystal size, mm
space group
cell parameters

a A

b, A

c, A

B, deg

v, A3

V4
p(caled), g/vm3
temp, °C
radiation (A, A)

receiving aperture, mm
take off angle, deg

scan speed, deg/min

scan width, deg

[Ir,1,(CO)(p-CO)DPM),]+CH,Cl,
Ir,1,C1,P40,Cs3Hye

1547.97

monoclinic prism

0.34 x 0.24 x 0.048

P2,/c (No. 14)

20.241(4)

14.153(2)

20.446(2)

112.76(1)

5400.7

4

1.904

22

graphite monochromated MoKa
(0.71069)

3.00+(tanB) wide x 4.00 high, 173
from crystal

3.00

variable between 6.67 and 0.91
0.75 + (0.347 tanB) in 6
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Table 2.2. (Continued)

20 limits, deg

no. cf unique data collected

no. of unique data used (F;? 2 36(F.%)
linear absorption coeff, u, cm!

range of transmission factors

final no. of parameters refined

error in observation of unit weight
R

Ry

0.6 20 < 50.0
9599 (h, k, )
5949

6291
0.818-1.574
346

1454

0.041

0.049
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Structure Solution and Refinement

‘The crystal structure was solved in the space group P2,/c by using a
combination of clirect methods and Pattesson techniques to locate the
metals and the iodine atoms. All other atoms were located after sub-
sequent least-squares and difference Fourier calculations. Electron
densities in the regions of the CH,Cl, solvent atoms were somewhat
smeared out, giving rise to high thermal parameters for these atoms. All
hydrogen atoms were located, but were assigned idealized positions based
on the geometry of their attached carbon atom and using C-H distances of
0.95 A; thermal parameters were fixed at 1.2 times that of their attached
carbon atom. The hydrogen atoms were included as fixed contributions in
the least-squares calculations but were not refined.

Refinement was carried out using full-matrix least-squares tech-
niques,” minimizing the function Ew( IR, |- 1E.|)% with w = 4F2/ 6X(F.2).
The neutral atom scattering factors®® and anomalous dispersion terms?®
used in the structure determination programs were obtained from the
usual sources.

The final model with 346 parameters varied refined to R = 0.041 and
R,, = 0.049." In the final difference Fourier map, the 10 highest residual
peaks were in the range 1.09-0.80 e/ A3, and were located in the vicinities of
the iridium and iodine atoms and the DPM ligands. The positional and
thermal parameters for the individual non-hydrogen atoms are given in

Table 2.3.



Table 2.3. Positional Parameters and Isotropic Thermal Parameters.*

Ir(1)
Ir(2)
I(1)
1(2)
Ci(1)P
Cl(2)°
P(1)
P2
P@G3)
P&
o)
0(Q2)
C(1)
C@2)
C(3)
C4)
C(5)P
Cc(@11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(21)
C(22)
C(23)
C(24)
C(25)

0.23486(2)
0.22573(2)
0.24372(4)
0.37284(4)
0.4963(4)
0.5827(5)
0.2307(1)
0.2028(2)
0.2685(1)
0.2592(1)
0.0957(4)
0.1421(5)
0.1587(5)
0.1754(6)
0.2472(5)
0.3087(5)
0.533(1)
0.1486(5)
0.0909(6)
0.0253(7)
0.0205(7)
0.0769(7)
0.1422(6)
0.3054(6)
0.3723(7)
0.4339(7)
0.4258(9)
0.3596(8)

A

0.46273(3)
0.63648(3)
0.29948(5)
0.66399(6)
0.5845(5)
0.6723(5)
0.5358(2)
0.7191(2)
0.3840(2)
0.5705(2)
0.5136(5)
0.7824(7)
0.5317(7)
0.7295(8)
0.6632(7)
0.4619(8)
0.687(1)
0.5257(7)
0.4803(8)
0.4782(9)
0.519(1)
0.563(1)
0.5689(9)
0.4962(8)
0.5090(9)
0.477(1)
0.438(1)
0.426(1)

0.41553(2)
0.47848(2)
0.35289(4)
0.51473(4)
0.1089(4)
0.2387(5)
0.3130(1)
0.3731(1)
0.5221(1)
0.5917(1)
0.4111(4)
0.5182(4)
0.4283(4)
0.5044(6)
0.3213(5)
0.5991(5)
0.151(1)
0.2330(5)
0.2377(6)
0.1784(6)
0.1167(7)
0.1105(7)
0.1692(6)
0.2905(6)
0.3421(6)
0.3329(7)
0.2693(8)
0.2165(8)

B(A?)

2.002(8)
2.100(8)
3.62(2)
3.83(2)
14.2(3)
20.7(3)
2.37(6)
2.36(6)
2.23(6)
2.37(6)
3.3(2)
5.9(2)
1.9(2)
3.7(3)
2.6(2)
2.7(2)
13.0(9)
2.7(2)*
3.5(2)*
4.5(3)*
5.1(3)*
5.0(3)*
4.0(3)*
3.1(2)*
4.2(3)*
£33\
7.3(H)*
6.5(4)*



Table 2.3. (Continued)

C(26)
C@31
C@32)
C@33)
C(34
C(35)
C(36)
C@41)
C@42)
C(43)
C(44)
C(45)
C(46)
C(51)
C(52)
C(53)
C(4)
C(55)
C(56)
C(61)
C(62)
C(63)
C(64)
C(65)
C(66)
C71)
C(72)
C(73)
C(74)
C(75)

0.2955(7)
0.1102(5)
0.0951(7)
0.0242(7)
-0.0308(7)
-0.0172(7)
0.0533(6)
0.2345(6)
0.1930(7)
0.2200(7)
0.2811(8)
0.3215(8)
0.2984(7)
0.3442(6)
0.3411(6)
0.3991(8)
0.4566(8)
0.4623(8)
0.4056(7)
0.2027(6)
0.2160(6)
0.1632(7)
0.0983(8)
0.0847(8)
0.1377(7)
0.1872(5)
0.1158(6)
0.0614(7)
0.0784(7)
0.1492(7)

0.4548(9)
0.7321(7)
0.7711(9)
0.782(1)

0.758(1)

0.7212(9)
0.7088(9)
0.8420(8)

- 0.9092(9)

1.005(1)
1.025(1)
0.962(1)
0.8662(9)
0.3040(8)
0.2094(9)
0.150(1)
0.189(1)
0.284(1)
0.3442(9)
0.3156(8)
0.2798(8)
0.232(1)
0.215(1)
0.247(1)
0.2992(9)
0.5415(7)
0.5528(9)
0.527(1)
0.4921(9)
0.4813(9)

0.2257(6)
0.3130(5)
0.2452(6)
0.1984(7)
0.2189(7)
0.2853(6)
0.3315(6)
0.3845(5)
0.4012(6)
0.4104(7)
0.4041(7)
0.3890(8)
0.3780(6)
0.5356(5)
0.5464(6)
0.5496(7)
0.5428(7)
0.5348(7)
0.5309(6)
0.5424(5)
0.6101(6)
0.6241(7)
0.5702(7)
0.5023(8)
0.4892(6)
0.6125(5)
0.5764(6)
0.5998(7)
0.6634(7)
0.7113(7)

4.5(3)*
2.7(2)*
4.409)*
5.0(3)*
5.2(3)*
4.4(3)*
4.003)*
2.8(2)*
4.33)*
5.2(3)*
5.8(4)*
6.1(4)*
4.5(3)*
2.9(2)*
3.8(3)*
5.9(4)*
5.5(3)*
5.7(3)*
4.7(3)*
3.0(2)*
3.6(2)*
4.93)*
5.8(3)*
6.0(4)*
4.5(3)*
2.7(2)*
3.8(3)*
5.0(3)*
4.6(3)*
4.7(3)*



Table 2.3. (Continued)

C(76) 0.2046(6)  0.5042(9)  0.6888(6)  3.8(3)*
C(81) 03207(6)  0.6417(8)  0.6649(5)  3.0(2)*
C(82) 03137(6)  0.7413(9)  0.6603(6)  3.93)*
C(83) 03627(7)  0.797(1) 0.7168(6)  4.7(3)*
C(84) 04152(7)  0.754(1) 0.7752(7)  5.4(3)*
C(85) 04214(7)  0.658(1) 0.7785(7)  4.8(3)*
C(86) 0.3741(6)  0.5998(9)  0.7233(6)  3.8(3)*

a Estimated standard deviations in this and other tables are given in
parentheses and correspond to the least significant digits. Starred atoms
were refined isotropically. Anisotropically refined atoms are given in the
form of the isotropic equivalent displacement parameter defined as:
(4/3)[a?B(1,7) + b?B(2,2) + 8B(3,3) + ab(cos gamma)f(1,2) + ac(cos beta)p(1,3)
+ be(cos alpha)p(2,3)].

b Atoms Cl(1), C1(2) and C(5) are those of the CH,Cl, solvent molecule.



Results and Discussion

(a) Description of Structure

The complex [Ir,],(CO)(u-COXDPM),] (1) crystallizes in the space
group P2,/c with one complex molecule and one CH,Cl, solvent molecule
in the asymmetric unit. The solvent molecule displays the expected
geometry with no unusual contacts to the complex molecule. A perspec-
tive view of the complex, including the numbering scheme is shown in
Figure 2.1. Selected distances and angles are given in Tables 2.4 and 2.5,
respectively.

The complex has the bridging DPM ligands in a normal trans
arrangement,'? but having the DPM methylene groups tilted toward the
side of the molecule containing the large iodine atoms. Such an
arrangement is atypical of A-frame-like complexes, in which the DPM
methylenes usually bend toward the group which bridges the metals.
However, in this complex the present geometry appears to minimize the
potentially more severe steric interactions between the phenyl hydrogens
and the iodo ligands. Within the diphosphine ligands the parameters are
as expected.!*1314 Even the slightly longer Ir-P distances involving Ir(2)
are not unexpected, reflecting the greater crowding at this metal center.

In the equatorial plane the ligand arrangement is unusual in two
significant ways. First, both of the carbonyl and both of the iodo ligands
are mutually cis on adjacent metals, even though the two chloro and two

carbonyl ligands in the precursor, [IrCI(CO)(DPM)},, were mutually trans.
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Figure 2.1.

A perspective view of [Ir,],(CO)(u-CO)(DPM),], showing the
numbering scheme. Thermal ellipsoids are shown at the
20% level except for the methylene hydrogens, which are
shown artificially small and the phenyl hydrogens, which are

omitted.
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Table 2.4. Selected Distances (A) in [Ir,l(CO)u-CO)DPM),].

Ir(1)-1r(2)
Ir(1)-I(1)
Ir(1)-P(1)
Ir(1)-P(3)
Ir(1)-C(1)
Ir(2)-1(2)
Ir(2)-PQ2)
Ir(2)-P(4)
Ir(2)-C(1)
Ir(2)-CQ2)
P(1)-C(3)
P(1)-C(11)

2.8159(5)
2.6811(7)
2.310(2)
2.303(2)
1.926(8)
2.8032(8)
2.334(2)
2.340(2)
2.005(9)
1.86(1)
1.830(9)
1.830(9)

P(1)-CQ21)
P(2)-C(3)

P(2)-C(31)
P(2)-C@41)
P(3)-C4)

P(3)-C(51)
P(3)-C(61)
P(4)-C(4)

P(4)-C(71)
P(4)-C(81)
O(1)-C(1)
O(2)-C(2)

1.84(1)
1.814(9)
1.811(9)
1.838(9)
1.835(9)
1.84(1)
1.82(1)
1.808(9)
1.831(9)
1.83(1)
1.22(1)
1.11(1)
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Table 2.5. Selected Angles (deg) in [1r,1,(CO)(1-COXDPM),).

Ir(2)-1r(1)-K1) 178.60(2) P(4)-Ir(2)-C(1)
Ir(2)-Ir(1)-P(1) 92.18(6) P(4)-1r(2)-C(2)
Ir(2)-Ir(1)-P(3) 92.17(6) C(1)-1r(2)-C(2)
Ir(2)-Ir(1)-C(1) 45.4(3) Ir(1)-P(1)-C(3)
I(1)-Ir(1)-P(1) 86.43(6) Ir(1)-P(1)-C(11)
1(1)-1r(1)-P3) 89.16(6) Ir(1)-P(1)-CQ1)
1(1)-1Ir(1)-C(1) 134.9(3) C(3)-P(1)-C(11)
P(1)-Ir(1)-P(3) 165.70(9) C(3)-P(1)-C21)
P(1)-Ir(1)-C(1) 98.4(2) C(11-P(-C(21)
P(3)-1r(1)-C(1) 94.3(2) Ir(2)-P(2)-C(3)
Ir(1)-Ir(2)-1(2) 89.48(2) Ir(2)-P(2)-C(31)
Ir(1)-1r(2)-P(2) 92.28(6) Ir(2)-P(2)-C(41)
Ir(1)-Ir(2)-P(4) 93.31(6) C(3)-P(2)-C(31)
Ir(1)-Ir(2)-C(1) 43.1(2) C(3)-P(2)-C41)
Ir(1)-1r{2)-C(2) 152.5(4) C(31)-P(2)-C(41)
1(2)-1r(2)-P(2) 89.21(6) Ir(1)-P(3)-C(4)
1(2)-1r(2)-P(4) 85.53(6) Ir(1)-P(3)-C(51)
12)-1r(2)-C(1) 132.6(2) Ir(1)-P(3)-C(61)
1(2)-1r(2)-C(2) 118.0(4) C(4)-P(3)-C(51)
P(2)-Ir(2)-P(4) 172.28(8) C(4)-P(3)-C(61)
P(2)-Ir(2)-C(1) 92.6(2) C(51)-P(3)-C(61)

P(2)-Ir(2)-C(2) 88.6(3) Ir(2)-P(4)-C(4)

95.2(2)

88.9(3)
109.4(4)
114.6(3)
118.6(3)
110.3(3)
103.3(4)
100.7(4)
107.7(4)
110.8(3)
117.4(3)
114.9(3)
105.4(4)
105.2(4)
102.0(4)
113.1(3)
111.4(3)
120.0(3)
100.0(4)
104.2(4)
106.2(4)
111.3(3)



Table 2.5. (Continued)

Ir(2)-P4)-C(71)
Ir(2)-P(4)-C(81)
C(4)-P(4)-C(71)
C(4)-P(4)-C(81)
C(71)-P(4)-C(81)
Ir(1)-C(1)-1r(2)

117.1(3)
115.7(3)
105.4(4)
102.7(4)
103.1(4)

91.5(4)

Ir(1)-C(1)-0O(1)
Ir(2)-C(1)-0(1)
Ir(2)-C(2)-0(2)
P(1)-C(3)-P(2)
P(3)-C(4)-P(4)

131.4(7)
137.1(7)
176.(1)

111.7(5)
113.0(5)
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The observed arrangement for the diiodo complex is perhaps unexpected
based on steric arguments, which would ap;Sear to favour a trans arrange-
ment, having the bulky iodo ligands widely separated. The second
unusual feature is the unsymmetrical structure adopted by the complex, in
which both metals have a terminal iodo and a bridging carbonyl group
attached, with one metal having an additional terminal carbony! ligand.
Based on the stoichiometry, a symmetric structure in which each metal is
bound to one CO and one iodo ligand, as observed in the dichloro
analogue,® would appear more likely. In addition, the movement of one
carbonyl group to the bridging position is accompanied by metal-metal
bond formation, a feature which should destabilize the structure by
bringing the bulky iodo ligands closer together.

The most likely rationale for the adopted structure, particularly the
presence of the bridging carbonyl group, is that it serves to relieve the
metz] centers of some excess electron density, put upon them by the good
olectron-donor iodo ligands. Bridging carbonyl groups are recognized as
better n-acids than terminal carbonyls,'* and of relevance to the present
case, conversion of terminal CO ligands into bridging ones has been
observed in metal-carbonyl clusters'® and in related binuclear complexes'®
upon substitution of carbonyl groups for electron-donating groups. Such a
role for the bridging CO ligand in compound 1 is supported by the low
infrared stretching frequency of the group (1741 cm), although this value
is not outside of the range displayed by similar diiridium chlorocarbonyls?
The unsymmetrical geometry has previously been observed in a related

dirhodium complex, [Rh2C12(CO)(u-CO)((MeO)ZPNEtP(OMe)z)Z].‘7 Here
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too, the carbonyl groups are adjacent to one another, as are the two chloro
ligands. In this case it would seem unlikely that the geometry is dictated
by steric effects, since the methoxy substituents are smaller than the
phenyl groups in the present compound. Furthermore, one should
compare this methoxydiphosphane-bridged complex with its phenoxy-
substituted analogue, [RhCl(CO)((PhO)zPNEtP(OPh)z)]z,"" which does have
the symmetric trans structure. The structures of these two species would
appear consistent with previous arguments regarding compound 1, based
on the greater electron-donating ability of the methoxy group compared to
the phenoxy group.'® An analogous geometry has been proposed for
[RhZIZ(CO)(u-CO)(DPM)zlw and is also suggested for one isomer of the
heterobinuclear complex, [RhIrCl,(CO),(DPM),] (Chapter 3), as well as for
[Rhrl,(CO)(u-CO)(DPM),]2° For the raixed-metal species the terminal CO
groups reside on the iridium centers, thus it would appear that the
carbonyl-bridged structures are also favored by the greater tendency of the
more basic iridium center to bind carbonyl groups.

The geometries at each of the jridium centers in compound 1 are
reminiscent of two known DPM-bridged complexes. At 1Ir(1) the geometry
resembles that observed in [RhyX,(1-CO)DPM),] (X = Cl1,2! Br®), except that
in 1 the iodo ligand is almost colinear with the Ir-Ir bond (178.60(2)°),
whereas the analogous Rh-Rh-Br and Rh-Rh-Cl angles averaged 166.26°
and 161.5°, respectively. This difference is probably a consequence of steric
repulsions involving I1(1) and the proximate phenyl groups in 1. The
geometry about Ir(2) closely resembles that observed in [Ir,Cl,(CO),(p-CO)-
(DPM),],? and here again the slight differences in the angles at Ir appear to



be steric in origin. The entire structure of compound 1 is closely related to
that of the above dichlorotricarbonyl species, merely lacking one carbonyl
group on Ir(1).

The Ir(1)-Ir(2) separation of 2.8159(5) A corresponds to a normal
single bond,!#131 and the relatively acute Ir(1)-C(1)-Ir(2) angle (91.5(4)°) is
typical for a carbonyl group which is bridging a metal-metal bond. The
bonding of this carbonyl is unsymmetrical, being significantly closer to
1r(1) than Ir(2) (1.926(8) A vs 2.00509) A). This difference may be due either
to electronic or steric factors. The back-donation to C(1)-O(1) should be
somewhat lower from Ir(2) due to competition from C(2)-0(2), and may
partially account for the longer Ir(2)-C(1) distance. It also appears that the
proximate phenyl group (ring 7) forces the bridging carbonyl away from
Ir(2) as seen in Figure 2.1. Consistent with this suggestion the H(72)-0(1)
distance is rather short, at 243 A. |

As was observed for the Rh-Cl distances in [Rh,CL(CO)(u-CO)-
((MeO),PNEtP(OMe),},],7 the 1r(2)-1(2) bond adjacent to the metal-metal
bond is longer (2.8032(8) A) than the one opposite the metal-metal bond
(1r(1)-I(1) = 2.6811(7) A). Since metal-metal bonds have been shown to
cause a "trans lengthening” in such complexes,'¥#% the observed reversal

in this case must again reflect the greater crowding about Ir(2).

(b) Description of Chemistry

Solutions of trans-[IrC(CO)XDPM)], react immediately with KI

yielding compound 1. The orange microcrystalline solid isolated from the

48



solution displays a terminal carbony! band in the infrared spectrum at 1948
cm™! and a bridging CO band at 1741 em. A low conductivity in CH,Cl,
and the solution IR data indicate that there is little difference between the
structure of 1 in solution and its structure in the solid state. The 3'P{'H)
NMR spectrum at -40 °C displays two sets of complex multiplets, also
consistent with an unsymmetrical species having an AA'BB' spin system
by virtue of the two sets of chemically inequivalent phosphorus nuclei.
Note that these spectroscopic data are in agreement with the structure
previously discussed. As the sample is warmed, the resonances in the
31p('H} NMR spectrum broaden and coalesce at approximately +35 °C,
indicating a fluxional process which exchanges the phosphorus environ-
ments. This could possibly occur via iodide dissociation to yield a cationic
A-frame species. However the low conductivity of 1 in solution and the
instability of the iodide A-frame species in CH,Cl, (vide infra) suggests that
the fluxionality does not result from jodide loss, but instead occurs by

exchange of the carbonyl groups between bridging and terminal sites, as

shown.
i e |
ocC lv\c/lr ] &= llr l'r = 1 lr\c/lr co
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Jodide abstraction from 1 using AgBF, immediately yields a dark-red

solution. The isolated solid displays two terminal carbonyl bands (1966,
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1937 cm) in the infrared spectrum and elemental analyses indicate the
presence of only one jodine atom per dimer. This information, aloi\g
with the 3'P{'H} NMR spectrum (3 13.93(s)) which indicates that all four
phosphorus atorns are chemically equivalent, leads to the A-frame form-

ulation for 2, analogous to the chloro- and sulfido-bridged complexes of

p~~ P +
‘\"’,x‘\\,"
QC/ L\/l\co
2

both rhodium?¢2 and iridium3" In the infrared spectrum, the carbonyl
stretches for compound 2 are at lower frequency than those of the chloro
analogue (1989, 1964 cm™);? reﬂecting the higher n-donor ability of iodine
over chlorine. However the values are still higher than the neutral
sulfido-bridged species (1918, 1902 em?), ¥ presumably owing, in part, to
the cationic nature of 2. In THF the low conductivity of compound 2 (16.4
Q'em?mole’!) suggests rather tight ion pairing; in acetone, however, 2
behaves as a normal 1:1 electrolyte (147 Qlcm?mole’).4® Although the low
conductivity in THF suggests the possibility of weak interactions between
the fluorine atoms of BF, and one or both metal centers, no indication of
such is observed in either the infrared or the 9F NMR spectra. Compound
2 is also found to readily scavenge CI" from CH,C), yielding at least two
unidentified unsymmetrical complexes which are presumed to be mixed-

halide species; the use of this solvent was subsequently avoided.



Addition of one equivalent of COto a solution of [Ir,1,(CO)(-CO)-
(DPM),] (1) causes an immediate color change from orange to yellow. The
31p{1H) NMR spectrum reveals a single symmetric species, and the infrared
spectrum displays terminal (1977 em™) and bridging (1872 em™) carbonyl
stretches. The broadness of the terminal CO stretch would suggest that
another band is beneath it. No further change is observed upon addition
of excess CO to the solution. This information, together with the conduc-
tivity measurements (which indicate a 1:1 electrolyte) leads to the form-
ulation, [Irz(CO)z(p-I)(u-CO)(DPM)zl[I] (3a), having the doubly-bridged

A-frame gec etry previously observed for the chloro-bridged dirhodium

1 +

/7 N\

Ir——Ir

AN

3a

analogue??’ and the sulfido-bridged diiridium complex.™ In contrast, the
analogous neutral chloro compound, trans-[IrCI{CO)(DPM)],, did not lose
chloride upon reaction with one equivalent of CO, but gave a neutral
dichloro-tricarbonyl species, [IrZCl(CO)3(u-Cl)(DPM)2],3 which subsequently
reacted further with CO to yield a cationic tetracarbonyl species through
substitution of CI" by CO. Although the structure proposed for 3a is not
totally unexpected, attack at the open coordination site on Ir(1) of 1 would
yield a product anélogous to the above neutral dichloride spedies, if I' loss

did not occur. Apparently the steric demands in such a complex are too
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great, promoting iodide dissociation. Subsequent CO attack, to give a
cationic tetracarbony! complex, as observed for the chloride, also does not
appear to occur, again probably for steric reasons. Notably, iodide loss and
coordination of an additional carbonyl ligand raises the infrared stretching
frequency of the bridging carbonyl in 3a considerably compared to 1.

The cationic iodo-bridged A-frame, 2, also reacts with one equiv-
alent of CO yielding a product which is very similar in most respects to
compound 3a and is accordingly formulated as [Ir,(CO),(u-D(u-CO)-
(DPM),][BF,] (3b). A significant difference, however, is that CO loss from
3b is very facile, occurring simply upon N, purge over a solid sample of 3b,
- whereas 3a requires 10 min under reflux in THF and N, purge to recover
compound 1 quantitatively.3® The reasons for the different labilities of 3a
and 3b are not readily understood since one might expect the incoming
iodide ligand to make CO loss more facile from 3a. Furthermore, these
results are inconsistent with slightly higher frequency infrared stretches
for the carbonyls in 3a (see Table 2.1), which would suggest weaker Ir-CO
bonds compared to those of 3b.

Each of compounds 1 and 2 reacts with dimethylacetylenedicar-
boxylate (DMA), yielding complexes having the organic substrate bound
parallel to the Ir-Ir axis as a cis-dimetallated olefin. Compound 1 reacts
over a 2 h period with one equivalent of DMA to yield two isomers 4a and
4b in nearly equal concentrations. Both 4a and 4b are symmetric species as
judged by the *'P{'H} NMR spectrum (singlets at & -4.08 and -23.53, respec-
tively). Over an additional 18 h period another symmetric species, 4c (5

.29.22), and an unsymmetrical one, 4d (5 -35.87), appear. No changes in the
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31p(H) NMR resonances of the four products is observed over the temper-
ature range from 20°C to -80°C. Compound 4d is apparently the thermo-
dynamically favoured species, obtained quantitatively by refluxing the
mixture of four isomers in CH,Cl, for 2h. The yellow solid finally
obtained displays two terminal CO bands in the infrared spectrum (2042,
1983 em') and a band at 1554 em!, which is assigned to the C-C stretch of
the coordinated acetylene. The similarity of the spectral parameters of
compound 4d and the structurally characterized dichloro species, [Ir,Cly-
(CO),(n-DMA) (DPM),},1? suggests an analogous formulation for 4d.
However, in solution compound 4d is significantly different as evidenced
by additional terminal CO bands in the infrared spectrum (2033, 2006, 1982
cmY), as well as a low frequency stretch at 1703 ecm™ which is distinguish-
able from the carboxylate bands by its intensity. Two acetylenic stretches
are also observed (1555, 1539 cm?). The solution characteristics may
indicate a facile fluxionality in which one carbonyl group moves from a

terminal to a bridging position. Furthermore, the carbonyl-bridged form

coO | 8 1
I I N/
l—-lr\———/lf—co = J—1r /lr\
/C-'=C\ /c=c\ co
4d

of 4d should not be unexpected, being rather analogous to the geometry
adopted by compound 1. Although CO bridge-formation might also be

electronically favorable, as previously discussed for 1, this transformation



retains hexa-coordination at one metal center, while reducing the coor-
dination number at the other metal from six to five. Further alleviation
of steric crowding could presumably occur by loss of I, however, there is
no evidence for this, with conductivities in CH,C], being very low Ap =
2.3 Q'ecm?mole™?). Furthermore, introduction of more polar solvents in
an attempt to induce iodide loss only causes precipitation of the complex.
Clearly, the iodide loss noted earlier upon CO addition to 1 cannot be
solely sterically induced since such loss is not observed upon addition of
the bulkier alkyne ligands. Loss of CO is also apparently unfavourable,
and in contrast to the chloro analogue of 4d, refluxing under N, purge in
higher boiling solvents does not produce a monocarbony! species, but
eventually leads to decomposition of 4d.

The symmetric intermediates leading to 4d could not be unequiv-
ocally identified. However, based on previous studies'? and upor spec-
troscopic data monitored during progress of the reaction their natures can
be confidently assigned as shown in Scheme 2.1. Although the solid-state
structure of 1 suggests that attack at the 16-electron iridium center should
occur (site 2), the fluxionality of 1 in solution must be recalled, and thus
the exact nature of the reactive intermediates giving rise to 4a and 4b is not
clear. The methylene proton resonances in the 'TH NMR (see Table 2.1)
were assignable to each of 4a-4d by selective 31p decoupling which causes
each resonance in turn to lose coupling to their respective phosphorus
atoms. The carboxylate methyl resonances were then easily assigned by
comparing their integrations with those of the methylene protons. Due to

the similarity in the concentrations of 4a and 4b, the infrared bands
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corresponding to each of these species can not be unambiguously assigned.
However, they are tentatively assigned according to the previously
discussed chloro analogue of 4d,'> where the carbonyl ligand opposite the
Ir-Ir bond displayed a higher CO stretch (2023 cm') than the one opposite
the Ir-DMA linkage (1999 cm™). Furthermore, of the two species, only 4b
appears capable of exhibiting a bridging carbonyl stretch in solution (1728
cm’?), by the mechanism described earlier for 4d. An equilibrium with
species 4e might be suggested based on the broadness of the two infrared
bands attributed to 4b (possibly due to overlapping bands) and by the slight
conductivity (A, = 8.84 Q'cm?mole?) measured in solutions containing
only 4a and 4b. Furthermore, iodide loss from both of these species is the
most reasonable route to 4d. In the case of 4a, iodide loss apparently gives
the symmetric species 4c, observed in the 31ip(1H) NMR. In support of this
scheme, addition of one equivalent of AgBF, to a THF solution containing
all four isomers yields only two products as revealed by 3IP('H) NMR: a
symmetrical species (5 -16.86) which corresponds exactly to compound 5,
the product of DMA addition to the A-frame complex [Ir,(CO),(p-1)-
(DPM),][BF,] (2) (vide infra), and an unsymmetrical species (5 -0.04, 8
-29.07) which must be the analogue of 4e. The ratio of the symmetrical to
unsymmetrical products indicates that all of the 4d originally present was
converted to the unsymmetrical product upon reaction with AgBF,, which
is consistent with labilization of the iodide ligand on the more sterically
congested iridium center in the carbonyl-bridged form of 4d. Subsequent
addition of excess KI to these products gave only 4d.

The cationic A-frame complex [Ir,(CO),(u-)(DPM),][BF,] (2) also
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reacts slowly with DMA, producing 3 yellow solution over 2 h. The
31p{1H) NMR spectrum reveals a single product, 5, having four chemically
equivalent phosphorus atoms (5 -16.86(singlet)). The solid isolated from
the reaction displays a single terminal carbonyl stretch in the infrared
spectrum at 1987 cm-, and a C-C stretch of the coordinated acetylenic
moiety at 1613 cm-. From this information the compound is formulated
as [lrz(CO)z(p-I)(u-DMA)(DPM):][BF‘] (5), the analogue of 4c. Although
there are some differences in the spectroscopic parameters of 4c and 5,
their similarity is particularly evident in the 'TH NMR spectra (see Table
2.1).

It is important to note that compound 5 appears to result from
alkyne attack in the "pocket” of 2. In contrast, the analogous chloro- and
acetate-bridged A-frames, [Irz(CO)z(p—Cl)(DPM)Z]* and [Rh,(CO),-
(u-02CCH3)(DPM)2]‘, yielded products which indicated that alkyne attack
occurred on the "outsides” of the complexes, adjacent to the bridging
anionic groups.'*?! Such proposals have also been confirmed by an X-ray
structure determination of [1r2(CO)(CF3C2CF3)(u-S)(u-CO)(DPM)zl (Chapter
4), which shows the hexafluorobutyne group bound to one metal, adjacent
to sulfur on the outside of the complex. Apparently, the presence of the
large iodo group in 2 inhibits attack at an adjacent site and instead directs
attack to the A-frame pocket on the opposite face of the dimer. It appears
that in both 1 and 2 the bulky jodo ligands exert a significant steric
influence as shown by the contrasts noted between the chemistry of these

species and the chloro analogues, and by the relatively slow rate of

reaction with DMA in both cases.



Conclusions

Significant differences between the diiridium jodocarbony!l
complexes reported herein, and their chloro and sulfido analogues, appear
to result from both the added electron donating ability of the iodo ligand
and its increased steric requirements. The good electron-donor jodo
ligands cause an increased tendency for the complexes to form carbony!
bridges, compared to analogous chloro species. This is consistent with the
greater ability of a bridging CO group (vs terminal CO) to relieve the
metals of excess electron density. The highest carbonyl-containing species
in these complexes is a tricarbonyl cation, which is evidently restricted
from additional CO coordination by the size of the iodo ligand. The large
jodo ligand also appears to inhibit attack of the alkyne, particularly evident
in the reaction of the cationic A-frame complex, [lrz(CO)z(u-I)(DPM)Z][BF‘],
with DMA, which yields a symmetric product corresponding to addition of
alkyne in the pocket of the A-frame, opposite the jodide-bridge. In
contrast, chloride, sulfide and related A-frames have indicated a prefer-
ence for alkyne attack at the outside sites of the complexes (see also
Chapter 4). Nevertheless, the product reveals the expected cis-dimetal-
lated olefin geometry for the bridging DMA, as is commonly observed in
these species. Up to this point, the investigations of the binuclear
jodocarbonyl complexes does not seem to indicate a reduced tendency for
the large iodo ligand to occupy the bridge-position, even in metal-metal

bonded situations.



Supplementary Material Available: Listings of the ébserved and
calculated structure factors, bond lengths and angles involving the solvent
and phenyl groups. anisotropic thermal parameters, and hydrogen atom
parameters for this and subsequent structures are available from Dr. M.
Cowie, Department of Chemistry, University of Alberta, Edmonton,

Alberta, Canada. TeA 2G2.
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CHAPTER 3

THE PREPARATION OF HETEROBINUCLEAR RHODIUM/IRIDIUM
COMPLEXES AND THEIR REACTIONS WITH CARBON MONOXIDE

AND ACTIVATED ALKYNES.

Introduction

Binuclear DPM-bridged complexes of jridium, discussed throughout
this thesis and elsewhere, ! are found to exhibit chemistry which gener-
ally complements that of related dirhodium complexes.>® Many of the
differences which are found can be related to the expected trends encoun-
tered as one descends a transition-metal triad. For example, diiridium
complexes are found*? to bind CO more strongly than analogous
dirhodium speciesP8 and generally display higher coordination numbers.
Although alkynes tend to bind similarly (as cis-dimetallated olefins) in
both cases, the rhodium complexes tend to also contain bridging carbonyl
ligands,”® while carbonyl groups in the iridium complexes remain
terminal.2 Reactions of the complexes, [MZClz(CO)z(DI’M)Z] (M =Rh, Ir)
with hydride sources produce a variety of polyhydrides for iridium,? while
an unstable dihydride is the only product for rhodium.? Of significance to
this thesis, oxidative addition of H, leads to stable hydrides for the
diiridium species,#!® while hydrides are not observed in the analogous
dirhodium system.”!*? These differences are also manifested in the

catalytic activity displayed by some dirhodium complexes,”111? while
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related diiridium species are not catalysts under the sameé mild conditions
(see Chapter 6 and elsewhere'?).

Although diiridium complexes have been found to serve as useful
models of reactive intermediates in the rhodium chemistry by virtue of
the greater stability of the iridium species (see Chapters 5 and 6), exact
parallels between analogues of the two metals cannot always be drawn
because they do not pehave identically. Inan effort to bridge the gap
between the chemistries of the dirhodium and diiridium complexes a
study was initiated into the chemistry of mixed-meial binuclear "Rhlr”
complexes. Such mixed-metal complexes present the opportunity for
metal-specific attack by incoming ligands and perhaps subsequent metal-
specific reactivity. 1t weuld also appear reasonable to expect novel bonding
modes for small molecules between two different metals in close proxim-
ity, perhaps leading to enhanced activation of substrates.

Homogeneous bimetallic complexes are also of interest based on the
success of bimetallic sysiams5 in industrial heterogeneous catalysis, where a
variety of mixed-metal systems have proven themselves highly active as
catalysts, offering increased solectivity over other systems.‘3 Furthermore,
although the catalytic reactivity of rthodium is well known, jridium has
aiso been shown to exhibit remarkable activity in certain cases.'® Herein
are described the syntheses of some DPM-bridged heterobinuclear "RhIr"

complexes and their reactivities with carbon morioxide and activated

alkynes.



Experimental Section

General experimental conditions are as described in Chapter 2.
Carbon monoxide (Mathesoh), sodium sulfide hydrate (MCB), dimethyl-
acetylenedicarboxylate (Aldrich) and hexafluoro-2-butyne (PCR Inc.) were
used as received. The compounds, [Ir(DPM),(CONICI]* and [RRCHCO),),'®
were prepared by the reported procedures. [RhIrCl,(CO),(DPM),] (1), as
reported herein, was prepared by a modification of a previously reported
procedure.’” The 31)p{'H) NMR spectra were run on Bruker HFX-90 (with
Fourier transform capability) and Bruker WH-400 spectrometers. H,
13C('H} and F NMR spectra were recorded on the Bruker WH-400
spectrometer.

13C(1H) NMR spectra were obtained on B¥CO enriched products
which were derived from enrichment of the starting material,
[RhirCL(CO),(DPM),] (D). Nearly quantitative *CO enrichraent of 1 was
obtained by allowing a CH,C], solution of 1 to stir under 13CO for 24 h,
followed by reflux under 13CO for approximately 1 h, and finally refluxing

under N, purge for 2-3 h.

Preparation _of Compounds

(a) [RhIrCL(CO),(DPM),] (1)-

The dry solids [Ir(DPM),(CO)IICI] (200 mg, 0.195 mmol) and
[RhCI(CO),}, (38.0 mg, 0.096 mmol) were combined, dissolved in 25 mL of
CH,C], and the resulting solution stirred for 18 h. During this time the
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color of the solution changed from yellow to orange. The solution was
refluxed under dinitrogen flow for 1 h which caused the orange color to
intensify. A 40-mL volume of diethyl ether was added, resulting in the
precipitation of a bright orange microcystalline solid, which was collected,
washed with diethy! ether and dried in vacuo. Typical jsolated yields were
‘. 75.80%. Compound 1 was found to be a non-electrolyte in CH,Cl,
solutions (Ap, =48 Qlem?mole’). Spectroscopic data for this and sub-
sequent compounds are given in Tables 3.1 and 3.2. Anal. caled for IrRh-

C1,P0,CsHast C, 52.45; H,3.72; Cl, 5.95. Found: C,51.57; H, 3.77;Cl, 5.37.

®) [Rhlr(CO)z(u-Cl)(DPM)Z][BF4] 2.

Compound 1 (200 mg, 0.168 mmol) was suspended in 20 mL of THF,
then AgBF, (32.7 mg, 0.168 mmol), dissolved in 5 mL of THF, was added to
the suspension. An immediate color change to dark orange occurred and
after stirring for an additional 30 min the volume was reduced to approxi-
mately 15 mL, followed by the addition of 30 mL of diethyl ether to cause
complete precipitation. The solvent was removed, then the product was
redissolved in 10 mL of CH,C), and filtered to remove the silver salts. The
product was reprecipitated by the addition of 30 mL of diethyl ether,
collected and dried in vacuo. yields were approximately 80% of a dark
orange microcrystalline solid. Compound 2 was determined to be a 1:1
electrolyte in CH,Cl solutions (Ap, = 59.7 Qlem?mole?).!® Anal. caled for
IrRhCIP,O,FCs;BHas! C,50.28; H, 3.57; Cl, 2.85. Found: C,50.02; H,3.53;Cl,

3.20.
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©  [RRINCO),(1-S)YDPM),] (3.

To a solution of [RhirCl,(CO),(DPM),] (1) (50.0 mg, 0.0420 mmol) in
5 mL of CH,C), was added Na,5+9H,0 (12.0 mg, approx. 10% excess)
dissolved in 5 mL of methanol. The color of the solution immediately
turned dark red. After stirring for 15 min the solution was concentrated to
5 mL whereupon a dark red microcrystalline solid precipitated. The solid
was collected and recrystallized from CH,Cl,/MeOH, washed with MeOH
and then with diethy! ether. Isolated yields were 90-95%. Anal. calcd for
IrRhSP,0,Cs;Hest €, 54.22%; H, 3.85%. Found: C, 53.58%; H, 3.96%.

(d) [RhIrClz(CO)(p-CO)(u-DMA)(DPM)] (7).

Compound 1 (50.0 mg, 0.042 mmol) was dissolved in 10 mL of
CH,Cl, under dinitrogen. To the resulting orange solution was added 5.2
uL (0.042 mmol) of dimethylacetylenedica‘rboxylate (DMA) causing an
immediate color change to yellow. After 15 min the solution was concen-
trated to 5 mL with rapid N; flow and the product precipitated witha 10
mL volume of diethy! ether. The resulting yellow solid was jsolated and
dried in vacuo, giving 7 in 90% yield. Compound 7 was found to be non-
conducting in CH,C], solutions (Ap <05 Q'em?mol’). Anal. caled for

IrRRCI,P,OCssHsot C, 52.26%; H, 3.78%; Cl, 5.32%. Found: C,51.90%; H,

3.63%; Cl, 5.76%.

Compound 2 (50.0 mg, 0.040 mmol) was dissolved in 10 mL of
CH,C!, under dinitrogen. To this orange solution was added 5.0 pL (0.040
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mmol) of DMA which caused an immediate color change to red-violet.
Upon stirring for 30 min the solution became predominantly dark red.
Concentrating to 5 mL under dinitrogen flow and addition of 15 mL of
diethyl ether caused precipitation of a flocculent red-brown solid. This
solid was collected, washed with a 5 mL portion of diethy] ether and dried
in vacuo. lsolated yield: 92%. Compound 9b was found to be a normal 1:1
electrolyte in CH,Cl, solutions (A, =400 O'em2mol?). Anal. caled for

IrRhCIP,F,O.CssBHsg: C, 50:32%; H, 3.64%; Cl, 2.56%. Found: C,48.56%; H,

3.57%; Cl, 2.66%.

6y [Rherl(CO)z(u-HFB)(DPM);][BFJ (10b)
Compound 2 (25.0 mg, 0.020 mmol) was dissolved in 4 mL of CH,Cl;

under dinitrogen. Hexafluoro-2-butyne (HFB) was then bubbled into the
solution causing an immediate color change to dark red-violet. The
solution was left unier HFB for 30 min whereupon little change in color
had occurred. The solution was sampled for infrared analysis, then the
product was precipitated by addition of 10 mL of diethyl ether. The

resulting pale-pink solid was collected and dried in vacuo.

Reactions with CcO

For each of compounds 1-3, approximately 10 mg of sample was
dissolved in CH,Cl, in a 3-necked round bottom flask (or in CD,Cl, in an
NMR tube) under dinitrogen. One equivalent of carbon monoxide
(typically ca. 0.25 mL) was then bubbled into the solution using a gas-tight
syringe, followed by recording of IR, ¥'P{*H} and "*C{'H) NMR spectra.



Then excess CO was bubbled into the solution and the sample left under

CO atmosphere for a repeated spectroscopic characterization.

Reaction of Compound 3 with Activated Alkynes
Compound 3 was also reacted with both DMA and HFB, however, it

was found that a significant excess of reactant was required in order to
yield the products. The reactions were found to be easily reversible and
the products have been formulated as terminal n2-alkyne complexes.

These compounds will be discussed in Chapter 4.
Results and Discussion

A study of the A-frame complex, [Ir,(CO),(1-C) (DPM),][BF],'* was
initiated, in part, with the hope of modelling alkyne hydrogenation
reactions which are catalyzed by the rhodium analogue, [Rh,(CO),(p-Ch-
(DPM),)[BF,].}! In these modelling studies it became evident that the
cationic A-frame complex exhibited additional reactivity over its neutral
precursor, trans-[IrC1(CO)DPM)],, and this reactivity appeared to be a
function of the incipient coordinative unsaturation afforded by the
bridging halide ligand.* This function was further investigated by sub-
stitution of the chloride ligand by iodide (as described in Chapter 2) and by
sulfide in the complex [Irz(CO)z(p-S)(DPM)z'] (see Chapter 5). It was
therefore obvious that extension of these studies into heterobinuclear
rhodium-iridium complexes should. include the analogous neutral

dichloride and cationic chloride-bridged A-frame complexes and also the



sulfide-bridged A-frame. Investigations of the mixed-metal iodides are left

to future studies.
The mixed-metal analogue of trans-IMCI(CO)(DPM)]; (M =Rh, Ir)

appeared to have been previously observed,)” however, complete charac-
terization of the complex was not provided and its formulation as a
cationic chloro-bridged species was uncertain. The desired compound is
obtained in high purity by the reaction of [Ir(DPM),COJ[Cl] and [RhCl-
(CO),], in CH,Cl, for 18 h followed by reflux under N, purge to eliminate
CO from the higher carbonyl-containing species. As previously noted,'’
the reaction between the iridium monomer and the rhodium dimer is
rather slow and appears to require at Jeast 12 h for complete reaction under
the conditions used. The isolated orange solid, [RhIrCl,(CO),(DPM),] 1),
displays an infrared spectrum containing two terminal carbonyl stretches
(1960, 1968 cm™). However, in solution 1 displays three carbonyl bands
(1980, 1970, 1756 cm™), suggesting the formation of an additional species
containing a bridging CO ligand. This infrared data, along with the low
conductivity in CH,Cl, (4.8 Q'cm2mol™), are inconsistent with the
previously proposed cationic formulation for 1,77 and instead suggests a
neutral species which exists as two isomers in solution but as a single
species in the solid state. The solid state geometry is presumed to have a
trans arrangement of terminal chloro and carbonyl ligands (1a) around the
two metal centers, based on the trend within the homobinuclear
analogues'?’ and as observed in a related dirhodium complex, [RhCICO)-

(EtSCH,SED),2! Certainly, the two CO stretches observed for 1a are

consistent with the proposed geometry.



In solution, the three carbonyl stretches suggest the presence of 1a
together with at least one additional species, which is proposed to have a

geometry as shown (1b). Such coordination geometry has been confirmed

P/\P P/\p
| |.° | .2 ]
IR Ir ,Rh Jre—C1
cnl ‘ oc/| @ ‘ «©
P\/I’ P\/P
1a 1b

for the diiodo complex, [Irzlz(CO)(u-CO)(DPM)zl (Chapter 2), which exhibits
carbony! stretches (1960, 1742 cm™) in the same regions as those observed
for 1, but at slightly lower frequencies due to more electron-rich metal
centers. The structure proposed for 1b is furthermore in agreement with
an observed trend within heterobinuclear "Rhir" complexes, described in
this account (vide infra) and elsewhere 22 that geometries appear to be
favored in which the rhodium center retains a sixteen-electron config-
uration, while iridium has an eighteen-electron configuration.? The two
broad terminal CO stretching bands observed for 1 in solution apparently
obscure the third expected band. It appears that in solution compounds 1a
and 1b are rapidly interconverting on the NMR timescale since the 3'P('H}
NMR spectrum reveais only one species, even down to -80 °C. This
spectrum is consistent with an AA'BB'X spin system and clearly distin-
guishes the iridium-bound phosphorus signals (8 -6.96) from those of the
rhodium-bound phosphorus signals (8 17.16), with the latter displaying
obvious coupling to *®Rh (Jgnp = 125.7 Hz).
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The cationic mixed-metal A-frame complex, [RhIr(CO),(-Ch-
(DPM),)[BF,] (2), is easily obtained from 1 by chloride abstraction, using one
equivalent of AgBF,. All evidence suggests the expected A-frame geo-
metry as observed for homobinuclear halide-bridged analogues.!® Its
jnfrared spectrum dislays two carbonyl stretches (1993, 1974 em™) which
are in the ranges expected for terminal carbonyls on Rh(1) and Ir(D),
respectively. Compound 2 behaves as a normal 1:1 electrolyte (Ap, = 59.7

Qlem?2mol™! in CH,CL) and elemental analyses indicate one chlorine atom

per dimer.

The sulfido-bridged A-frame complex, [RhIr(CO)z(u-S)(DPM)Z] (3), is
obtained in high yield by reaction of [Rherlz(CO)z(DPM)Z] (1) with excess
Na,5+9H,0. The infrared spectrum of the isolated dark red solid displays
two terminal CO stretches at 1932 cm! and 1906 cm?, concordant with the
respective dirhodium?* and diiridium!? analogues. As in the homo-
binuclear complexes, the sulfido-bridged species has lower carbonyl
stretching frequencies than the chloro-bridged species, indicating more
electron-rich metal centers. The 31p('H) NMR spectrum is again typical of

the heterobinuclear "RhIr” complexes, with Yanp = 131.3 Hz.
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The reaction of [Rher]z(CO)z(DPM)zl (1) with CO yields two
different tricarbonyl complexes, and 3 tetracarbonyl species. Reaction with
one equivalent of CO causes an immediate color change to orange-yellow
ard the 3'P('H} NMR spectrum recorded at 40 °C reveals two species, 4a (8
13.27 (m), -4.16 (m)) and 4b (5 27.88 (m), 0.55 (m)), in a 1:2 ratio, respec-
tively, along with some unreacted 1 . Rhodium-phosphorus coupling is
evident in the low-field multiplet of each species, but the coupling
constants are not readily separable from other couplings. Warming the
solution to 22 °C results in the merging and broadening of these
resonances to intermediate values of §21.6 and & -2.9 for the rhodium- and
iridium-bound phosphorus nuclei, respectively. This suggests that 4a and
4b are related by an equilibrium, which is sufficiently slowed down at
.40°C to observe both species in the NMR spectrum. The 1BC(*H} NMR
spectrum obtained after addition of one equivalent of 13CO to a BCO-
enriched sample of 1 displays three distin<t resonances for each of 4a and
4b and are easily assigned by integration of the peak areas. Compound 4a
shows a complex multiplet 13¢{'H) NMR resonance at § 222.03 (Jpn.cis not
clearly distinguishable from other couplings), consistent with a bridging
CO ligand, another at 5 187.99 (doublet of multiplets, Yanc = 534 Hz) due
to a terminal CO on rhodium and one at 8 171 61 (broad singlet) which is
readily assigned to a terminal position on iridium due to the absence of
Rh-coupling. Compound 4b, which was previously formulated as
[Rhlr(CO)z(p-CO)(u-Cl)(DPM)Z]‘ from 3'P NMR and IR data,’ exhibits 1*C
resonances at & 190.26 (doublet of multiplets, Yanc = 395 Hz), consistent

with a bridging CO, 518614 (doublet of multiplets, Yanc = 70.8 H2),



consistent with a terminal CO on rhodium, and & 172.75 (broad singlet)
due to a terminal CO on iridium. The previous formulation'” appears
consistent with all spectroscopic evidence, and in accord with spectral
parameters found for the homobinuclear tricarbonyls, [M,(CO),(u-CO)-
(u-CY(DPM),]* (M = Rh 6% Ir').

Upon addition of excess CO to this solution, another species, 4¢,
arises and upon stirring the solution under CO atmosphere for 5h, 4cis
the only product present as identified by 3'P{"H} NMR (5 27.71 (m), 6 -13.63
(m) ). The *C{'H} NMR spectrum (-40 °C) of a BCO-enriched sample of 4¢
(see Figure 3.1) reveals that this final product is a tetracarbonyl species
which contains a bridging CO ligand (5 212.07, Ypnc = 45.3 H2), 2 terminal
CO on rhodium (8 185.59, Vanc = 72 4 Hz) and two terminal CO ligands on
iridium (8 170.66, 168.20). One of the carbonyls on iridium exhibits a five-
line pattern which can be estimated as an overlapping doublet of triplets.
There thus appears to be a coupling to rhodium of approximately 25 Hz,
which is much lower than couplings observed for terminal carbonyls
bonded directly to rhodium, but rather significant for a two-bond coupling
in such systems. Resonances which appear very similar to this one are
described in Chapters 5 and 6, wherein efficient transmission of coupling
through as many as three bonds has been obse: ved when the coupled
nuclei are related by a colinear chain of bonded atoms. A similar colinear
Rh-Ir-CO linkage in 4c might be suggested. This tetracarbonyl complex
proves to be very susceptible to CO loss, yielding 4a, 4b, and 1 upon
exchange of the CO atmosphere for N, after which compound 1 can be

quantitatively restored by mild reflux in CH,C), solutions with N, purge.
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These observations along with the NMR data can be explained by
the equilibria in Scheme 3.1 (diphosphine ligands are omitted for clarity),

in which 4a and 4b are tricarbonyl species. The proposal that these

Scheme 3.1
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tricarbonyls are related by chloride loss as indicated in Scheme 3.1 is
supported by the fact that addition of ethanol to a CH,Cl, solution
containing both isomers causes the conversion of all 4a present into 4b, as
monitored by 3P{'H} NMR at low temperature. This observation is
consistent with the tendency for the jonic species to be favored in more
polar solvents.

The infrared spectrum of the isomeric tricarbonyls is somewhat
obscured by compound 1, but higher frequency CO bands (2068, 2053 em™)
are consistent with the cationic nature of 4b. The stretches due to the

bridging CO ligands which appear at 1755 cm’? and 1850 cm’? strongly
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support the formulations of 4a and 4b, respectively, being comparable to
values for the neutral diiridium analogues of ¢a (1731, 1717 em™)! and the
cationic dirhodium analogue of 4b (1873 cm1),$ respectively. The presence
of additional bands in the IR spectrum of the solid may indicate that 4a
also exists as an isomer having three mutually cis carbonyl ligands, as was
the case in the diiridium analogue.!

Additional support for the natures of the species in Scheme 3.1
comes from the reaction of [RhIr(CO),(r-C)(DPM),][BE,] (2) with CO.
Reaction with one equivalent of CO yields a single species, 5a, which
corresponds very well to compound 4b with respect to its 31Ip('H} NMR
parameters (Table 3.2). Addition of excess COto 2 immediately causes
formation of another species, 5b, which is identical in all respects to 4c.
Although 5b is observable in the 31p{'H)} NMR at 40 °C, warming to
ambient shows only 5a. The immediate formation of the tetracarbonyl
complex is reasonable in this case, since there is no competing reaction for
5a as there is for 4b, namely chloride addition over carbonyl addition.
Similarly, the tricarbony! species 5a is also significantly more stable toward
CO loss compared to 4b, and solutions of 5b under N, purge yield 5a
almost exclusively, while any recovery of 2 requires additional slight
warming.

The sulfido-bridged complex, [RhiIr(CO),(1-S)(DPM),] (3), also reacts
with CO, however, an excess is required in order to successfully maintain
the new complex, 6, in solution. Under CO atmosphere, solutions of 3
change color from dark red to red-orange over several minutes.

Displacing the CO atmosphere with N, rapidly restores the dark red color



of 3, indicating facile CO loss from 6. The ¥P('H} NMR spectrum indicates

a smgle species having a pattern typical of the heterobinuclear DPM-
bridged complexes (see Table 3.2). An IR spectrum of the solution reveals
both terminal (1934 cm™) and bridging (1799 em™) carbonyl stretches. All
evidence suggests that 6 is a tricarbony! specxes analogous to 4b and 5a.
Failure to incorporate another equivalent of CO and the lability of 6
toward CO lass is consistent with the observation that the homobinuclear
iridium analogue of 3 forms a stable tricarbonyl complex,'® but the
dirhodium analogue shows no apparent affinity for CO.2

The mixed-metal complexes 1-3 all react with activated alkynes,
although only the reactions involving 1 and 2 will be discussed here, as
compound 3, the sulfido-bridged species, gives a different result and will
be discussed in Chapter 4. |

The neutral complex, [RhIrCl,(CO),(DPM),] (1), reacts with
dimethylacetylenedicarboxylate (DMA) yielding a yellow compound, 7.
Spectral parameters for this species are almost identical to those reported
by Mague.!®® Although the previous report argued that this complex
contained mutually cis carbonyl ligands, this species is herein formulated

as shown below, where the chloro and carbonyl ligands remain mutually

Cl
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trans. The prévi_ously proposed cis geometry (having the terminal CO and
Cl ligands on Ir interchanged) was assumed? due to the absence of a trans
coupling between the carbonyls in the *C NMR spectrum. It should be
noted, however, that the steric requirements of the coordinated DMA
group may not allow a direct trans arrangement of the carbonyls. Further-
more, the terminal carbonyl band in the infrared spectrum (2043 cm-!) may
be more indicative of a carbonyl which is in the position shown, rather
than trans to the acetylenic moiety, where values near or below 2000 cm’?
appear typical in related diiridium complexes.? Consistent with the
absence of a metal-metal bond in 7, the bridging CO band displays a low
stretching frequency in the IR spectrum (1647 cm™), similar to the
"ketonic" carbonyls of related dirhodium complexes.® Evidence for the
bridging carbonyl group is also clear in the 3C{'"H} NMR spectrum which
displays a doublet of multiplets at & 198.56 with coupling to rhodium of
28.9 Hz. Another resonance in the 13C{'H} NMR spectrum at & 169.68
(triplet, Jp.c =72 Hz), clearly results from the terminal CO on iridium.
The acetylenic stretching frequency in this and subsequéent com-
pounds are consistent with both the "perpendicular” and "parallel”
bonding modes for alkynes coordinated to two metal centers.?® The latter |
is the expected bonding mode in these complexes based on the observed
trend in the reaction of alkynes with binuclear Rh(I) and Ir(I) com-
plexes, 27263 and is consistent with the observation of two separate 'H
NMR resonances for each carboxylate methy] group of the alkyne.
Although the homobinuclear counterparts of compound 1 yield

slightly different results upon reaction with DMA, compound 7 appears to



adopt features of both. The carbonyl and chloro ligands are retained as was
the result for the diiridium species, (Ir,CL,(CO);(1-DMA)(DPM);)? whereas
the analogous reaction for the dirhodium species yielded [Rh,Cl,(p-CO)-
(1-DMA)(DPM),},® with coincident CO loss. In addition, the unusual
"ketonic" carbonyl is observed for the mixed-metal species, as for the
dirhodium case, whereas only terminal carbonyls were observed with the
diiridium analogue. Facile CO loss from 7 occurs on mild reflux to yield

species 8 (shown as characterized by Mague'®®), where the carbonyl group

Cl\ /Cl
Rh Ir
\ o
C==C
/
MeO,C CO,Me
8

most closely associated with the rhodium center is lost. It is rather
attractive to consider that CO loss occurs from 7 by a "windshield wiper”
motion of the bridging carbonyl and the Ir-bound chloro ligands, toward
the rhodium center, with subsequent carbonyl dissociation. It should be
noted that additional chloride dissociation and recoordination would be
required to yield the resulting species if the dicarbonyl precursor contained
a cis arrangement of ligands. Although only CO loss from 7 was previ-
ously reported,'®” it is found that refluxing CH,Cl, solutions of 7 for 3 h
with slow dinitrogen purge leads to competing chloride loss as well,
yielding a compound identified in the 3'P{"H} NMR spectrum to be
analogous to 9b, the product of DMA addition to [RhIr(CO),(u-CD)-



(DPM),][BF,] (2) (vide infra). Note that this is the result of chloride loss
from the more sterically congested jridium center of 7.

The A-frame complex, [Rhlr(\:O)z(p.-Cl)(DPM)z][BFJ (2), reacts
readily with DMA as evidenced by an immediate color change from
orange to dark red-violet. The 31P('H} NMR spectra reveal two isomers in
a 5:1 ratio with the minor one, 9a, disappearing within 30 min. The major
species is characterized as [RhIrCl(CO)z(u-DMA)(DPM)2][8F4] (9b), which

has spectroscopic parameters which are virtually identical to the previ-
ously characterized perchlorate salt of the complex obtained by a different
route.® In solution, compound 9b displays two terminal CO bands in the
infrared spectrum (2083, 2045 am-1) and shows two distinct resonances in
the ¥C{'H) NMR spectrum for the CO groups; a triplet at 8 173.81 (Jp.c = 5.1
Hz) and a broadened doublet at 8 146.49 (Jgn.c = 7.9 Hz). The latter
coupling is too low to be due to a carbon bonded directly to rhodium and
therefore is assigned to a two-bond coupling to Rh of the carbonyl ligand
opposite the metal-metal bond. Note that this coupling is not as effective
as was previously described for 4c. Upon selective decoupling of the Rh-
bound 3IP signal, the resonance at 5 14649 in the ¥C{'"H) NMR spectrum

resolves into an apparent quartet while that at 5 173.81 remains a triplet.
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Selectively decoupling the iridium-bound 3'P signal yields a singlet at 8
173.81 and a doublet (Jpy.c = 7.9 H2) for the 13C resonance at § 146.49,
confirming that the high field quartet is actually an overlapping doublet of
triplets (Jp.c = Jrnc = 7.9 H2).

The minor species, 9a, formed initially in the reaction, displays two
termirial CO stretches in the solution IR spéctrum (2099, 2060 em™) in
addition to those of 9b. Attempts to coprecipitate 9a along with 9b leads to
the conversion of all the 9a present and isolation of solid 9b exclusively, as
evidenced by the solid IR spectrum. Redissolving the solid reveals only 9b
in solution. The ¥C{'H} NMR spectrum of a solution containing 9a shows
a doublet of multiplets (5 188.09, 'Jgn.c = 57.09 Hz) for this species, corre-
sponding to a terminal CO on rhodium. Although this chemical shift is
not outside of the range representative of bridging CO ligands, the infrared
spectrum clearly shows this is not the case, and the large Rh-C coupling is
more typical of terminal carbonyls on rhodium than for those bridging.
Each half of this resonance is in fact very close to being a triplet, but there
is some apparent coupling to the distant phosphorus nuclei on jridium.
The other 13C resonance (5 153.44) is a somewhat broad pseudo-quartet
(Jgn.c = 9-1 H2) not unlike the § 146.49 resonance of 9b. The conversion of
9a to 9b with time suggests that 9a may be formed prior to 9b and a
mechanism consistent with this is outlined in Scheme 3.2. Compound 9a
appears analogous to the vesult of DMA addition to the diiridium
analogue of compound 2, [Irz(CO)z(;,l-Cl)(DPM);][BE‘].2 As pointed out for
the diiridium case, the product strongly suggests that attack of alkyne at an

outer site occurs, rather than between the two metals. In the homo-
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binuclear A-frame complex, [Rh,(CO),(u-CIDPM),)", attack by CO has also
been shown to occur at this outside site,525 and the geometry of the
product upon reaction of [ha(CO)z(p-OZCCH_,,)(DI’M)Z]* with hexaflouro-2-
butyne (HFB) indicates the same.2’?® Evidence for the initial attack at Ir on
the outside of the complex has been obtained by reaction of sulfido-bridged
complexes such as [RhIr(CO),(1-S)(DPM),] (3) with activated alkynes
(Chapter 4). In the sulfido-bridged complexes the reluctance of the initial
product to rearrange to species such as 9a appears to result from the barrier
associated with cleavage of a metal-sulfur bond to form a dipolar inter-
mediate (see also Chapter 5). Conversion of 9a to 9b might occur via a
species such as the one shown, although there is no evidence for this

intermediate.
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Reaction of compound 2 with HFB appears to proceed much the
same as the reaction with DMA, except that in this case, even after 30 min
of reaction under HFB, the IR spectrum in sclution reveals signifxcam
amounts of the species, [Rherl(CO)z(u-HFB)(DPM)z][BF.] (10a), corre-
sponding to 9a. All carbrawyl stretching frequencies (Table 3. 1) are some-
what higher than for the DMA derivative, demonstrating the greater
electron-withdrawing ability of the CF, groups in HFB over the carboxy-
lates in DMA.% Perhaps this factor is also the reason for slower conver-
sion of 10a to 10b, as the less electron-rich iridium center may not be as
inclined to support additional n-acidic ligands. Here too, precipitation of
the product reveals only species 10b. A very distinct acetylenic stretch is
observed in the IR spectrum at 1608 cm!, certainly in the acceptable range
for a cis-dimetallated olefin. The 19 NMR spectrum of 10b displays two
different environments for the CF;groups (5 -48.06, -50.21; °Jp.p = 10.6 H2).
The presence of two different 1SF resonances is consistent with a cis-
dimetallated olefin coordination for the alkyne; the perpendicular

bonding mode would render the environments equivalent.
Conclusions

In general, the reactivity of the heterobinuclear "Rhir" complexes
appears to display attributes of both of the homobinuclear analogues.
Addition of CO to [RhIrC1,(CO),(DPM),] (1) eventually gives a tetra-
carbonyl species as was observed for the diiridium species,! but the

resulting product is very susceptible to CO loss, reflecting the presence of



rhodium, for which the highest carbonyl-containing species in the homo-
binuclear complex is the labile tricarbonyl cation.56 This is also reflected in
the observed stability of the cationic tricarbonyl species, 4b, toward CO loss,
which again falls between that of the related dirhodium and diiridium
species.

Reactions with activated alkyne yield products which contain the
now commonly encouniered cis-dimetallated olefin geometry. Consistent
with the diiridium case, the neutral dichloro species retains the ligands
after alkyne coordination, but in accord with the dirhodium case, CO loss
can be indﬁced rather easily. Reaction of the A-frame complex, 2, with
alkyne gives a product analogous to that observed for the diiridium
species, but transfer of a carbony! ligand from rhodium to iridium occurs,
demonstrating a greater affinity of iridium for the m-acidic ligand. Later
chapters will describe attempts to utilize the attributes of both metals in
these species for the activation of dihydrogen and subsequent reaction

with unsaturated organic substrates.
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CHAPTER 4

BINUCLEAR DIIRIDIUM AND MIXED-METAL RHODIUM-IRIDIUM

COMPLEXES CONTAINING TERMINAL n?-ALKYNES: THE
STRUCTURE OF [Ir;(CO)(n?-F3CC=CCF;)(1-5)(1-CO)DPM),1-CH,Cl,

Introduction

As described in Chapter 1, the coordination of unsaturated organic
substrates to transition metal complexes is an important step in homo-
geneous catalytic hydrogenation. Although the bonding mode of such
substrates to mononuclear complexes is essentially the same from one
complex to the next, binuclear complexes offer additiunal coordination
modes in which the unsaturated molecule may interact with both metal
centers simultaneously. The previous two chapters of this thesis contain
examples of such bonding by alkynes, and many related binuclear alkyne
complexes have been reported.’'’3 Almost invariably the resulting
complexes bind the acetylene moiety in one of two common bridging
modes, either parallel(]) or perpendicutar(Il) to the metal-metal axis.

Hoffmann and coworkers have presented a molecular orbital analysis of
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both types in an attempt to rationalize the geometries observed in the
large number of complexes which have been structurally characterized?

Alkynes which are found to coordinate to homobinuclear DPM-
bridged complexes of rhodium and iridium are almost exclusively bound
parallel to the metal-metal axis,""1® and more recent studies show that
heterobinuclear "Rhlr" analogues conform to the same trend (see Chapter
3 and elsewhere'!). Although many related perpendicular acetylene
complexes are known, especially for dicobalt species,? there are only a few
examples of this bonding mode in the chemistry of homo- or hetero-
binuclear DPM-bridged rhodium/iridium complexes.'?

One alkyne cocrdination mode that has not yet been identified in
binuclear DPM-bridged complexes 1s that in which the alkyne is bonded to
only one metal center in an n? fashion. This would be analogous to the
many well-known examples of mononuclear alkyne complexes. Such
complexes have been proposed to precede the formation of the bridged
species, as described for the reaction of alkynes with [RhIr(CO),(1-Cl)-
(DPM),}* in Chapter 3 and as shown below for the reaction of [Ir,(CO),-

o ® +R o @
Ir Ir/ |T| —e cl \Ir Ir/
N c1/ ~C \ /

R C==C
/ AN
R R

(u-C)(DPM),]* with alkynes.! With this chioro-bridged A-frame species

rearrangement is apparenily extremely facile since no evidence of an
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intermediate containing a terminal n?-alkyne was ever observed.

Nevertheless, the above route, in which coordination at one metal occurs
first, followed by rearrangement, was proposed based on the stucture of the
product obtained, in which the carbonyls were approximately trans to the
alkyne group. If attack had occurred in the A-frame pocket, between the
two metals, a symmetric product having both carbonyls adjacent to the
alkyne would be expected.

Based on other studies (Chapter 5), in which rearrangement of the
bridging sulfido ligand to a terminal position was found to be much less
facile than for halide analogues, it was felt that in a reaction like the one
diagrammed above, sulfide-bridged complexes might yield stable products
having the alkyne bound at the initial site of attack. Furthermore, similar
bridging thiolato groups were found to permit the isolation of a terminal
n2-alkyne complex, [Irz(CO)z(nz-C,,F(,)(P(O—t-Bu)3)2(u—S-t-Bu)2], which only

slowly rearranged to giire the alkyne-bridged form.13
Experimental Section

General experimental conditions were described in Chapter 2. The
compounds, [Irz(CO)z(p-S)(DPM)Z]14 and [RhIr(CO),(u-S)(DFM),] (See
Chapter 3), were prepared according to the reported procedures. Hexa-
fluoro-2-butyne (HFB) was purchased from PCR Incorporated and
dimethylacetylenedicarboxylate (DMA) was obtained from Aldrich
Chemical Company. The #'P{'H}, 'H, and F NMR spectra were recorded

on a Bruker WH-400 spectrometer.
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Preparatioﬁ of Compounds

(a) [Irz(CO)(nz-F3CCECCF3)(u-S)(u-CO)(DPM);] ).

A 50.0 mg sample (0.040 mmol) of [Ir,(CO),(1-S)(DPM),] (1) was
dissolved in 5 mL of CH,C], under dinitrogen. Excess hexaflouro-2-butyne
(HFB) was then bubbled through the solution, causing the deep purple
solution to become yellow within 1 min. The solution was left under HFB
for 10 min, then was concentrated to approximately 2 mL with a rapid flow
of dinitrogen. The product was precipitated by the addition of 10 mL of
diethyl ether, the solvent was removed by syringe and the solid dried with
a rapid flow of dinitrogen. Compound 2 was isolated as an orange micro-
crystalline solid in 75% yield. Spectroscopic data for this and subsequent
compounds are giveh in Table 4.1. Anal. calcd for Ir,SPFO,C:eHyy: C,
47.93%; H, 3.16%, Found: C, 47.08%; H, 2.98%.

) [Ir(CO) (n%-H,CO,CC=CCO,CHy)(1t-8)(4-CO)DPM),] (3).

A 50.0 mg sample (0.040 mmol) of [Ir,(CO),(n-S)(DPM),] (1) was
dissolved in 4 mL of CH,Cl, under dinitrogen. To this solution was added
excess dimethylacetylenedicarboxylate (DMA) (10 pL, approx. 2 equiv)
which caused an immediate color change to orange. The compound was
precipitated by the addition of 10 mL of hexanes, yielding an orange-yellow
powder, which was washed with two 5-mL portions of diethyl ether and
dried with dinitrogen flow. Isolated yield: 85%. Anal. calcd for
Ir,SP,FOCssHsp: C, 50.36%; H, 3.64%, Found: C, 49.52%; H, 3.64%.
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(©  [RhINCO)M*-F,CCeCCFy(p-S)(u-CO)DFM),] (5)

A 10.0 mg sample of [RhIr(CO),(u-S)(DPM),] (4) was dissolved in 1
mL of CH,CJ, under dinitrogen. Hexafluoro-2-butyne (HFB) was bubbled
through the solution, causing an immediate color change from dark red to
orange-yellow. In the absence of an HFB atmosphere the solution
regained a dark red color and infrared spectroscopy revealed only starting
material. Compound 5 was characterized in solution (see Table 4.1) by
saturating the solution with HFB and keeping it under an aimosphere of

HFB.

X-rav Data Collection

Crystals of [Ir,(CO) (M2-F,CC=CCF)(1-5)(-CO}DPM),]-CH,Cl, (2)
were obtained by slow diffusion of diethyl ether into a saturated CH,Cl,
solution of the complex. A suitable crystal was wedged into a capillary
tube which was flame sealed as a precaution against loss of solvent of
crystallization. Unit cell parameters were obtained from a least-squares
refinement of the setting angles of 25 reflections, in the range 22.2°526<
25.8°, which were centered in both positive and negative 8 on an Enraf-
Nonius CAD4 diffractometer using graphite monochromated MoKa
radiation. Automatic peak search and reflection indexing programs
established a monoclinic crystal system. The systematic absences (ho}, 1 =
odd; 0k0, k = odd) were consistent with the space group P2,/c.

Intensity data were collected on the CAD4 diffractometer, and

processed in the usual manner as described in Chapter 2. There was no



appreciable decrease in the intensities of the three standard reflections, so

no correction was applied to the data. See Table 4.2 for crystal data and

details of intensity collection.

Structure Solution and Refinement

The crystal structure was solved in the space group P2,/c using
Patterson techniques to locate the metal atoms and by successive least-
squares and difference Fourier calculations to obtain the other atom
positions. The electron density in the vicinity of the solvent atoms
appeared somewhat smeared out, indicating slight disorder in this group
and giving rise to high thermal parameters. All hydrogen atoms were

Jocated but were assigned idealized positions as noted in Chapter 2.

The positional and isotropic thermal parameters for the final model

are given in Table 4.3. In the final difference Fourier map, the 10 highest
residual peaks were in the range 2.630-0.706 e/ A3 and were located mainly
in the vicinities of the CH,Cl, solvent atoms. Refinement in the space

group P2, /c converged at R = 0.045 and R,, = 0.063.1°
Results and Discussion

(a) Description of Structure

The complex, [Ir,(CO)Ym2-F;CC=CCF;)(u-S)(1-CO)DPM),] (),

crystallizes in the space group P2,/c with one complex molecule and one
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Table 4.2. Summary of Cr

ystal Data and Details of Intensity Collection.

compd
formula
fw
crystal shape
crystal size, mm
space group
cell parameters

a, A

b, A

c, A

B, deg

v, A3

V4
p(calcd), g/cm?
temp, °C
radiation (A, A)

receiving aperture, mm
take off angle, deg

scan speed, deg/min

scan width, deg

[Ir,(COYm?-C{F(p-S)(u-COXDPM),1-CH,Cl,

Ir,C,SPFO,CsrHye
1488.26

monoclinic prism
0.63 x 0.45 x 0.29
P2,/c (No.14)

20.614(7)

15.348(3)

19.890(5)

117.84(2)

5565.0

4

1.776

22

graphite monochromated
MoKa (0.71069)

3.00+(tan®) wide x 4.00 high, 173
from crystal

3.00

variable between 6.67 and 1.54
0.80 + (0.347 tanB)in 6



Table 4.2. (Continued)

100

28 limits, deg

no. of unique data colled

no. of unique data used (F,2 2 36(F.%))
linear absorption coeff, y, cm!

range of transmission factors

final no. of parameters refined

error in observation of unit weight
R

Ry

1.05268550.0
9821 (h, k, &)
6806

50.66
0.723-1.169
412

2.027

0.045

0.063




Table 4.3. Positional Parameters and Isotropic Thermal Parameters®

Atom

Ir(1)
Ir(2)
Ci(1)®
Cl2*
S
P(1)
P(2)
P(3)
P(4)
F(1)
F(2)
F(3)
F4)
F(5)
F(6)
o(1)
O(2)
c
C(2)
C@3)
C@)
C(5)
C(6)
C@
C(8)
CO)®
C(@1)
C@12)

0.27694(2)
0.25690(2)
0.1947(4)
0.0952(7)
0.3712(1)
0.2669(1)
0.2623(1)
0.2878(1)
0.2910(1)
0.3944(5)
0.4552(5)
0.4080(7)
0.2392(6)
0.1909(5)
0.1529(5)
0.1239(3)
0.1473(5)
0.1864(5)
0.1869(5)
0.3944(8)
0.3286(6)
0.2588(6)
0.2084(7)
0.2982(5)
0.3326(5)
0.157(2)
0.3219(5)
0.2931(6)

0.06539(2)
-0.07577(2)
0.5243(6)
0.476(1)
-0.0101(2)
0.1666(2)
0.0143(2)
-0.0362(2)
-0.1805(2)
0.2884(5)
0.1837(7)
0.1904(7)
0.2500(7)
0.2397(6)
0.1866(7)
-0.0063(5)
-0.1960(6}
-0.0006(7)
-0.1483(7)
0.2029(8)
0.1600(6)
0.1634(7)
0.2198(9)
0.1246(5)
-0.1337(7)
0.562(2)
0.2632(7)
0.3410(8)

0.27614(2)
0.17183(2)
0.0840(5)
0.1315(7)
0.2554(1)
0.1832(1)
0.0809(1)
0.3693(1)
0.2657(2)
0.4120(5)
0.4147(6)
0.4865(5)
0.4212(5)
0.3096(5)
0.3451(6)
0.1765(3)
0.0537(4)
0.2013(5)
0.0993{5)
0.4190(7)
0.3624(5)
0.3365(5)
0.3505(7)
0.1173(5)
0.3619(5)
0.095(2)
0.2191(5)
0.2257(6)

B(A?)

2.547(8)
2.689(8)
8.4(2)*
14.2(4)*
3.11(6)
2.97(6)
2.76(6)
2.92(6)
3.32(6)
9.2(3)
12.2(4)
19.1(4)
16.6(4)
13.2Q3)
18.6(3)
3.8(2)
6.8(3)
3.3(2)
4.1(3)
6.4(4)
3.8(3)
4.3(3)
7.5(4)
29(2)
3.7(3)
11.Q1)*
3.6(2)*
49(3)*



Table 4.3. (Continued)

cas)
C@14)
C(@15)
C(16)
C@n
C(22)
C(23)
C(24)
C(25)
C(26)
C@31
C(32)
C(33)
C(34)
C(35)
C(36)
C(41)
C(42)
C(43)
C44)
C(45)
C(46)
C(51)
C(52)
C(53)
C(54)
C(55)
C(56)
C(61)
C(62)
C(63)

0.3415(7)
0.4142(7)
0.4455(7)
0.3972(6)
0.1746(5)
0.1167(6)
0.0471(7)
0.0354(7)
0.0939(7)
0.1641(6)
0.3248(5)
U.3429(6)
0.3890(7)
0.4168(7)
0.4008(7)
0.3549(6)
0.1746(5)
0.1104(6)
0.0434(7)
0.0408(6)
0.1035(6)
0.1713(5)
0.3444(5)
0.3139(6)
0.3584(6)
0.4301(6)
0.4616(7)
0.4168(6)
0.2045(5)
0.2047(6)
0.1404(7)

0.414(1)
0.403(1)
0.3277(9)
0.2538(8)
0.2091(7)
0.1900(8)
0.218(1)
0.261(1)
0.283(1)
0.2548(8)
-0.0254(6)
-0.1124(8)
-0.1453(9)
-0.0891(9)
-0.0071(9)
0.0289(8)
0.0332(6)
0.0211(8)
0.0386(9)
0.0644(7)
0.0763(7)
0.0611(7)
-0.0051(6)
0.0435(7)
0.0733(8)
0.0527(8)
0.0021(9)
-0.0269(8)
-0.0728(7)
-0.1473(8)
-0.172(1)

0.2585(8)
0.2862(8)
0.2818(7)
0.2471(6)
0.1180(5)
0.1324(6)
0.0798(7)
0.0145(8)
0.0029(7)
0.0532(6)
0.0466(5)
0.0544(6)
0.0259(7)
-0.0076(7)
-0.0154(7)
0.0131(6)
-0.0055(5)
-0.0019(6)
-0.0665(7)
-0.1318(6)
-0.1371(6)
-0.0736(5)
0.4680(5)
0.5038(6)
0.5811(7)
0.6168(6)
0.5811(7)
0.5050(6)
0.3716(6)
0.4104(6)
0.4123(7)

6.6(3)*
6.5(3)*
5.8(3)*
5.0(3)*
3.7(2)*
4.6(3)*
6.4(3)*
6.9(4)*
6.7(3)*
5.03)*
3.12)*
4.7(3)*
6.1(3)*
5.93)*
6.0(3)*
4.4Q2)*
3.002)*
4.7(3)*
6.0(3)*
4.5(2)*
4.4(2)*
3.6(2)*
2.9(2)*
4.002)*
5.2(3)*
4.73)*
5.7(3)*
4.7(3)*
3.6(2)*
5.2(3)*
6.8(4)*
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Table 4.3. (Continued)

C(64) 0.0792(7)  -0.122(1) 0.3788(7) 6.4(3)°
C(65) 0.0779(8)  -0.047(1) 0.3429(8) 6.8(4)*
C(66) 0.1434(6)  -0.0215(8) 0.3390(6) 4.6(2)*
Cc@@1n 0.2194(5)  -0.2518(7) 0.2647(6) 4.0(2)*
C(72) 0.2401(7)  -0.3272(9) 0.3086(7) 6.13)*
C(73) 0.1842(8)  -0.376(1) 0.3139(8) 7.7(4)*
C(74) 0.1125(7)  -0.352(1) 0.2754(8) 7.1(4)*
C(75) 0.0920(7)  -0.280(1) 0.2316(7) 6.5(3)*
C(76) 0.1464(6)  -0.2292(8) 0.2258(6) 4.6(3)*
C(81) 0.3574(5)  -0.2567(7) 0.2664(6) 4.002)*
C(82) ‘ 04279(6)  -0.2656(9) 0.3280(7) 5.6(3)*
C(83) 04773(8)  -0.327(1) 0.3214(8) 7.1(9"
C(84) 04571(7)  -0.373(1) 0.2571(8) 7.0(4)*
C(85) 0.3904(8)  -0.361(1) 0.1954(8) 7.7(4)*
C(86) 0.3389(7)  -0.302(1) 0.1995(7) 6.5(3)*

» Estimated standard deviations in this and other tables are given in
parentheses and correspond to the least significant digits. Starred atoms
were refined isotropically. Anisotropically refined atoms are given in the
form of the isotropic equivalent displacement parameter defined as:
(4/3)[a2p(1,1) + b2B(2,2) + 2P(3,3) + ab(cos gamma)p(1,2) + ac(cos beta)p(1,3)
+ be(cos alpha)p(2,3)].

b Atoms CI(1), CI(2) and C(9) are those of the CH,Cl, solvent molecule.
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CH,C], solvent molecule in the asymmetric unit. The solvent molecule
displays the expected geometry, in spite of the apparent disorder (vide
supra) and is not involved in any unusual contacts with the complex. A
perspective view of the complex, including the numbering scheme, is

shown in Figure 4.1. Selected bond distances and angles are given in

Tables 4.4 and 4.5, respectively.

The complex molecule has the usual trans arrangement of DPM
ligands and a doubly-bridged A-frame geometry in which the metals are
bridged by sulfur and by CO. One jridium center has a terminal CO and
the other has an n2-bound hexafluoro-2-butyne (HFB) group. The overall
geometry of the complex is very similar to that of [Ir,(CO),(u-S)(u-CO)-
(DPM),],"* which is related to compound 2 by substitution of the alkyne by
a terminal CO ligand. The DPM methylene groups are tilted toward the
anionic bridging group as is most often the case in such A-frame
complexes, minimizing interactions between the phenyl rings and atoms
in the equatorial plane. The unsymmetrical structure results in somewhat
different geometries at the metals.

The coordination at Ir(2) is very similar to both metal environ-
ments in [Ir,(CO),(1-5)(-CO)XDPM),],'* having a square pyramidal geome-
try with the two phosphorus atoms, the sulfur bridge-atom and C(2) at the
base, and the bridging carbonyl group at the apex. Angles involving the
pseudo trans-related basal groups (P(2)-1r(2)-P(4) = 159.60(7)°; S-Ir(2)-C(2) =
162.0(3)°) are in better mutual agreement than are the corresponding
angles in the tricarbonyl species (166.7(1)°; 151.5(4)°). The Ir-P distances at
Ir(2) (2.320(2) A, 2.311(2) A) are virtually identical to those of the tricar-
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13 - "“‘Y}h C(5) oy

Figure 4.1 A perspective view of [Ir,(COYn2-F;CC=CCF,)(i-5)(u-CO)-
(DPM),] showing the numbering scheme. Thermal ellipsoids
are shown at the 20% level except for the methylene
hydrogens, which are shown artificially small and the phenyl

hydrogens, which are omitted.



Table 4.4. Selected Distances (A) in [Ir,(COY(n2y TFB)(-S)(1-CO)DPM),}

- Ir(1)-1r(2)
Ir(1)-S
Ir(1)-P(1)
Ir(1)-P(3)
Ir(1)-C(1)
Ir(1)-C(4)
Ir(1)-C(5)
Ir(2)-S
Ir(2)-F(2)
Ir(2)-FP(4)
Ir(2)-C(1)
Ir(2)-C(2)
P(1)-C(7)
P(1)-C(11)
P(1)-C(21)
P(2)-C(7)
P(2)-C(31)
P(2)-C(41)

2.8929(4)
2.457(2)
2.350(2)
2.351(2)
2.032(8)
2.117(7)
2.065(8)
2.381(2)
2.320(2)
2.311(2)
2.141(8)
1.860(8)
1.827(7)
1.798(8)
1.851(8)
1.854(7)
1.822(7)
1.845(7)

P(3)-C(8)
P(3)-C(51)
P(3)-C(61)
P(4)-C(8)
P(4)-C(71)
P(4)-C(81)
F(1)-C(3)
F(2)-C(3)
F(3)-C(3)
F(4)-C(6)
F(5)-C(6)
F(6)-C(6)
0(1)-C(1)
0(2)-C(2)
C(3)-C(4)
C(4)-C(5)
C(5)-C(6)

1.799(8)

1.817(7)

1.829(8)
1.839(8)
1.830(8)
1.795(8)
1.33(1)
1.33(1)
1.26(1)
1.33(1)
1.29(1)
1.21(1)
1.148(8)
1.155(9)
1.45(1)
1.28(1)
1.47(1)
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Table 4.5. Selected Angles (deg) in [Irz(CO)(nz-HFB)(u-S)(u—CO)(DPM),]

Ir(2)-Ir(1)-5 52.09(4) P2)-Ir(2)-P4)  159.60(7)
Ir(2)-Ir(1)-P(1)  90.01(5) P2)-Ir(2)-C(1)  100.2(2)
Ir(2)-Ir(1)-P(3)  89.85(5) P2)-Ir(2-C(2)  93.2(3)
Ir(2)-Ir(1)-C(1)  47.72(2) P@4)-Ir(2-C(1)  98.2(2)
Ir(2)-Ir(1)-C4)  160.8(3) P(4)-Ir(2)-C(2)  92.5(3)
Ir(2)-Ir(1)-C(5)  163.5(3) C()-Ir(2)-C(2)  989(3)
S-Ir(1)-P(1) 88.03(7) Ir(1)-5-1Ir(2) 73.43(5)
S-1Ir(1)-P(3) 91.57(7) Ir(1)-P(1)-C(?) 113.6(2)
S-Ir(1)-C(1) 99.8(2) . Ir(1)-P(1)-C(11) 115.1(3)
S-1r(1)-C(4) 108.8(3) Ir(1)-P(1)-C(21) 117.9(3)
S-Ir(1)-C(5) 144.4(3) C(?-P(1)-C(11) 102.1(3)
P(1)-Ir(1)-P(3)  179.58(7) C(?)-P(1)-C21) 102.4(3)
PO1)-Ir(1)-C(1)  92.3(2) C(11)-P(1)-C(21) 103.8(4)
P(1)-Ir(1)-C(4)  90.6(2) IrQ-P(-C(?) 113.3(2)
P(1)-Ir(1)-C(5)  90.2(2) Ir(2)-P(2)-C(31) 113.1(2)
PG)-Ir(1)-C(1)  87.9(2) Ir(2)-P(2)-C(41) 115.9(2)
P@3)-Ir(1)-C(4)  89.4(2) C(7)-P(2)-C(31) 103.3(3)
P3)-Ir(1)-C(3)  90.1(2) C(7)-P(2)-C(41) 105.0(3)
C(1)-Ir(1)-C(4)  151.4(3) C(31)-P(2)-C(41) 105.2(3)
C()-Ir(1)-C(5) 1159(3) Ir(1)-P(3)-C(8) 110.5(3)
C4)-Ir(1)-C(5)  35.7(3) Ir(1)-P(3)-C(51) 117.0(2)
Ir(1)-Ir(2)-S 54.48(4) Ir(1)-P(3)-C(61) 118.6(3)
Ir(1)-Ir(2)-PQR)  94.01(5) C(8)-P(3)-C(51) 102.3(3)
Ir(1)-Ir(2)-P@)  93.08(5) C(8)-P(3)-C(61) 105.7(4)
Ir(1)-Ir(2)-C(1)  44.6(2) C(51)-P(3)-C(61) 101.0(3)
Ir(1)-Ir(2)-CR) 143.5(3) Ir(2)-P(4)-C(8) 112.8(2)
S-Ir(2)-P(2) 84.27(6) Ir(2)-P(4)-C(71) 117.9(3)
S-Ir(2)-P(4) 84.36(7) Ir(2)-P(4)-C(81) 113.7(3)
S-Ir(2)-C(1) 99.1(2) C(8)-P(4)-C(71) 103.1(4)

S-Ir(2)-C(2) 162.0(3) C(8)-P(4)-C(81) 105.3(4)
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Table 4.5 (Continued)

C(71)-P(4)-C(81) 102.7(4) C(3)-C(4)-C(5) 139.3(9)
Ir(1)-C(1)-Ir(2)  87.7(3) Ir(1)-C(5)-C(4)  74.3(5)
Ir(1)-C(1)-0(1)  144.6(7) Ir(1)-C(5)-C(6)  150.6(9)
Ir(2)-C(1)-0(1) 127.6(6) C4)-C(5)-C(6) 135.(1)
Ir(2)-C(2)-0(2) 175.2(8) F(4)-C(6)-F(5)  103.(1)
F(1)-C(3)-F(2)  99.5(9) F(4)-C(6)-F(6) 102.(1)
F(1)-C(3)-F(3)  105.(1) F(4)-C(6)-C(5) 112.(1)
F(1)-C3)-C@) 114.(1) : F(5)-C(6)-F(6)  109.(1)
F(2)-C(3)-F(3)  107.(1) F(5)-C(6)-C(5) 112.6(9)
F(2)-C(3)-C4) 114.7(9) F(6)-C(6)-C(5) 117.(1)
F(3)-C(3)-C4) 116.() P(1)-C(7)-P(2) 113.1(3)
Ir(1)-C(4)-C(3) 150.7(8) P(3)-C(8)-P(4) 113.7(4)

Ir(1)-C(4)-C(5)  70.0(5)




bonyl complex and the Ir(2)-C(2) distance is only slightly longer than in the
tricarbonyl species (1.860(8) A vs 1.80(1) A). The C-O distances in both of
the carbonyl groups are normal. '

At Ir(1) the coordination could be considered somewhat of an
average between trigonal bipyramidal and octahedral. Whereas the P-Ir-P
angle is bent away from the adjacent metal in the tricarbonyl complex, a
compression of the DPM groups along the metal-metal bond in 2 results in
a P(1)-Ir(1)-P(3) angle which is almost perfectly linear (179.58(7)°) indicating
that the coordinated alkyne forces these phosphorus atoms toward Ir(2).
The Ir(1)-P distances (2.350(2) A, 2.351(2) A) are slightly longer than those
at Ir(2), again a likely result of the increased steric requirements of the
alkyne. The sulfido ligand bridges the two metals in an unsymmetrical
fashion, with the longer Ir(1)-S distance (2.457(2) A vs 2.381(2) A for Ir(2)-S)
probably arising from steric interactions involving the alkyne CF; groups.
The opposite situation is evident at C(1), where the distance to Ir(1)
(2.032(8) A) is shorter than that to Ir(2) (2.141(8) A). This is apparently due
to steric effects involving the phenyl group containing C(42), which forces
the carbonyl group away from Ir(2). Accordingly, the H(42)-O(1) distance is
rather short (2.50 A) compared to van der Waals radii for these atoms.!$
The Ir(1)-C(1)-Ir(2) angle (87.7(3)°) is not unusual for a bridging carbonyl
associated with a metal-metal bond (see also Chapter 2).117 The Ir(1)-Ir(2)
séparation of 2.8929(4) A corresponds to a normal single bond and is
comparable to other diiridium species which are metal-metal

bOﬂde.LMJZm
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The coordinated alkyne moiety lies in the equatorial plane of the
molecule, with the inidpoint of the C=C bond almost directly trans to the
Ir-Ir bond. The Ir-C distances (2.117(7) A, 2.065(8) A) are comparable to
those found in diiridium complexes with bridging alkyne groups,''° and
in a related triiridium complex, which contains both terminal and
bridging HFB groups.” The C(5)-C(6) distance (1.28(1) A) is not unusual
for terminal n-bound alkynes in mononuclear Group VIII compounds.20-%
Typical C-C distances in coordinated alkyne complexes range from 1.19 to
1.32 A. The angles at which the CF; groups are bent back (139.3(9)° and
135.(1)°) are somewhat acute, as typical bend-back angles are in the range
168° to 140°.25 The slightly greater bending back of the CF; group contain-
ing C(6) appears to result from a stronger binding of this end of the alkyne,
as indicated by the slightly shorter Ir(1)-C(5) distance given above. |
Stronger n back-donation to C(5) would result in a shorter distance and a
greater degree of rehybridization of C(5) toward sp?. The stronger n back-
donation to C(5) than to C(4) is consistent with the former being opposite
the good electron-donating sulfido group and C(4) being opposite the n-
accepting carbony! group (C(1)O(1)). Steric factors do not appear to be
important, since the shortest non-bonded contact involving the CF;
groups (F(5)-H(12) = 2.86 A) is in the direction opposing the observed
bending of the CF; group. The C-C distance in this terminal alkyne
complex is notably shorter than those observed for bridging alkynes in
related species such as [Ir,C1,(CO),(1-CH;0,CC=CCO,CH;)(DPM),) (1.344(8)
A)! and [Rh,CHCNMe),(1-F;CC=CCF;)(DPM),] (1.32(1) A),® where distances

and angles at the unsaturated carbons are very similar to normal alkenes.
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Accordingly, the C=C-CF; angles in complex 2 are greater than correspond-
ing angles found in these complexes (av 124.8°). The C-CF, distances
(1.45(1) A, 1.47(1) A) are in the range expected for such bonds adjacent to a
carbon-carbon triple bond,? slightly shorter than those found in a

dirhodium HFB-bridged complex.®

(b)_Description of Chemistry

The addition of hexafluoro-2-butyne (HFB) to a solution of the
A-frame complex, [Ir,(CO),(1-S)(DPM),] (1), causes a color change from
deep purple to yellow. The ¥P{'"H} NMR spectrum of the resulting
solution displays two complex multiplets at 8 -9.45 and 8 -10.91, indicating
an unsymmetrical species, 2, having two sets of chemically inequivalent
phosphorus atoms. The infrared spectrum of the solution reveals new
| bands at 1945, 1771 and 1747 cm-!. The absence of an acetylenic stretch in
the region 1645-1490 cm, expected for either the parallel or perpendicular
bridging modes,! suggests a different bonding mode in this species which
is confirmed by the structure determination (vide supra). The CO stretch
at 1945 cm! is attributed to the terminal carbonyl in complex 2, while the
stretches at 1771 em™ and 1747 cm™! are attributed to v(CO) of the bridging
carbonyl and v(C=C) of the coordinated alkyne, respectively (Av(C=C) = 553
em! vs free alkyne?). These bands are unambiguously assigned by
preparation of the *CO enriched product, which displays an IR spectrum
in which the carbonyl bands are shifted to 1898 em! and approximately

1740 cm! (underneath the C=C stretch at 1747 cm).
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Compound 2 can be compared to the mononuclear HFB complex,
diagrammed below, which is formed upon reaction of Vaska's compound,
[IrCI(CO)(PPh,),], with HFB.? The infrared spectrum of this mononuclear
species exhibits a stretch at 1773 em™! for the coordinated alkyne which is
significantly higher than that observed for compound 2. This is consistent

with the sulfido ligand in compound 2 providing a more electron rich

PPh,
a... I 3
oc l C

PPh, s

metal, thereby being better able to reduce the C-C bond order through =
back-donation (Note that carbony! stretches in the IR spectrum of the
precursor, [Ir,(CO),(1-8)(DPM),] (1), were found to be rather low (1935, 1920
cm-1), compared to the chloro-bridged analogue, also indicating electron
rich metal centers™). A C=C stretch at 1765 cm™! was observed in a related
binuclear iridium complex containing a terminal n2-HFB group, [Ir,(CO),-
(M2-CF)(P(O-t-Bu),),(-S-t-Bu),1.”* The relatively high value for v(C=C) in
2, compared to the same stretch in diiridium complexes containing HFB in
a bridging position (range 1549-1573 cm™),! is an indication of the signifi-
cant carbon-carbon triple bond character remaining in the coordinated
HFB group of 2. Accordingly, the bonding between the alkyne and the
iridium center of 2 is somewhat weaker than in these cis-dimetallated

olefin species, which are rather stable toward alkyne loss.! Compound 2 is



stable in solution, even under N, purge, but loses HFB upon refluxing in
CH,C], to regenerate the dark purple color of [Ir,(CO)y(u-SHDPM),] (1).

The 'F NMR spectrum of 2 displays an interesting temperature
dependence. Although only one resonance (singlet, & -52.62) is observed at
22 °C, lowering the temperature causes this resonance to split and resolve
into two multiplets by 5 °C; by -20 °C they are well separated and appear as
two partially resolved quartets (5 -52.56, -52.74; 5Je.p = 4.5 H2). No broaden-
ing or collapse of the resonances is observed, arguing against a fluxional
process which averages the environments of the fluorine atoms. It would
appear, instead, that the chemical shift of each set of fluorine nuclei is
temperature dependent, being accidentally coincident at 22 °C, but moving
away from each other at slightly different rates as the temperature is
decreased. A similar effect has been observed in the 3'P{*"H} NMR spectra
of [Ir,Cl(CO);(1-H;CO,CC=CCO,CH,)DPM),][BF,].!

Compound 1 also reacts with excess dimethylacetylenedicarboxylate
(DMA), giving an immediate color change to orange-yellow. The 31p(*H)
NMR spectrum (8 -8.63(m), -10.06(m) ) is very similar to that of the HFB
adduct, strongly suggesting an analogous formulation for [Ir,(CO)-
(M2-DMA)(p-S)(u-COYDPM),] (3). This formulation is supported by the
solution infra~ed spectrum of 3 which displays a terminal carbonyl stretch
at 1939 ecm’, a bridging CO stretch at 1775 cm™ and a stretch due to the
DMA carboxylate groups at 1680 cm™!. The carbonyl stretches are again
confirmed by preparation of the complex using BCO-enriched starting
material. The acetylenic stretch for 3 is apparently obscured by the

carboxylate band of free DMA in solution, but is clearly visible (at 1753
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cm) in the infrared spectrum of solid samples of 3. The higher frequency
for this stretch compared to that of compound 2 corresponds to less reduc-
tion in the C=C bond order (Av(C=C) = 397 cm? vs free alkyne), caused by
Jess 1 back-donation by the metal into the n* orbital of the alkyne. This is
not surprising based on the greater electronegativity of the CF; group
compared to CO,Me,? and is consistent with the ease of reversibility
demonstrated by these complexes. As with complex 2, the formation of 3
is reversible, but in this case alkyne loss is much more facile. A solid
sample of 3 which is redissolved in CH,Cl, immediately gives a dark red
solution signifying the presence of a large amount of compound 1. The
solution IR spectrum confirms the presence of 1, along with free DMA,
while a small amount of 3 remains. Likewise, reaction of 1 with only one
equivalent of DMA results in an equilibrium mixture of 1 and 3. These
results are again consistent with less nt back-donation to the DMA group,
thus giving weaker metal-alkyne bonding in 3 than in 2.

The products resulting from the reaction of [Ir,(CO),(1-S}DPM),] (1)

with HFB and DMA are somewhat surprising based on the virtually

exclusive observation of the bridging mode displayed by the products in all

previous reactions involving similar DPM-bridged binuclear complexes.>?
However, attack of the alkyne at an outside site of the A-frame (as in
complexes 2 and 3) has been proposed’ (see also Chapter 3) in order to
justify the observed products, without having to invoke ligand loss and
subsequent recoordination. The rearrangement would then only require
movement of the anionic bridge-ligand to a terminal position, and

replacement by the coordinated alkyne. In the sulfido-bridged species, the
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reluctance of the dianionic sulfide group to move to a terminal site on one
metal inhibits such rearrangement and allows the isolation of the
presumed initial nZ-alkyne complex. The species isolated reveals that
subsequent bridging of the carbonyl ligand adjacent to the alkyne moiety
has occurred, which is clearly advantageous sterically, and furthermore
provides both metals with stable eighteen-electron configurations.
Attempts were made to induce rearrangement to the alkyne bridged form
by the addition of polar solvents to CH,C], solutions of 2. This would

possibly stabilize a dipolar intermediate such as that shown below, which

|
oc lr\c /k\ll:
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would then allow the alkyne to migrate to the bridge position. These
attempts were unsuccessful, leading only to precipitation of the complex.
In comparison, conversion of the terminal HFB group in [Ir(CO),-
(M2-C,F)(P(O-t-Bu)y),(1-S-t-Bu),]® to the bridged form, as was observed in
that system, does not require cleavage of a metal-sulfur bond because the
molecule is stereochemically nonrigid.

Based on the results of the reactions of the diiridium complex, 1,
with alkynes, an extension to the mixed-metal "Rhir" analogue was

expected to give a similar result, except that metal-specific attack of the
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alkyne at iridium was anticipated due to its greater ability for n back-

bonding.
Solutions of the A-frame complex, [RhIr(CO),(n-S)(DPM),) (4), react

immediately with excess HFB, as evidenced by a color change from red to
orange-yellow. The resulting compound, 5, persists in solution only when
kept under atmosphere of HFB, rapidly reverting to compound 4 in its
absence, as evidenced by a color change to dark red. The 3‘P(”H] NMR
spectrum of an HFB-saturated solution of compound 5 is typical of DPM-
bridged "Rhir" complexes, having a doublet of multiplets due to the
rhodium-bound phosphorus atoms (8 15.98, 'Jgy.p = 137.7 Hz) and a
multiplet for the iridium-bound phosphorus atoms (6 -10.39). Notably,
the chemical shift of the iridium-bound phosphorus atoms in 5 is signifi-
cantly different from that of the precursor, 4, whereas the rhodium-bound
phosphorus signal is only slightly changed (See Chapter 3). The infrared
spectrum of a solution containing 5 displays carbonyl stretches at 1959 cm’!
and 1814 cm, and a C=C stretch due to the coordinated alkyne appears at
1753 cm’. Again, the stretches are unambiguously assigned by preparation
of the 3CO enriched species, in which the 1753 cm’! band remains
unchanged. The *C{'"H)} NMR spectrum of 5 displays a doublet of triplets
at §194.50 (Jgy.c = 71.7 Hz, ¥p.c = 15.1 Hz), which clearly results from a
terminal CO on rhodium, and a partially resolved multiplet at & 189.92 for
the bridging carbonyl group.

The above information suggests a formulation for complex 5 as
diagrammed below, quite analogous to the previously discussed diiridium

species. Location of the coordinated alkyne on the iridium center is
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consistent with the significant change in chemical shift ¢'P{'H} NMR)
observed for the iridium-bound phosphorus atoms upon reaction with
11FB, and with the location of the terminal CO on rhodium established by
13C('H) NMR. The infrared stretch at 1959 cm! is also consistent with a
terminal CO located on the rhodium center, being somewhat higher than
the terminal CO stretch associated with the more basic iridium center in
compound 2. Furthermore, the result is not surprising since coordination
of the alkyne at iridium should be favored due to an expected stronger |
bonding through increased ®-back donation from the more basic metal.
Consistent with the facile reversibility of this reaction compared to the
diiridium analogue, the C=C stretch for the coordinated HFB is several
wavenumbers higher than that of compound 2, again demonstrating less
n back-bonding into the alkyne. The difference in lability of the diiridium
compound, 2, and the mixed-metal complex, 5, is somewhat surprising,
given that the alkyne is bound to iridium in both cases, in what is appar-
ently an identical local environment. Clearly, the replacement of the
distal iridium by rhodium has a noticeable affect on the Ir-alkyne bonding,
such that weaker binding of the alkyne arises from a less basic metal in

this position.
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The "F NMR spectrum of compound § exhibits one partially
resolved quartet (5 -52.04, *J¢.; = 5.0 H2) and an unresolved resonance (8
-53.74), integrating 1:1. Although the chemical shifts of the two inequiv-
alent CF, groups are not coincident as in 2, tk.. shifts are similarly temp-
erature dependent, however, in this case the resonances gradually move
toward one another as the temperature is lowered, such that at -40 °C the
resonances occur at & -52.26 and § -53.62.

The mixed-metal A-frame, 4, also reacts with DMA, as evidenced by
a color change to light orange in the vicinity of the reagent addition.
Although a gradual change in the solution color occurs, after 10 molar
equivalents of DMA are added to an 8.7 mM solution of 4 in CH,Cl,, the
infrared spectrum only displays carbonyl stretches due to 4 (1948, 1920
em™) and a strong band at 1725 cm™ due to free DMA. A shoulder on the
latter (1680 cm™) is likely due to the carboxylate of coordinated DMA. The
31P(1H) NMR spectrum under these conditions reveals a new species at 8
15.82 (Rh-bound phosphorus atoms) and 8 -11.71 (Ir-bound phosphorus
atoms), similar to the resonances found for 3. Based on the infrared data,
these resonances may represent an average environment for the
phosphorus atoms in 4 and the 7>-DMA complex, but the two species do
not freeze out in the NMR as the spectrum does not change down to -80
°C. Clearly, the equilibrium established in this case strongly favors
reactants. Compared to the stability of complex 5, this result is not

unexpected, given the trend already observed in going from HFB to DMA

in complexes 2 and 3.
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Although the sulfido A-frames, 1 and 4, demonstrate an affinity
toward activated alkynes, neither reacts with activated olefins such as
tetrafluoroethylene or dimethylmaleate. They also do not react with

unactivated alkyne or olefin substrates such as 2-butyne or ethylene.
Conclusions

The intermediacy of terminal n-bound alkyne species has
previously been postulated in the reactions of binuclear DPM-bridged
complexes with alkynes,"” but until now their characterizations have not
been possible due to facile rearrangement to rather stable species in which
the alkyne group bridged the two metal centers. The complexes described |
herein clearly show that the alkyne in each case is ccordinated on the
outside of the complex, presumably at the initial site of attack. As such,
these species function as models for the elusive intermediates which for
other A-frames rearrange immediately to the alkyne-bridged species.
These observations are consistent with the relative ease by which the
monoanionic halide ligand can move to a terminal position relative to
the dianionic sulfide group.

Comparison of the "Ir,"-alkyne complexes to analogous "Rhlr"-
alkyne complexes suggests that the strength of the metal-alkyne bond is
strongly influenced by the nature of the adjacent metal center. Such
metal-metal cooperativity may be useful for "tailoring" the electronic
environment at a metal center in order to enhance its catalytic activity.

Oro and coworkers® have found, for example, that certain binuclear
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“RuRh" and "Rulr" complexes are more active than their mononuclear
parent compounds in catalyzing the reduction of cyclohexene, and that the
"Rulr" complex is more active than the "RuRh" complex.

Although binuclear complexes which contain alkynes bound as cis-
dimetallated olefins have been observed to give hydrogenated products
upon reaction with H,*' somewhat elevated temperatures appear
necessary. In DPM-bridged complexes the bridging alkyne is quite stable
and similar reactions have generally not been observed, whereas reaction
of alkynes with hydride precursors is much more favorable (see Cliapter
6). This may be an indication that species containing terminal n?-alkynes
are more important in the hydrogenation' of alkynes catalyzed by binuclear
complexes. In that case, species of the type discussed in this chapter may be
useful since alkyne bridge formation is inhibited, and alkyne coordination

is reversible, so that oxidative addition of H, can be more competitive, if

such a route is favored.
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CHAPTER 5

FACILE HYDRIDE REARRANGEMENTS IN A-FRAME AND RELATED
COMPLEXES AND THE STRUCTURE OF
[RIr(H),(CO);(1-C1)(DPM),][BF,]«CH;,Cl,, THE PRODUCT OF H,
ADDITION AT ONE METAL CENTER IN THE A-FRAME POCKET

Introduction

Homogeneous hydrogenation catalysts based on mononuclear Rh(I)
phosphine complexes have been much studied and are reasonably well
understood.! However, much less is known about catalysts which cc;ntain
more than one metal center, owing to the added complexity introduced
when more than one reactive site is present in the molecule. Reports of
catalytic alkyne hydrogenation by the binuclear complexes [Rh,(CO),-
(1-C1)(DPM),][BPh,],2 [Rh,H,(CO),(DPM),],* [Rh,Cl,(1-COXDPM),],* and
[Ir,(CO),(u-S)(DPM),}* and the suggestions®” that the metals may be
involved in a cooperative manner, prompted this research group to probe
the function of the adjacent metals in hydrogenation reactions catalyzed by
[Rh,(CO),(u-C1)(DPM),]* and related A-frame species.

This chapter concentrates on the binuclear hydrides obtained in
reactions with H, since such species are pivotal to our understanding of
multicenter hydrogenation catalysts. Since the catalytically active
dirhodium A-frame species, [Rhy(CO),(u-CI)(DPM),]*, did not yield

observable products upon reaction with Hy, studies within this research
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group turned to the diiridium analogue, (Ir,(CO),(1-CI)(DPM),]* (1), as a
model catalyst precursor. In the initial study® it was found that the
thermodynamically favored dihydride product, 2, had the hydrido ligands

on the outside of the A-frame complex, as shown. Furthermore, an early
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c” | | e
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study on thé reactivity of a similar species, [Ir,(CO),(4-S)(DPM),], with H,
showed the presence of two dihydride species in the 100 MHz TH NMR
spectrum.> One resonance (a quintet) was believed to result from a rapid
equilibrium between species A and B, while the second resonance

(analyzed as a triplet of triplets) was believed to be due to C, although no
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definitive assignment of structures was possible at that time. It was of
interest to establish unequivocally the site of initial attack by H, in these
A-frames and to determine how a presumed concerted oxidative addition

of H, at one metal center gave rise to the products containing non-adjacent



hydrido ligands. In this chapter is described a reinvestigation of the
reaction of [Ir,(CO),(1-S)(DPM),] with H; using improved sﬁectroscopic
techniques, a continuation of the initial study on [Ir,(CO),(-CIDPM),)*,
and similar studies on related A-frame complexes. Also reported are the
analogous reactions involving a series of related binuclear complexes
which do not contain bridging anionic ligands, since a previous compar-
ison of [Ir,(CO),(-CH(DPM),]* (1) and its neutral precursor, trans-[{IrCl-
(CO)(DPM)],, had shown rather dramatic differences® which proved useful

in establishing the involvement of the bridging halide ligand in 1.

Experimental Sectior

General experimental conditions are as described in Chapter 2. The
compounds, [Irz(CO)z(u-Cl)(DPM)zl[BF4],8 [Ir,(CO),(u-SYDPM),),> [RhCl-
(CO),),,1° and [Ir(DPM),(CO)ICI],"" were prepared by the reported proce-
dures. The preparations of [RhIrCl,(CO),(DPM),], [RhIr(CO),(n-Ch)-
(DPM),][BF,] and [RhIr(CO),(1-S)(DPM),] were reported in Chapter 3,
whereas those of [Irl,(CO)(u-CO)DPM),] and [Ir,(CO),(u-1)(DPM),][BF,]
appear in Chapter 2. The NMR spectra (‘H, TH{®'P}, 3¥P{'H} ) were run on a
Bruker WH-400 spectrometer. Spin—saturation—transfer experiments were
conducted using a Bruker WH-200 NMR spectrometer. Analyses were not

obtained for the hydrides reported here due to facile H, loss in most cases.

H/D Exchange Promoted by Compounds 1 and 5¢.

Approximately 5 mg of sample was placed in an NMR tube under
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N, and cooled to liquid nitrogen temperature. Acetone-dg which had
previously been saturated with H,/D, (1:1) was transferred into this tube
and the sample placed under ca. 600 torr of H,/D, (1:1 v/v). The NMR

tube was flame sealed and the exchange was followed by warming to room

temperature and monitoring the H, and HD resonances at 54.5in the 'H

NMR spectrum using the Bruker WH-400 spectrometer.

Preparation _of Compounds

(a) [Irz(H)4Cl(CO)2(DPM)2][BF4] (Isomers 3a and 3b).

An atmosphere of hydrogen was placed over a solution of
[Ir,(CO),(1-CH(DPM),1[BF4] (1) (50.0 mg, 0.0376 mmol) in 5 mL of CH,Cl,
causing an immediate color change from dark red to pale yellow. The
solution was stirred for an additional 15 min and was taken to dryness
under a rapid flow of hydrogen, leaving a pale yellow powder. The 31p{1H}
NMR and 'H NMR spectra indicated the presence of two species 3a and 3b
(established as tetrahydrides based on integration of the TH resonances) in
an approximate 5:1 ratio, respectively. Spectroscopic data for these and all

subsequent compounds are given in Table 5.1.

(b) [Rhlr(H),_(CO)z(u-Cl)(DPM)Z][BF,,] (8a).

An atmosphere of hydrogen was placed over a solution of [Rhlr-
(CO),(1-C1)(DPM),){BF] (6) (50.0 mg, 0.0403 mmol) in 8 mL of CH,Cl,,
causing an immediate color change from orange to yellow-orange. After

stirring for 10 min a volume of 20 mL of diethyl ether was added,
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precipitating a light yellow solid. The solvent was removed, and the solid

dried under rapid flow of hydrogen. Isolated yields were approximately

95%. Compound 8a was determined to be a 1:1 electrolyte in CH,Cl,

solutions (A, = 58.0 Q'em?mol™).

(@  [RhIr(H),(CO),(u-S)(DPM),] (9).

An atmosphere of hydrogen was placed over a solution of [Rhfr-
(CO),(p-8)(DPM),] (7) (20.0 mg, 0.0174 mmol) in 3 mL of CH,Cl,. Overa
period of 5 to 10 min the color of the solution changed from red to orange.
Addition of 10 mL of diethyl ether caused precipitation of a flocculent
yellow-brown solid which proved susceptible to decomposition except
under a hydrogen atmosphere. For this reason only solution character-

istics were obtained for compound 9.

d  [Ir,(H)(CO),(u-DDPM),][BF,] (12).
A sample of [Ir,(CO),(u-N(DPM),][BF,] (10.0 mg, 0.00703 mmol) was
dissolved in THF-dg in an NMR tube under dinitrogen. Hydrogen was

introduced causing an immediate color change from dark orange to

yellow. ¥'P{'H} and '"H NMR spectra, recorded within 10 min of H,

addition indicated the formation of a single tetrahydride species.

Compound 12 was not obtained in solid form due to facile H, and HI loss.

(&)  [Ir(H),(CO),(-D(DPM),]IBF,] (11a).
Removing the hydrogen atmosphere from the sample of 12,

prepared as in (d), replacing it with dinitrogen, and warming slightly led to



130.

immediate formation of a dihydride species, 11a, as monitored by 3'P{*H}
and 'H NMR spectroscopy. Variable amounts of [Ir2H(CO)2(u-H)2(DPM)2]-
[BF,), resulting from HI loss from 12, were also detected by NMR (iden-
tified by comparison of the 'P{'H] and 'H NMR spectra with those of an

authentic sample!!) and caused a slight color change from yellow to

orange-yellow.

®  [RhIr(H),(CO),(u-CI(DPM),](Cl] (8b).

Compound 8b was prepared by the same method as in (b) for
compound 8a, except that [RhIrCl,(CO),(DPM),] (13) was used instead of
[RhIr(CO),(u-CH(DPM),][BF,] (6). Isolated yield: 95%. Compound 8b was

determined to be a 1:1 electrolyte in CH,Cl; solutions (A, = 44.0 Q'em?

mol?).

® [Ir,(H),1,(CO),(DPM),] (14).

Approximately 20 mg of [Ir,1,(CO)(u-CO)DPM),] was dissolved in
CD,CJ, in an NMR tube under dinitrogen. Hydrogen was introduced,
causing the solution to immediately change color from orange to yellow.
31p{1H) and 'H NIMR spectra revealed the formation of two dihydride
species in a 7:3 ratio. The minor product was identified as [Ir,(H),(CO),-
(k-D(DPM),]{1] (11b) by comparison of its spectral parameters to that of
[Irz(H)z(CO)z(uvI)(DPM)zl[BF4] (11a). The products were precipitated by the
addition of 10 mL of hexanes yielding a yellow powder which proved

susceptible to facile H, loss unless kept under a hydrogen atmosphere.
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Reaction of [Ir,(CO),(1-S)}(DPM),] (4) with Dihydrogen

The reactions were typically done by suspending 100 mg of
compound 1 in approximately 5 mL of solvent under N, with stirring,
The N, atmosphere was displaced by H, causing the mixture to turn from
dark purple to a light yellow solution almost immediately. Three
products were observed with time in the "H and 3'P{'H} NMR spectra, the
last of which could be isolated in the solid by precipitation with hexanes;

however this solid decomposed rapidly on exposure to air.

X-ray Data Collection

Crystals of [RhIr(H),(CO),(n-CD (DPM),)[BFJ«CH,Cl; vrere obtained by slow
diffusion of diethyl ether into a saturated CH,Cl, solution of the
compound. A suitable crystal was wedged into a capillary tube which was
flame-sealed as a precaution against loss of solvent of crystallization. Data
were collected on an Enraf-Nonius CAD4 diffractometer at 22 °C using
graphite-monochromated MoKa radiation. Unit cell parameters were
obtained from a least-squares refinement of the setting angles of 25
reflections in the range 20.0 ° £26 £23.7 °. Automatic peak search and
reflection indexing programs established a triclinic crystal system. This
system and the lack of systematic absences were consistent with the space
groups P1 or P1; the centrosymmetric space group was chosen and was
later verified by successful refinement of the structure.

Intensity data were collected on the CAD4 diffractometer as

discussed in Chapter 2. The mean decrease in the intensities of the three
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standard reflections was 5.1% and a correction was applied to the data
assuming linear decay. Data reduction and absorption corrections were

applied as described in Chapter 2. See Table 5.2 for crystal data and details

of intensity collection.

Structure_Solution and Refinement

The structure was solved in the space group P1 using Patterson
techniques to locate the metal atoms and by successive least-squares and
difference Fourier calculations to obtain the other atom positions. All
hydrogen atoms were located; the methylene and phenyl protons were
placed in their idealized positions by using C-H distances of 0.95 A whereas
those bound to Ir were placed in positions obtained from difference
Fourier maps since attempts to refine these atoms failed. The thermal
parameters of the iridium-bound hydrogens were fixed at 4.0 A2 whereas
all others were input as 1.2 times the thermal parameter of the attached
carbon atom. The BF; anion was badly disordered, displaying only three
well defined (although smeared out) maxima in the difference Fourier
maps. It appeared that the boron and one fluorine atom were disordered
on each side of the plane defined by the three fluorines, so they were input
as such. Attempts to refine these two disordered atoms failed, presumably
because of the large amount of residual electron density in the vicinity, so
these atoms were input and fixed in subsequent refinements, with two

half-occupancy fluorine positions and only one boron position.



Table 5.2. Summary of Crystal Data and Details of Intensity Collection

cmpd
formula
fw
crystal shape
crystal size, mm
space group
cell parameters

a,A

b, A

¢ A

a, deg

B, deg

Y, deg

v, A
y4
p(calcd), g cm
temp, °C
radiation (A, A)

receiving aperture, mm

scan speed, deg/min

IrRhCI3PF(Cs3BHyg
1286.32

triclinic prism
0.484 x 0.375 x 0.315
PT (No. 2)

14.171(2)

22.638(3)

9.642(2)

94.18(1)

107.38(2)

105.84(1)

2799.4

2

1.578

22

graphite monochromated MoKa
(0.71069)

3.00 + (tan ©) wide , 4.00 high, 173 from
crystal

variable between 1.10 and 6.67



Table 5.2 (cont:nued)

scan width, deg
no. of indep. reflections
no. of observed reflections (F>>30(F:%)
linear absorption coeff, p, cm’
range of transmission factors
final no. of parameters refined
error in observation of unit wt
R
Ry

0.50 + (0.247 tan 6) in O
9812 (h, £k, )

7935

29.63

0.812-1.251

w

2.734

0.053

0.081

134
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Refinement was carried out by full-matrix least-squares methods'?
as described in Chapter 2.The final positional and isotropic thermal
parameters for the non-hydrogen atoms are given in Table 5.3.

Refinement in the space group P1 converged at R = 0.053 and R,, = 0.081.

Results and Discussion

(a) A-Frame Complexes
It was previously showr.! that thc A-frame complex [Ir,(CO),(u-Ch)-

(DPM),}* (1) reacts readily with H, giving first the dihydride [Ir,(H),(CO);-
(L-C1)(DPM),]* (2), which subsequently reversibly adds another equivalent
of H, to give a tetrahydride species, [1r,(H)CI(CO),(DPM),]* (3). Although
only one tetrahydride product was originally observed and reported, sub-
sequent studies (reported herein) indicate that two isomers of 3 are in fact
produced. Before discussing the natures and origins of these tetrahydride
isomers, however, it is instructive to first consider the dihydride 2 and the
facile hydride rearrangements that occur in this and related A-frame
dihydrides.

In the initial report,® the structure shown earlier for 2 was proposed,
in which the hydrido ligands were not adjacent, but instead were located
cis to the bridging chloride ligand, one on each metal. Although this is
not a structure expected from concerted oxidative addition of H, at one Ir
center, it is the only dihydride observed, forming essentially instantan-
eously upon reaction of 1 with H,. This proposed structure was based on

the reluctance of 2 to lose H,, implying that the hydride ligands were not



Table 5.3. Positional Parameters and Isotropic Thermal Parameters.*

tom

Ir

"Rh
CI(1)
Cl(2)
Cl(3)®
PQ1)
PQ2)
P@3)
P(4)
F(1)
F(2)
F(3)
F(4)
F(5)
o)
0(2)
cQ)
C@)
C@3)
C@)
C(5)P
can
C(12)
C(13)
C(14)
C@15)
C(16)

-CQ1)

0.19224(2)
0.10502(5)

0.2028(2)
0.3056(5)
0.1866(5)
0.0294(2)
-0.0459(2)
0.3434(2)
0.2619(2)
0.6223(6)
0.7715(7)
0.633(1)
0.666
0.740
0.3055(6)
-0.0076(6)
0.02651(7)
0.0358(7)
-0.0329(7)
0.3703(6)
0.235(3)
-0.0649(7)
-0.0443(8)
-0.1182(9)
-0.2149(9)
-0.2393(9)
-0.1656(8)
0.0372(7)

0.32121(2)
0.17897(3)
0.2414(1)
0.5594(3)
0.4864(4)
0.3207(1)
0.1779(1)
0.3163(1)
0.1733(1)
0.2604(7)
0.2646(5)
0.2478(6)
0177
0.322
0.4357(3)
0.0661(4)
0.3931(4)
0.1101(5)
0.2528(4)
0.2436(4)
0.565(1)
0.3248(5)
0.3283(5)
0.3291(6)
0.3269(6)
0.3227(6)
0.3214(5)
0.3865(4)

0.09488(4)
0.05200(7)

-0.0886(2)
0.2346(7)
0.3841(8)

-0.0544(3)

-0.1287(3)
0.2685(2)

- 0.2078(3)

0.350(1)
0.524(1)
0.556(1)
0.430
0.433
-0.0051(8)
0.1369(9)
0.028(1)
0.105(1)
-0.197(1)
0.234(1)
0.381(2)
0.033(1)
0.185(1)
0.252(1)
0.163(1)
0.016(1)
-0.052(1)
-0.155(1)

B(A?)

2.667(7)
2.79(1)
3.41(5)
13.9(2)
14.7(3)
3.06(5)
3.10(5)
2.76(5)
2.93(5)
19.8(4)
19.8(3)
24.7(5)
25.0*
25.0%
5.6(2)
5.9(2)
3.6(2)
4.0(2)
3.5(2)
3.3(2)
20.(1)
3.7(2)*
4.6(2)*
5.7(3)*
5.9(3)*
5.9(3)*
4.7(2)*
3.5(2)*



Table 5.3. (Continued)

CQ2)
C(@23)

C(24)

C(25)
C(26)
C@31)
C@(32)
C(33)
C(34)
C(35)
C(@36)
c@n
C(42)
C(43)
C(44)
C(45)
C(46)
C(51)
C(52)
C(53)
C(4)
C(55)
C(56)
C(61)
C(62)
C(63)
C(64)
C(65)
C(66)
C@71)
C(72)

0.663(8)
0.0858(9)
0.077(1)
0.052(1)
0.0304(9)
-0.1659(8)
-0.1616(8)
-0.254(1)
-0.342(1)

- -0.351(1)

-0.259(1)
-0.0781(7)
-0.0692(9)
-0.092(1)
-0.124(1)
-0.135(1)
-0.112(1)
0.3524(6)
0.2742(8)
0.2850(9)
0.3703(9)
0.445(1)
0.4395(8)
0.4575(6)
0.5240(8)
0.600(1)
0.6124(9)
0.5439(9)
0.4684(8)
0.2671(7)
0.1862(8)

0.4452(5)
0.4966(6)
0.4910(6)
0.4325(7)
0.3794(6)
0.1642(5)

0.1705(5) -

0.1662(7)
0.1535(8)
0.1475(8)
0.1527(7)
0.1212(4)
0.0642(6)
0.0201(6)
0.0326(6)
0.0889(7)
0.1340(6)
0.3240(4)
0.3354(5)
0.3419(6)

-0.3373(6)

0.3254(6)
0.3196(5)
0.3773(4)
0.3682(5)
0.4190(6)
0.4770(6)
0.4889(6)
0.4383(5)
0.1614(4)
0.1658(5)

-0.078(1)
-0.141(1)
-0.287(1)
-0.364(2)
-0.301(1)
-0.083(1)
0.060(1)
0.090(1)
-0.016(2)
-0.157(2)
-0.193(2)
-0.294(1)
-0.280(1)
-0.403(1)
-0.540(1)
-0.563(2)
-0.435(1)
0.4604(9)
0.507(1)
0.657(1)
0.756(1)
0.712(1)
0.565(1)
0.268(1)
0.198(1)
0.182(1)
0.244(1)
0.313(1)
0.325(1)
0.393(1)
0.443(1)

4.9(2)*
5.3(3)*

- 6.1(3)*

7.3(3)*
5.4(3)*
4.1Q2)*
5.02)*
6.6(3)*
8.3(4)*
9.0(5)*
7.0(3)*
3.6(2)*
5.5(3)*
6.4(3)*
6.5(3)*
7.03)*
6.3(3)*
310"
43Q2)*
5.1(2)*
5.3(3)*
6.3(3)*
5.0(2)*
3.2(2)*
4.802)*
6.13)*
5.9(3)*
5.6(3)*
49Q2)*
3.5(2)*
4.6(2)*
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Table 5.3. (Continued)

C(73) 0.1893(9)  0.1553(6)  0.587(1) 5.9(3)*
C(74) 0.269(1) 0.1394(6)  0.678(1) 6.2(3)*
C(75) 0.345(1) 0.1327(7)  0.632(2) 7.3(4)*
C(76) 0.349(1) 0.1447(7)  0.486(2) 6.8(3)*
C(81) 03045(7)  0.1130(4)  0.136(1) 3.6(2)*
C(82) 0.235(1) 0.0596(7)  0.051(2) 7.1(3)*
C(83) 0.265(1) 0.0098(8)  0.000(2) 8.4(4)*
C(84) 0.360(1) 0.0176(7)  0.016(2) 7.8(4)*
C(85) 0.438(2) 0.073(1)  0.1002Q)  10.9(6)*
C(86) 0.410(1) 0.1211(8)  0.161(2) 8.5(4)*
B 0.692 0.275 0.462 25.0*

» Estimated standard deviations in this and subsequent tables are given in
parentheses and correspond to the least significant digit. Starred atoms
were refined isotropically. Anisotropically refined atoms are given in the
form of the isotropic equivalent displacement parameter defined as: 4/3)
[a2B(1,1) + b?P(2,2) + 2B(33) + ab(cos gamma) B(1,2) + ac(cos beta) B(1,3) +

be(cos alpha) B(2,3)].
b Atoms Cl(2), C1(3) and C(5) are those of the CH,Cl, solvent molecule.



mutually adjacent, and on the subsequent reaction of this species with
alkyne to yield [Ir,(RC=C(H)R),(CO),(1-CIXDPM),]* (R = CO,Me). The
structure determination of the neutral dichloride, obtained by CI addition
to this product, confirmed that the metalloolefin moieties were located on
the outsides of the complex exactly as proposed for the hydrido ligands in

the precursor, compound 2.6

Reaction of the related sulfide-bridged A-frame, [Ir,(CO),(u-S)-
(DPM),] (4), with H, was also reported to yield a dihydride species 5 having
a structure like that of 2. However, the report of additional, poorly char-
acterized species, which appeared to be intermediates in the reaction,
suggested that a reinvestigation of this reaction was warranted. It was also
of interest to establish whether the sulfide-bridged complex also yielded
tetrahydrides as was the case in the chloride-bridged species.

Initially the reaction of [Ir,(CO),(1-S}DPM),] (4) with hydrogen was
studied in benzene, although the results are almost identical in toluene or
THF and are similar in acetone and CH,Cl,. Upon addition of hydrogen,
reaction occurs almost immediately as indicated by a change in color of the
solution from purple to yellow. The complex initially formed (5a) is
identified by its 3'P{"H) and 'H NMR and IR spectra (see Table 5.1). The
31p(1H}) NMR spectrum shows a singlet at 8 -4.0, indicating a symmetrical
species in which all four phosphorus nuclei are chemically equivalent. At
the same time the "H NMR spectrum of 5a displays the DPM-methylene
resonances at & 2.76 and 5.53, and a quintet for the hydride resonance at o

-10.50 (?Jp.yy = 5.6 H2). All three resonances integrate as two protons each,

establishing 5a as a dihydride species in which the hydride ligands are
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coupled to four equivalent phosphorus nuclei. The IR spectrum shows
two strong bands for the terminal carbonyl ligands (1915, 2012 cm™) but
nothing attributable to an Ir-H stretch. This assignment is confirmed by an
aimost indistinguishable IR spectrum of the corresponding deuteride,
obtained upon reaction of 4 with D,.

Further reaction for 2 h yields two additional species. One of these
species, (5b), is present in trace amounts at this stage and displays two
multiplets in the 3'P{'"H) NMR spectrum at  -6.8 and -13.2 and also shows
two new hydride resonances (each a triplet) in the TH NMR spectrum, at &
-10.10 and -11.70, together with the methylene resonances at 8 5.31, 3.04;
again integration indicates that this species, which had not been observed
in the previous study,’ is a dihydride. The 3'P{'"H} NMR results indicate
that this species is unsymmetrical, having two chemically different
phosphorus environments, and the 'H NMR parameters indicate that the
two hydride ligands are also inequivalent, with each displaying coupling
to two phosphorus nuclei. In addition, selective decoupling of each
phosphorus resonance of 5b causes each triplet in the TH NMR spectrum
to collapse in turn to a singlet, thereby unambiguously establishing that
each hydride ligand is coordinated to a different metal.

Also observed together with 5b is compound 5¢c, which after 2 his
present as approximately one tenth the concentration of the initial product
5a. Complex 5¢ is characterized by a singlet in the 3IP{*H]} NMR spectrum,
indicating a symmetrical species, and resonances in the 'TH NMR spectrum
due to the methylene groups (5 4.82, 2.82) and two hydride ligands (5

-10.18). Although the hydride resonance was previously identified® as a
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triplet of triplets in a poorer resolution spectrum, a close inspection of the
current spectrum (at 400 MHz) shows that it is a second order pattern in
which the second and fourth lines of the pseudo-quintet are broader than
the outer and the central lines, having widths at half-height of 8.4 and 3.5
Hz, respectively (see insert in Figure 5.1 for an enlargement of this
resonance). This spectrum is invariant with temperature over the range
25 to -80 °C (THF), and has been successfully simulated based on an
AAXX'X"X" spin system with 24y =13.4 Hz, Ypp =24 Hz and ¥}y =135
Hz. ‘Although the value of ],y appears, at first glance, to be unusually
large for 3-bond coupling, it is proposed that effective transmission of
coupling through the Ir-Ir bond occurs. In a series of related platinum
hydride complexes, [Pt,HL(DPM),]* (L = phosphine), the three-bond
coupling (Jiy.p..p.1) between the axial H and L groups, which are opposite
the Pt-Pt bond, was found to be 3-4 times that of the two-bond coupling
between the hydride and the adjacent phosphorus nuclei of the DPM
ligands.’* The hydride-hydride coupling in the present system might also
be expected to be large if the H-Ir-Ir-H linkage were also close to being
linear.

With time, the concentrations of 5b and 5c¢ increase at
approximately the same rate at the expense of 2 yielding ratios of the three
species 5a:5b:5¢ of ca. 15:1:3 after 6 h and ca. 2:3:3 after 24 h. After several
days under H, only compound 5¢ remains. Figure 5.1 shows the 3'P{*H)
and the 'H NMR spectra of a mixture of all three isomers after approx-
imately 30 h under H,. Selective phosphorus decoupling unambiguously

allows correlation of the species in the TH and the *'P{'H) NMR spectra.
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Figure 5.1. The *'P{'H} NMR (top) and the corresponding hydride region
of the TH NMR spectrum of compound 4 under H, showing

the three products. An enlargement of the hydride resonance

for 5¢ is shown as an insert on the 'TH NMR spectrum.
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The rate of conversion of 5a to 5¢ is enhanced by heating and is also much
increased in polar solvents, occurring approximately 16 times faster ina
1:1 (v/v) mixture of nitromethane/CH,Cl, than in CH,Cl, alone, and at
approximately the same rate by heating to 40 °C in benzene or CH,Cl,. The
above reaction of 4 with both H, and with D, in acetone reveals no
evidence, at any stage of the reaction, for Ir-H or Ir-D stretches in the IR
spectra; the carbonyl regions in these spectra are essentially superimpos-
able whether under H, or D,. Failure to observe Ir-H stretches is not too
surprising however, since the intensities of such stretches can be variable
and these bands are often absent.!

In the absence of hydrogen, compound 5a disappears immediately
with the reappearance of 4, while compounds 5b and 5c initially remain.
Heating this solution to about 60 °C under dinitrogen causes compounds
5b and 5¢ to disappear within approximately 1 h, over which time 5b is
always in significantly lower concentration than 5¢ (as monitored by
31p('H} NMR).

Based on the information given above, and on related work
involving [Irz(CO)z(u-Cl)(DPM)Z]*," it is now possible to suggest the natures
4of these hydride species with some confidence. Compound 5a was prev-
jously proposed to be an equilibrium mixture of species such as A and B,
shown earlier. Rapid equilibration of the hydride ligands between the two
metal centers would result in a quintet in the TH NMR, and a singlet in
the 3'P{'"H) NMR spectrum. Upon carrying out the reaction in acetone, the
fluxionality of 5a is now confirmed by the broadening and collapse of the

quintet upon cooling, and the emergence of two hydride resonances at &
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-10.5 and -11.3 at -90 °C, leading to a proposed static struciure which differs

from either of those initially proposed.® While a true low temperature

d i,
N
~"

5a
limiting spectrum showing spin-spin coupling is not obtained, the
spectrum at -90 °C indicates that the two hydrides are in different chemical
environments and are not equivalent as in A and B. The 31P{('H} NMR
spectrum at this temperature is also consistent with an unsymmetrical
species having two chemically inequivalent iridium centers. This
structure corresponds to the supposed kinetic product in the reaction of 4
with H,, and is the result of oxidative addition of H; to a single metal
center in the binuclear complex. Although equilibration of the two
hydrido ligands in 5a may involve structures such as A or B, proposed
previously,® or could occur by intramolecular reductive-elimination /
oxidative-addition involving 5a and a species denoted simply as (4 + Hy),
studies which follow suggest another mechanism (vide infra). The LR.
spectrum of 5a, showing one carbonyl band at 2012 cm™ and the other at
1915 cm’), is also consistent with the structure above, having one Ir(III) and
one Ir(l) center, respectively. The similarities in the LR. spectra of 5a and

its deuteride are somewhat surprising, considering that the carbonyl

stretching frequency in the Hy-adduct of Vaska's complex, IrC(CO)PPhy),,



is 21 cm! lower than in the D;-adduct (1982 vs. 2003 cm).’® This suggests
that in compound 5a neither hydrido ligand is exactly trans to the carbonyl
group, such that very little vibronic coupling between the carbony! and
hydrido ligands is observed. Species analogous to 5a have been observed
in at least two cases in which transfer of one hydride ligand to the adjacent
metal, with concomitant metal-metal bond formation, was somehow
inhibited.'6

The second species observed, 5b, has two chemically inequivalent
hydrido ligands which are on different metals, with each hydrogen
showing coupling to only two phosphorus nuclei. The intermediate
structure shown for 5b (in which rearrangerient at only one iridium

center has taken place) is proposed. This appears to be the most logical

p—"p
H—-llr sl‘r co
oc/ ‘ | \ﬂ
Pe_—P
o)

structure which agrees with the spectroscopic parameters, having two
chemically different hydride ligands, with one on each metal, resulting in
two different phosphorus environments, yielding an AA'BB'-type 31P{'H}
NMR spectrum. Furthermore a structure such as 5b represents the inter-
mediate species in the stepwise rearrangement of 5a to 5¢ (vide infra).This
species is an Ir(II)/Ir(I) complex having resulted from the transfer of one

hydrido ligand in 5a to the adjacent metal, accompanied by rearrangement
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and Ir-Ir bond formation. Such hydride transfer, yielding metals in the
same oxidation state, appears to be favored in related binuclear systems in
which metal-metal bond formation is not inhibited.51®

It is suggested that the final species (5¢) is also an Ir(11) /1x(ID)
compound having the symmetric structure, C, as shown earlier, in which
rearrangement at both metal centers has occurred to give a species in
which the hydrido ligands are no longer adjacent but are on the outside of
the complex, and probably almost colinear with the Ir-Ir bond. As noted,
such a structure is supported by the JH NMR spectrum of 5¢ and the large
coupling (13.5 Hz) between the two hydrido ligands, as derived from the
NMR simulation. This structure, in which the hydrido ligands are not
mutually adjacent, explains the reluctance of 5¢ to lose H, (vide supra),
although reductive elimination appears more facile than was found for
the chloride-bridged analogue.® Furthermore, it is worthy of note that
although the hydride resonance for the chloride-bridged dihydride species
was originally reported to be an unresolved triplet,® further studies show it
to be a poorly resolved pseudoquintet, not unlike that of 5¢. Species 5¢
appears to be the thermodynamically favoured product and as noted,
rearrangement to this isomer is greatly accelerated if the solution is heated
under H,. |

The proposed oxidative addition of H, at one metal center, followed
by transfer of one hydrido ligand to the other metal and concomitant Ir-Ir
bond formation is rather similar to a proposal, by Poilblanc and co-
workers,8 for H, addition to a binuclear thiolato-bridged complex.

Furthermore, the cis-trans isomerism observed in the thiolato-bridged
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species is not unlike the isomerism of 5a to 5¢ described in this work.
Although Poilblanc proposed a mechanism which did not involve
breaking of bonds to the bridging thiolato groups to explain the isomeriza-
tion, it appears that in the present sulfide-bridged A-frame, cleavage of one
Ir-S bond occurs to give a dipolar intermediate (vide infra).

Structures 5a-5c are also consistent with the relative ease of H, loss
in these species. Species 5a, in which the hydrido ligands are adjacent and
therefore appropriately placed for a concerted reductive elimination, loses
H, quite readily. Compounds 5b and 5¢ lose H, more reluctantly since
significant rearrangement at the metal centers to give a species such as 5a,
in which the hydrido ligands are adjacent, is required.

In an attempt to isolate and characterize a species analogous to 5a
having both hydrides associated with one metal, the closely related
heterobimetallic compounds, [RhIr(CO),(u-X)(DPM),)™ (6: X=Cl, n = L7
X =S, n = 0), were synthesized on the assumption that oxidative addition
of H, should be favored at the Ir center and that because of stronger Ir-H
bonds compared to Rh-H,! the hydride ligands would remain associated

with Ir.
Reaction of compounds 6 and 7 with H; yields the dihydrides 8a and

9. As anticipated, both hydride ligands have remained coordinated to the
iridium center in each case, although NMR and X-ray (vide infra) studies
indicate that one is also weakly interacting with Rh. The 3'P('H} and 'H
NMR spectra for 9, with and without selective 3P decoupling, are shown
in Figure 5.2; those obtained for 8a are very similar. The 3P{('"H} NMR

spectrum displays a pattern typical of the heterobinuclear rhodium-
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Figure 5.2. The 3'P{'H} NMR spectrum (top) and 'H NMR spectra
(hydride region) of compound 9, including selective 3'P

decoupling of the 'H NMR spectrum.
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8a: X=ClLn=1;9: X=5n=0
iridium complexes; the resonance at 8 -4.31 (multiplet) corresponds to the
phosphorus nuclei bound to Ir, whereas that at 8 21.32 (doublet of
multiplets; Jgp.p = 151.4 H2) clearly corresponds to the rhodium-bound
phosphorus nuclei. The TH NMR spectrum displays two high field
resonances, each integrating as one hydrogen. The resonance at 8 -11.85is
a triplet (Jp.y; = 12.8 Hz) whereas that at 8 -9.10 is an apparent quartet (J =
12.5 Hz). Selective phosphorus decoupling clearly establishes the connec-
tivities involving these hydride ligands. Decoupling the Rh-bound ap
resonance gives rise to no observable change in the 'H resonance at 5
-11.85 and results in only a very slight sharpening of the resonance at &
-9.10, whereas decoupling the Ir-bound 31 resonance causes the triplet 'H
resonance to collapse to a singlet and the quartet to collapse to a doublet,
retaining only coupling to rhodium of 12.5 Hz. Clearly both hydride
ligands are bound to Ir; however, the hydride ligand giving rise to the low
field resonance is also interacting with Rh, as demonstrated by the signif-
icant coupling to this nucleus. It appears however that this hydride ligand
does not display appreciable coupling to the two phosphorus nuclei on Rh.
Although this seems unusual, it should be noted that in somewhat

similar complexes, [M,(CO),(1-H),(DPM),], (M = Rh, Ir) the dirhodium
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complex again displayed no coupling of the hydride ligands to phos-

phorus,®® whereas obvious coupling (Jp.y; = 6.6 Hz) was observed for the
diiridium analogue.! It is also significant that the Yenyy value of 12.5 Hz
for 9 is somewhat lower than for other bridging hydrides in binuclear
species, 22! where values of ca. 20 to 25 Hz appear typical. In an analogous
trinuclear complex, [Rh3(H)2(CO)2(u-Cl)2((u—thPCHz)zAsPh)zl*, in which
the two hydride ligands are coordinated to the central rhodium while
interacting weakly with the terminal ones, the coupling of the hydrides to
the central metal was 24.7 Hz but only 10.9 Hz to the terminal rhodium
atoms.2 Moreover, in analogous "Ir,Rh" and "IrRh,’ complexes,
coupling constants (Jrnyp) involving the hydride ligands and the weakly
interacting Rh nuclei of between 8.7 and 14.1 Hz were reported,” much the
same as in 8a and 9. The high field tripletin 9 therefore results from
coupling of the terminal hydride to the two chemically equivalent phos-
phorus nuclei on iridium, and the apparent quartet is actually a doublet of
triplets (Jgn.n = 12.5 Hz, 2Jpyy = 12.2 Hz) due to coupling to rhodium and
the two iridium-bound phosphorus nuclei. As in almost all previous
examples of diphosphine-bridged A-frame hydrides of iridium, no H-H
coupling is observed.®!! In the chloride-bridged analogue (8a) the spectra
differ only slightly, in that small (but still unresolved) additional coupling
to the rhodium phosphines is also observed.

It appears as though oxidative addition of H, to the iridium center
at the inside or "pocket" of the A-frame occurs in both compounds 6 and 7,
followed by movement of one of the hydride ligands to a semi-bridging

position. This supports the earlier proposal of an initial Ir(IIN /Ir(I) species



151

resulting from H, attack at oné metal center of [Ir,(CO)y(1-S)DPM),]. The
preference of the Ir site of compounds 6 and 7 to oxidatively add H,
instead of Rh is not surprising in view of previdus observations of H,
addition to the diiridium species,>¢ but not to the dirhodium analogues.
Although the structures of compounds 8a and 9 can be considered as
either of two extremes, involving either a classical hydride bridge or
independent Rh(1)/Ir(Ill) centers having terminal hydride ligands on
iridium, the above NMR evidence suggests an intermediate structure
having an unsymmetrical Ir-H-Rh bridge, not unlike agostic* C-H-M
interactions. Such a view is consistent with a recent discussion of inter-
actions of various X-H bonds with transition metals (X = main group or
transition metal element) by Crabtree and Hamilton.25 Furthermore, this
proposal is consistent with the X-ray structure as determined for 8a. A
view of the molecule is shown in Figure 5.3. Selected bond distances and
angles are given in Tables 5.4 and 5.5, respectively. As shown, both
hydride ligands are coordinated to Ir to give a slightly distorted square
planar Rh(l) center and an octahedral Ir(Il) center. The positions shown
for the hydride ligands were derived from a difference Fourier map, but
since these atoms did not refine acceptably, their positions are approx-
imate. Therefore the long Ir-H(1) distance (1.81A), which could in
principle reflect the semi-bridging nature of this ligand, may be fortuitous.
In any case the positions of these hydride ligands clearly result from H,
attack at the inside of the complex, between the metals. The Ir-C(1)
distance (1.938(6)A) which is opposite H(1) is significantly longer than the
Rh-C(2) distance (1.800(6)A), consistent with the high trans influence of a
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Figure 5.3.

A perspective view of the [RhIr(H),(CO),(1-C(DPM),]* cation

showing the numbering scheme. Thermal parameters are

shown at the 20% level except for hydrogens, which are

artificially small for the methylene and hydride groups but

are not shown for other groups.
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Table 5.4. Selected Distances (A) in [RhIr(H),(CO),(r-CHDPM),I[BF,}

(a)_Bonded
Ir-H(1) 1.81 P(1)-C(21) 1.830(6)
Ir-H(Q2) 1.56 P(2)-C(3) 1.846(6)
Ir-CI(1) 2.501(1) P(2)-C(31) 1.834(7)
Ir-P(1) 2.322(1) P(2)-C(41) 1.828(6)
Ir-P(3) 2.328(1) P(3)-C(4) 1.820(6)
Ir-C(1) 1.938(6) P(3)-C(51) 1.808(6)
Rh-CK(1) 2.468(1) P(3)-C(61) 1.820(6)
Rh-P(2) 2.313(1) P(4)-C(4) 1.825(6)
Rh-P4) 2.325(1) P(4)-C(71) 1.810(6)
Rh-C(2) 1.800(6) P(4)-C(81) 1.806(6)
P(1)-C(3) 1.807(6) O(1)-C(1) 1.103(7)
P(1)-C(11) 1.801(6) 0(2)-C(2) 1.134(7)

(b) Non-Bonded

Ir-Rh 3.0651(5)
P(1)-P(2) 3.070(2)
P(3)-P(4) 3.073(2)

Rh-H(1) 218




Table 5.5. Selected Angles (deg) in [RhIr(H),(CO);(1-C(DPM),](BF,]

Cl(1)-Ir-P(1) 92.55(5) Rh-P(2)-C(41)  1124(2)
CI(1)-1r-P(3) 91.18(5) C(3)-P(2)-C(31) 102.9(3)
CI(1)-Ir-C(1) 96.0(2) C(3)-P(2)-C(41) 103.7(3)
P(1)-Ir-P(3) 171.67(5) C(31)-P(2)-C(41) 105.8(3)
P(1)-Ir-C(1) 93.6(2) Ir-P(3)-C4) 112.7(2)
P(3)-1Ir-C(1) 93.5(2) Ir-P(3)-C(51)  1184(2)
CI(1)-Rh-P(2) 87.70(5) Ir-P(3)-C(61)  111.8(2)
C1(1)-Rh-P(4) 88.36(5) C(4)-P(3)-C(51)  104.03)
CI(1)-Rh-C(2) 157.6(2) C(4)-P(3)-C(61) 105.3(3)
P(2)-Rh-P(4) 172.09(6) C(51)-P(3)-C(61) 103.5(3)
P(2)-Rh-C(2) 90.7(2) Rh-P(4)-C(4) 112.8(2)
P(4)-Rh-C(2) 90.3(2) Rh-P(4)-C(71)  116.4(2)
Ir-CI(1)-Rh 76.18(4) Rh-P(4)-C(81)  113.3(2)
Ir-P(1)-C(3) 112.1(2) C(4)-P(4)-C(71) 104.3(3)
Ir-P(1)-C(11) 117.6(2) C(4)-P(4)-C(81) 102.9(3)
Ir-P(1)-C(21) 112.0(2) C(71)-P(4)-C(81) 105.9(3)
C(3)-P(1)-C(11) 105.8(3) Ir-C(1)-0(1) 176.7(6)
C(3)-P(1)-CQ1) 104.4(3) Rh-C(2)-0(2) 179.1(7)
C(11)-P(1)-C(21)  103.8(3) P(1)-C(3)-P(2) 1144(3)
Rh-P(2)-C(3) 111.9(2) P(3)-C(4)-P(4) 1149(3)

Rh-P(2)-C(31) 118.8(2)
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hydride ligand.'* Analogous differences are also observed for the bridging
chloro ligand, although in this case they are less dramatic. Around the Ir
center the angles are consistent with octahedral coordination while at Rh
the coordination is slightly distorted from square planar, with Rh moving
inward towards H(1) slightly, resulting in CI-Rh-C(2) and P(2)-Rh-P(4)
angles of 157.6(2)° and 172.09(6)°, respectively. The resulting Rh-H(1)
interaction (approximately 2.18A) is clearly weak, but is not inconsistent
with some interaction, which from the NMR study is clearly established.
All parameters involved are closely comparable to the trinuclear rhodium
complex alluded to earlier.2 In particular, the Rh-H distances involving
the weak interactions in this "Rh;" species, are just more than 2.0A and
the corresponding Rh-Rh distances (2.967(1), 2.948(1)A) are also similar to
the present Rh-Ir distance of 3.0651(5)A, although it appears that, based on
the shorter distances in the trirhodium species, the weak Rh-H inter-
actions in the trinuclear species are somewhat stronger than in compound
8a. The Rh-Ir distance in 8a is almost exactly equal to the intraligand P-P
separations, again suggesting that the interaction between Rh and the
"IrH," moiety is not strong. Little appears to have changed in the metal
inner coordination spheres upon coordination of H, (based on a compar-
ison with the structure of [Rh,(CO),(u-C1)(DPM),][BF,J*), apart from
movement of C(1)O(1) and possibly a slight compression of the Rh-Ir
distance.

The infrared spectrum in solution for compound 8a displays two
terminal carbonyl bands at 2070 and 1973 cm as well as a weak Ir-H stretch

at 2225 cm). In the sulfide-bridged analogue, 9, the corresponding carbonyl
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bands are observed at 2019 and 1924 cm™ but no Ir-H stretch is obvious. As
observed in the precursors (see Chapter 3), the sulfide-bridged species
exhibits lower carbony! stretching frequencies than the chloride-bridged
species. The slight coupling of the bridging hydride ligand to the
rhodium-bound phosphines in the chloride-bridged 8a may suggest that in
this case the interaction with rhodium is stronger than in the sulfide-
bridged case. Consistent with this suggestion, reductive elimination of H,
from 8a occurs less readily than from 9, requiring prolonged reflux in THF
for 8a, while only a rapid dinitrogen purge under ambient conditions is
necessary to induce H, loss from 9.

Based-on this work, a feasible mechanism is presented for the
hydride rearrangements which occur in the reactions of 1 and 4 with H,.
This is shown in Scheme 5.1. First, oxidative addition of H, at one metal
center on the inside of the A-frame pocket occurs to yield the In(1ID/Ir(I)
dimer, II. This is the species proposed as the initial product (5a) observed
at low temperature in the reaction of 4 with H,. Although this adduct has
not been unequivocally identified, complexes 8a and 9 represent models of
such a species and are closely related to the next product, III, having one
hydride ligand in the bridging position. These hydride-bridged species are
pivotal to our understanding of the H, activation and subsequent hydride
rearrangement in the presence of adjacent metals. Not only do these
products clearly indicate that H, attack occurs on the inside of the A-frame
pocket, but they also model a key intermediate in the migration of the
hydride ligands over the metal framework in at least two processes.

Species 111 presents a possible intermediate in this migration, in which
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each hydride moves stepwise from one metal to another via a hydride-
bridge; it is proposed that the equilibration of the hydride ligands over
both metals in 5a occurs by such a process. This intermediate is also a key
species in the movement of the hydride ligands from the face of the dimer
opposite the bridging X ligand (X = Cl, S), as in I, to that observed in the
final species IX (complexes 2 and 5c, respectively) in which both hydrides
are adjacent to the bridging X group. Itis proposed that this rearrange-
ment also occurs stepwise, via cleavage of one of the Ir-X bonds to give
intermediate IV. Such a bridge-breaking mechanism has been previously
proposed to explain the facile reaction of 2 with alkynes.® This step is
consistent with the much more facile rearrangement observed for the
chloro-bridged dimer compared to the sulfido-bridged analogue, since the
latter would involve the formation of a dipolar intermediate by hetero-
lytic cleavage of the covalent Ir-5 bond in 5, whereas formation of 2
involves cleavage of a dative Cl-Ir bond. This proposal is also consistent
with the more facile rearrangement of 5 in polar solvents, which would
stabilize the dipolar intermediate. Having broken the halide or sulfide
bridge the hydrido ligand is now able to "tunnel" between the two metals
through an intermediate such as V to give VI in which the hydride is on
the same face of the complex as the ligand X. Such a tunnelling process
has been proposed by Puddephatt and coworkers in related "Pt," com-
plexes,? and should be a reasonably facile process since the flexible DPM
ligands can easily accommodate the metal-metal separation of ca. 3.2-3.4A
(twice the sum of the Ir and H covalent radii) recessary for a linear Ir-H-Ir

intermediate. In support of this proposal, the structure of {Ir,(H)(CD)-
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(RC=C(H)R),(CO),(u-HIDPM),}* (R = CO,Me) is shown in Chapter 6, to
have an Ir-Ir separation of 3.289A, and although the hydrides were not
located, the NMR study and the dispositions of the other ligands in the
X-ray study indicate that one hydride ligand is terminally bound while the
other is bridging with an Ir-H-Ir unit which is close to linear. Subsequent
transformation of VI can occur by movement of the chloro or sulfido
group back to the bridging position, displacing the hydride ligand to an
adjacent terminal site yielding VII, the structure proposed for the inter-
mediate isomer 5b in the reaction of 4 with Hy. Subsequent rearrange-
ments yielding IX are analogous to those already described, but now
involve the second hydrido ligand.

It appears, based on the vastly different rates of rearrangement for
the chloro and sulfido complexes and on the faster rate for the sulfido
species in polar solvents, that the steps involving cleavage of the Ir-X
bonds to give intermediates such as IV-VI and VI, are rate determining.

As noted earlier, compound 2 (shown as IX in Scheme 5.1; X = C)
reacts further with H, to yield two isomers of [Ir,(H),CI(CO),(DPM),]* in a
5:1 ratio. Only the major isomer 3a had been previously reported and its
structure had not been formulated.® Based on the present understanding
of the reactions of binuclear complexes with Hy, structures for both
isomers can now be proposed. Compound 3a displays a 3P('H} NMR
spectrum typical of an unsymmetrical species having an AA'BB' spin
system, and the "H NMR spectrum shows that all four hydrido ligands are
chemically inequivalent. At -60 °C the '"H NMR spectrum shows four
distinct resonances; the two at 8 -10.12 (¥Jp.yy = 13.2 Hz) and -13.86 oy =104



Hz) are resolved as triplets while the other two are unresolved. Raising
the temperature causes the three low field resonances to broaden
considerably, while the most upfield resonance resolves into a triplet (Jp.y
= 11.1 Hz) at 0 °C. The fourth resonance is never resolved between +35 °C
and -80 °C. At -60 °C selective #'P decoupling of the 'H NMR spectrum
indicates that two hydride atoms are apparently located on each metal.
Decoupling the downfield portion of the 3P signal causes the two triplets
to become singlets, and decoupling the upfield portion causes the
remaining two resonances to sharpen considerably. The minor species
(3b) observed in this mixture displays a singlet in the *'P{'H} NMR
spectrum due to four chemically equivalent phosphorus atoms and the 'H
NMR spectrum displays two different hydride environments (integrating
as two protons each), and also exhibits fluxional behavior. At -80 °C the
hydride resonances in the 'H NMR spectrum appear as two broad unre-
solved peaks, the more upfield of which broadens further and collapses
into the baseline as the solution is warmed, and reemerges at -13.5 ppm,
but remains broad between +22° and +35°. In the infrared spectrum of the
solution, the two tetrahydride species together display three terminal
carbonyl bands (2071, 2036, 1965 cm™) and a broad hydride band (2146 cm™).
The latter was confirmed as such by preparation of the analogous tetra-
deuterides, by using D, instead of H,. The IR spectrum of the deuterides
contains carbonyl stretches at 2063, 1984, and 1960 cm!, apparently having
shifted the previously observed band at 2036 cm? to a significantly lower
frequency (1984 cm™). Such a shift would suggest strong vibronic coupling

between the carbonyl and a hydrido ligand, and is evidence for a trans
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relationship between these groups.! It is noted that the carbonyl stretch at
1965 cm™! is somewhat low for either of the tetrahydride species, which

should contain formally Ir(IIl) centers.

It is believed that 3a and 3b result from oxidative addition of H,

either in the A-frame pocket of complex 2, or on the outside of the species.
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Attack from the outside leads to 3a, while attack in the pocket leads to the
symmetrical species, 3b. Both proposed structures involve octahedral
Ir(I1) centers with a bridging hydride ligand in 3a and a bridging chloride
ligand in 3b. The structure for 3a has precedent in the structure noted
earlier for [Ir,(H)(CI)(RC=C(H)R),(1-H)(CO),(DPM),]* (see Chapter 6) in
which the hydride ligands opposite the Ir-Ir bond in 3a are replaced by the
'alkenyl moieties. Furthermore, this complex resulted from the addition
of H, to [Ir,(RC=CHR),(CO),(1-C1)(DPM),]*, a species véry reminiscent of 2.
The decoupling study at -60 °C suggests that the bridging hydrido ligand

may be bound more strongly to the metal having only one terminal

‘hydride. Formation of both 3a and 3b was probably preceded by cleavage of

one Ir-Cl bond to yield coordinative unsaturation allowing H, attack at

one metal. Our failure to observe the analogous tetrahydride in the case of

the sulfide-bridged analogue is consistent with its reluctance to cleave one
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of the Ir-S bonds. Further support for the structures shown for 3a and 3b
comes from the reaction of 2 with D,. The 'H NMR spectrum shows only
one resonance (8 -10.70) for 3b, consistent with D, attack in the pocket of 2,
and displays one strong hydrige resonance (5 -16.52) for 3a, together with
three weak ones. In isomer 3a the three hydride ligands associated with
one metal are exchanging with D,, causing H/D scrambling, whereas the
fourth hydride, unable to reductively eliminate as H,, remains undiluted
by deuterium, so it appears as a strong resonance.

Unfortunately, the low temperature limiting spectra for 3a and 3b
could not be obtained due to instrumental and solvent limitations. The
possibility that H, loss was involved in the fluxionality was ruled out
because placing D, above solutions of 3a and 3b had no effect on their
respective hydride integrations in the 'TH NMR spectrum after 15 min. On
a longer timescale however exchange does occur, as observed by monitor-
ing HD formation in the TH NMR of a sample of 1 in the presence of H,/D;
(1:1 v/v). Although no HD is observed initially upon mixing, after 3 h the
H,:HD ratio is 3:5 while a control sample containing only H, D, and
acetone-d, showed no HD formation. This can be compared to the same
experiment involving compound 5c where the HyHD ratio is 3:1 immed-
iately after mixing and 1:1 after 3 h. If HD formation is a result of forma-
tion of dihydride-dideuteride species, the rate of formation of HD for 5¢
would indicate that Ir-S bond cleavage apparently does occur, although not
to give a stable product. At the same time the slow rate involving 1

reflects the stability of the coordinatively saturated tetrahydride (or

hydride/deuteride) formed.



H/D exchange was similarly found? to occur upon reaction of the
sulfide A-frame (4) itself with 1:1 H,/D,, probably indicating that exchange
can occur from any of species 5a-5¢. Although formation of HD can be
rationalized on the basis of an intermolecular process involving separate
dihydride and dideuteride species when starting with 4, no dideuteride
species will be present initially in the experiment done with 5¢. It would
therefore appear reasonable to suggest the presence of small, undetected
amounts of a single dihydride-dideuteride species analogous to the tetra-
hydride, [Irz(H)4(CO)2(Cl)(DPM)2][BF4].° As noted, both chloride- and
sulfide-bridged A-frames react with 1 equivalent of H, to give dihydrides
having structures like that of 5¢, so it seems reasonable that reaction of 4
with 2 equiv. of H,, yielding a tetrahydride, should also be possible, as was
observed for the chloride analogue. Assuming a tetrahydride intermedi-
ate, the H/D exchange can occur in a number of ways. Oxidative addition
of H, at one metal center and D, addition to the other would yield a species
analogous to that observed in the reaction of H, with [Ir(j-S-t-Bu)(CO)-
(P(O-t-Bu),),, ' and ligand scrambling followed by reductive elimination
~could yield HD. Otherwise, D, addition to one of the rearranged species, 5b
or 5¢, could occur with subsequent HD elimination. It is to be noted that
the latter mechanism appears to operate for formation of the tetrahydrides
from [Ir,(CO),(u-C)(DPM),}* (vide supra) and based on analogies in the
two systems we favour this route for the sulfide-bridged species also.

Although one might anticipate that the reaction of the iodo-bridged
A-frame, [Ir,(CO),(1-D(DPM),][BF] (10), would parallel that observed with

the closely related species, 1 and 4, this appears not to be the case. As with
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the chloro-bridged species 1, only one dihydrice product, 11a, is observed.
It does not appear, however, to be a rearrangement product, but instead
appears to be analogous to the initial sulfide-dihydride, 5a, in which the
hydrido ligands occupy the A-frame pocket. The 3'P{'"H] NMR spectrum,
which appears as a singlet over the temperature range -80 °C to 22 °C, and
the 'H NMR spectrum, which displays a quintet at 5-13.18 (Jpy; = 6.4 H2),
indicate that the hydrido ligands are coupled to four equivalent phos-
phorus nuclei on the NMR time scale. Unlike the chloro- and sulfido-
bridged analogues the IR spectrum for 11a displays only a single carbonyl
stretch at 1937 cm”!. This may indicate that a species such as that shown

for 11a may be a better representation for the ground state configuration.

P/\P N
]
oCc—Ir= >Ir—CO
H | | H
P P
\/
1la

Such a structure, in which the hydride ligands were exchanging metals
through an intermediate such as IIl in Scheme 5.1 is consistent with the
NMR data. If this species is sufficiently stable it may offer an explanation

for the failure of this hydride product to rearrange to a product like IX.

The reductive elimination of H, from 11a is much more difficult than
from 5a, requiring several hours in refluxing THF under an N, purge
(compound 5a merely required an N, purge under ambient conditions for

© 30 min). This appears consistent with the presence of the good electron-
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donating iodo group causing a reluctance of the metals in 11a to undergo
reduction.

As with the chloride A-frame, compound 10 also forms a tetra-
hydride species upon reaction with excess H,. The 'H NMR spectrum of
the resulting light yellow solution indicates the presence of a single tetra-
hydride species (12) which displays two broad hydride resonances, even at
-80 °C, integrating as two protons each. This tetrahydride is fluxional in
solution as evidenced by a broadening and collapse into the baseline of the
most upfield 'H resonance as the temperature is raised (at ambient this
resonance is barely detectable on the baseline). The 3¥P{*H} NMR spectrum
remains a singlet (8 -6.42) at all temperatures studied (-80 to 22 °C) indicat-
ing a time-averaged symmetric species. The major species in solution
would appear to involve a bridging carbonyl group as evidenced by a low
frequency carbony! stretch in the infrared spectrum (1779 cm™), however,
the structures involved in the fluxionality of 12 are unclear. Additional
attack of H, in the A-frame pocket of compound 11a would seem most
likely, such that the compound remains symmetric (as indicated by the
31p{1H} NMR spectrum). A carbonyl-bridged species could then arise by
displacing the iodo group to a terminal position.

Along with extremely facile H, loss from 12 to give 11a, reductive
elimination of HI from 12, forming significant amounts of {Ir,H(CO),-
(u-H),(DPM),]* proved unavoidable. This trihydride was identified by
comparison of its ¥'P{"H} and 'H NMR spectra with those of an authentic
sample previously characterized.! The presence of this species, and the

absence of rearranged products similar to 2 and 5c¢, leads one to believe that
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tunnelling of the hydrido ligands does indeed occur at some stage, but
subsequent reductive elimination of HI is highly favored. It should be
noted that reductive elimination of HCl from the chloride tetrahydride 3
has also been observed, but only when 3 is refluxed in THF or higher
boiling solvents. Although it is clear that the A-frame jodide complex
reacts quite differently from the sulfide and chloride analogues, it is not
immediately obvious why this should be so. The steric bulk of the large
jodide bridge atom is however expected to be an important factor.
Although the possibility of one or more n?>-H, ligands was
considered for compound 12, as well as for the previously discussed
tetrahydrides (3a and 3b), the apparent relaxation times (T,) measured at
various temperatures are found to be typical of classical hydrides,? so
these species are formulated as such. (The apparent relaxation times of the
hydride resonances in. the 1H NMR were obtained by inversion-recovery at
400 MHz using a 180°-t-90° pulse sequence, and delay times were varied

from 5 to 800 ms. Values were found to be within the range 0.25-0.65 s.)

(b) Neutral, Non-A-frame Complexes

It was previously shown that reactions involving the A-frame (1)
and the neutral precursor, trans-{IrC(CO)(DPM)),, differed substantially b
and a comparison of these two systems proved to be extremely useful in
establishing an understanding of the function of the bridging group in the
A-frame species. A study of the neutral precursors to the A-frames, 6 and

10, namely [RhIrCl,(CO),(DPM),] (13) and (Ir,1,(CO),(DPM),] (14) was there-

fore also of interest.



The mixed-metal dichloride, 13, reacts readily with H, yielding 8b, a
species identical to 8a, discussed earlier, apart from the chloride counter-
jon. In addition to almost superimposable spectroscopic parameters, con-
ductivity measurements for 8b indicate that it is a 1:1 electrolyte (A, = 44.0
Q- 'em2mol in CH,Cl1,).® This result differs from that previously reported
for the diiridium analogue in which a neutral dihydride was obtained
under the same conditions.! Compound 8b loses H, somewhat more
readily than the BF, salt (requiring only slight warming in CH,Cl, with N,
purge) probably due to the coordinating ability of the Cl" ion.

The neutral diiodide complex, 14, reacts immediately with H, to
yield two dihydride species in a 7:3 ratio as shown by the NMR spectra in
Figure 5.4. This reaction is readily reversed merely by exchanging the H,
atmosphere by N,. The minor species 11b has identical spectroscopic
parameters to 11a and is formulated as such, apart from the I counterion.
The major product in this reaction displays a 31p{'H} NMR spectrum
typical of an unsymmetrical species having an AA'BB' spin system. The
TH NMR spectrum at -40 °C exhibits a triplet for each of two hydride
ligands (5 -8.90, ¥p.yy = 13.0 Hz; §-13.55, 2J,1; = 8.8 Hz) and selectively
decoupling each of the P resonances (as revealed in Figure 5.4) establishes
that each hydride is coordinated to a different metal. The ease by which H,
is reductively eliminated from the product suggests mutually sdjacent
hydride ligands. The infrared bands (V(CO) 2002, 1982 o) wifi- 1f) = 2230,
2105 cm’!) are remarkably similar to those of the dichloro corulex,
[Ir,(H),Cl,(CO),(DPM),],¢ which results from reaction of trans-[IrFC(CO)-
(DPM)], with hydrogen. It is therefore proposed that compound 15 has the
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same geometry, as shown in Scheme 5.2. Note that formation of 15 from
14 requires iodide loss and recoordination in order to go fromacis toa
trans arrangement of ligands, suggesting formation of 11b as an inter-
mediate. Spin saturation transfer experiments on the 'H NMR signals of
the mixture of 11b and 15 in fact show that both species are in equilibrium.
Saturation of the most downfield hydride resonance of 15 causes the
intensities of both the high field triplet of 15 and the quintet of 11b to
diminish. It should be noted that the saturation transfer is more pro-
nounced upon the quintet resonance of 11b, as observed in a greater
intensity decrease for this resonance versus that of the upfield triplet of 15.
This suggests species 11b as the intermediate which exchanges the two
hydride environments since site exchange of either of the hydrides in 15

with each other or with the hydrides of 11b will both involve transfer of

Scheme 5.2
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spin information to the quintet resonance of 11b. This supports the equil-
ibria described in Scheme 5.2, and as proposed for the analogous chloro
species.* However, the NMR data suggest that the A-frame iodide (11b) is
significantly more stable than the chloride, since the chloride A-frame was
not observed in the NMR spectra above -40 °C. This result again suggests
that the stability of this species may be responsible for the failure of 11a to
rearrange (vide supra). As one might expect with the presence of com-
pound 11b, if this solution is left for long periods of time under H, the
tetrahydride species 12 (iodide salt) and the product of its reductive elim-
ination of HI, [Ir,H(CO),(u-H),(DPM),)* (vide supra) are observed.

Conclusions

The A-frame complexes [Ir,(CO),(-X)(DPM),J™ ((1): X=Cl,n=1;
(4): X =S, n = 0) have been shown to react with H, to produce dihydrides
in which the hydrido ligands are not mutually cis but have rearranged to
positions adjacent to the anionic bridging group.>¢ Based on the inter-
mediates observed in the much slower reaction of [Ir,(CO),(1-S){DPM),] (4)
with H,, and on the results involving the mixed-metal analogues [Rhlr-
(CO),(u-X)(DPM),I™* ((6): X =Cl,n=1;(7): X =5, n=0) in the presence of
H,, a feasible mechanism for the rearrangement of the hydrido ligands is
proposed, key features of which include the breakage of one of the bonds
between the bridging anionic group ar.! the metal, and subsequent
“tunnelling" of the hydride ligands between the two metal centers.

Furthermore, it has been established that initial oxidative addition of H,
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occurs at a single metal center in the A-frame pocket of these complexes
before stepwise rearrangement takes place. The iodo A-frame {Ir,(CO),-
(u-)(DPM),][BF,] (10) also undergoes H, attack in the pocket, but subse-
quent rearrangement would appear to result only in reductive elimina-
tion of HI umon generation of a species containing mutually adjacent
hydrido and iodo ligands. The reaction of the neutral iodo complex
[Ir,1,(CO),(DPM),] (14) with H, leads to a neutral dihydride [Ir,(H),1,(CO),-
(DPM),] (15) analogous to that obtained in the reaction of trans-[1rCI(CO)-
(DPM)], with H,. This neutral species is interconverting with [Iry(H),-
(CO),(-N(DPM), )] (11b), which is in fact a necessary precursor to 15in
which the iodo and carbonyl groups are no longer mutually cis.

This work has again demonstrated the utility of bridging halide or
pseudohalide ligands as a source of incipient coordinative unsaturation,
allowing unusual ligand mobility and also allowing for further reaction

with incoming substrates.
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CHAPTER 6

MODELLING BINUCLEAR HYDROGENATION CATALYSTS: THE
STRUCTURE OF [Ir,(H),Cl(CH,0,CC=C(H)CO,CHy),(CO),(DPM), -
{BF,]-3THF, A STABLE COMPLEX CONTAINING MUTUALLY
ADJACENT ALKENYL AND HYDRIDO LIGANDS.

Introduction

Preliminary studies done within this research group'? and those
described in previous chapters of this thesis have attempted to determine
the sites of attack, accessible bonding modes and ligand mobilities
involved in reactions of dihydrogen and unsaturated substrates with
binuclear DPM-bridged complexes. One of the primary goals of such
studies was to gain information relevant to alkyne hydrogenation catalysis
in the presence of two or more adjacent metals. As mentioned earlier in
this thesis, alkyne hydrogenation was found to be catalyzed by the binuc-
lear complexes [Rhy(CO),(1-CI(DPM),][BP' ~ h,(F),(CO),(DPM),),** and
[Rh,Cl,(4-CO)(DPM),J%, although information about possible intermediates
was lacking. Of particular interest were suggestions'”# that the two
adjacent metal centers might be involved cooperatively at some stage of
the catalytic cycle in such systems.

Substitution of one or both metals for iridium in these complexes
has already proven to be an advantage over the dirhodium systems,

yielding isolable and characterizable hydrides upon reaction with H,
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(Chapter 5 and elsewhere®!%). These hydride complexes therefore present

themselves as potential models of intermediates proposed to be involved

in catalytic hydrogenation by binuclear complexes. It has also been shown

in previous chapters that the mobility of the anionin bridging group in
binuclear diiridium or rhodium-iridium complexes can be instrumental
in allowing both hydrides and coordinated alkynes to migrate within the
framework of the two-metal systems, and in generating coordinative
unsaturation at the metals. These results and a preliminary study’® of the
reactivity of one of these hydrides, [Ir,(H),(CO),(u-C1)(DPM),][BF,] (1), with
dimethylacetylenedicarboxylate, which resulted in insertion of alkyne
moieties into both Ir-H bonds, suggested that further study was warranted.

In this chapter, subsequent steps toward successfully modelling
catalytic hydrogenation at adjacent metal centers is investigated by further
study into the reaction of 1 and related hydrides with unsaturated

substrates.
Experimental Section

General experimental conditions are described in Chapter 2.
Dihydrogen and éthylene were obtained from Linde and used as received.
Dimethylacetylenedicarboxylate (DMA), 2-butyne and phenylacetylene
were purchased from Aldrich Chemical Company. Hexafluoro-2-butyne
and tetrafluoroethylene were purchased from PCR Incorporated. The
compounds, {Ir,(H),(CO),(u-C)(DPM),][BF,],! [RhIr(H),(CO),(1-C1)(DPM),]-
[X] (X = Cl, BEy), [Ir,(H),(u-D(DPM),][X] (X = I, BF), and [RhIr(H),(CO),(u-S)-
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(DPM),] (Chapter 5) were prepared according to the previously reported
procedures. The hydrogenation of 2-butyne was followed by sampling the
gases above reaction mixtures with a gas-tight syringe (Hamilton) and
analyzing them by gas chromatography on a Perkin-Elmer 8500 Gas Chro-
matograph using a Chromosorb W-AW column at 25°C. Retention times
and approximate quantities of product gases were determined from
calibration plots using the pure gases. Attempted catalytic runs for the
hydrogenation of ethylene were performed at 22 °C using a hydrogen
uptake apparatus (gas buret) to monitor the progress of the reaction. Mass

spectroscopy experiments were carried out by the service within the

department.

Preparation of Compounds

(@)  [Ir,(CH;0,CC=C(H)CO,CH;),(CO),(1-Cl)(DPM),][BF,] (2).

To a suspension of [Ir,(H),(CO),(u-C)(DPM),][BF,} (1) (200.0 mg,
0.150 mmol) in 15 mL of THF (or acetone) was added an excess of di-
methylacetylenedicarboxylate (DMA) (50.0 u!,, 0.407 mmol). Within
minutes the solution charnged color from yellow to orange-yellow. After 1
h the solution was concentrated to a volume of 5 mL under dinitrogen
from which a bright yellow microcrystalline solid was precipitated by the
addition of 40 mL of diethy! ether. The sélid was collected, washed with
two 10 mL portions of diethyl ether and dried in vacuo giving typical
isolated yields of 80-85%. Anal. calcd for Ir,CIP,F,0,,C¢yBHsg: C, 47.52%; H,
3.61%; Cl, 2.19%, Found: C, 47.32%; H, 3.55%; Cl, 2.77%. 3'P{'H} NMR
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(THF): § -13.62(s). TH NMR (3, ppm): 5.32(m, 2H), 4.46(m, 2H), 3.52(5, 2H),

3.39(s, 6H), 3.21(s, 6H). IR (cm”!, Nujol): 2028(vs), 2013(vs) (V(CO)); 1713(vs)
(v(C=0) of CO,CHy); 1573 (W(C=C)).

®  [IrnH),CICH;0,CC=C(H)CO,CH3),(CO),(DPM),I[BF,] (3).

The dinitrogen’atmosphere over a solution of 2 (100.0 mg, 0.062
mmol) in 10 rnL of THF (or acetone) was displaced by an atmosphere of
dihydrogen. Immediately the solution changed color from orange-yellow
to pale yellow. The solution was stirred for an additional 30 min under
H,, then concentrated to 5 mL with rapid H, flow. Compound 3 was
precipitated by the addition of 25 mL of diethyl ether, was collected, and
washed with two additional 5-mL volumes of diethyl ether. The resulting
colorless microcrystalline solid was dried with a dihydrogen purge giving
3 in 90% yield. Anal. calcd for Ir,CIP,F,0,C¢BHyy: C, 47.46%; H, 3.73%; Cl,
2.19%, Found: C, 47.68%; H, 3.68%; Cl, 2.10%. *'P{'H} NMR (acetone-d,,
-40°C): § -7.90(m), -12.77(m). 'H NMR (8, ppm): 6.44(m, 2H), 5.24(m, 2H),
4.32(s, 1H), 3.62(s, 1H), 3.52(s, 3H), 3.46(s, 3H), 3.33(s, 3H), 3.10(s, 3H), -8.76
(br, 1H), -19.37(t, 1H, ¥,y = 18.4 Hz). IR (ecm!, CH,Cl,): 2135(w) (v(Ir-H);
2051(vs), 2016(med) (V(CO)); 1709(vs) (v(C=0) of CO,CH,); 1588 (v(C=C)).

X-ray Data Collection

Crystals of compound 3 suitable for X-ray diffraction studies were
obtained by slow diffusion of diethyl ether into a saturated THF solution

of the compound. The crystals proved susceptible to loss of both solvent
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of crystallization and H,, so one was selected and wedged intc a capillary
tube, containing H, and solvent vapor, which was then flame sealed. Data
were collected on an Enraf-Nonius CAD4 diffractometer at 22 °C using
graphite monochromated Mo Ka radiation. Unit cell parameters were
obtained from a least-squares refinement of the setting angles of 25 reflec-
tions in the range 21.8° £ 20 < 25.2°. A monoclinic crystal system was
established by the usual peak search and reflection indexing programs and
systematic absences (hOl: 1=o0dd, 0kO: k = odd) in the data were consistent
with the space group P2,/c.

Intensity data were collected on the CAD4 diffractometer as
described in Chapter 2. The intensities of three standard reflections,
measured every hour of exposure time, showed a mean decrease of 9.2%
and a correction was applied assuming linear decay. The data were
processed in the usual manner on the Digital PDP 11/23 PLUS computer.!!

See Table 6.1 for pertinent crystal data and details of initensity collection.

Structure Solution and Refinement

The structure was solved by using Patterson techniques to locate the
metals and by successive least-squares and difference Fourier calculations
to obtain the other atom pesitions. Hydrogen atoms associated with the
DPM ligands and carboxylate methyl groups were located but were |
assigned to idealized positions as described in previous Chapters. Two of
the solvent molecules were reasonably well behaved, but electron density

associated with them was somewhat smeared out. The third appears
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Table 6.1. Summary of Crystal Data and Details of Intensity Collection.

compd [Ir,(H),CI(CH;0,CC=C(H)CO,CH;),(CO),(DPM),[BF].3THF
formula Ir,CIPF,0,,C5BHgy
fw 1836.09
crystal shape irregular plate
crystal size, mm 0.58 x 0.35 x 0.056
space group P2,/c (No. 14)
cell parameters
a, A 18.675(5)
b, A 15.775(3)
¢ A 26.371(4)
B, deg 96.38(2)
v, A3 7720.6
Y4 4
p(caled), g/cm? 1.517
temp, °C 22
radiation (&, A) graphite monochromated MoKa
(0.71069)
receiving aperture, mm 3.00+(tan®) wide x 4.00 high, 173

from crystal
take off angle, deg 3.00
scan speed, deg/min variable between 6.67 and 0.95
scan width, deg 0.50 + (0.347 tan®) in
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Table 6.1. (Continued)

20 limits, deg 1.0<20 £48.0
no. of unique data colled 12079 (h, k, #1)
no. of unique data used (F ;2 230(F3)) 5775

linear absorption coeff, y, cm! 36.10

range of transmission factors 0.891-1.362
final no. of parameters refined 590

error in observation of unit weight  1.752
R 0.054
R 0.062

w
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slightly disordered such that its oxygen and carbon atoms could not be
differentiated; all atoms in this ring were therefore refined as carbors.
The hydrogen atoms of the solvent molecules were not included in the
refinement owing to the high thermal parameters associated with the

carbon and oxygen atoms.

Refinement in the space group P2,/c converged at R = 0.054 and R,,
= 0.062.12 The final positional and isotropic thermal parameters for all
non-hydrogen atoms are given in Table 6.2. The 10 highest peaks in the
final difference Fourier map (0.993-0.623 e/ A?) were in the vicinities of the

metals and the THF solvent molecules.

Results and Discussion

(a) Description of Structure

Compound 3 crystallizes in the space group P2,/c with one complex
cation, the BF,” anion and three THF solvent molecules in the asymmetric
unit. The BF, anion is well-behaved and displays the expected tetrahedral
geometry. Although the solvent molecules were found to have high
thermal parameters, their geometries are as expected and there are no
unusual contacts between the solvent molecules, the BF,” anion or the
complex cation. A perspective view of the complex cation is shown in
Figure 6.1, and a view containing only the metals and equatorial ligands is
shown in Figure 6.2. Selected vond distances and angles are given in

Tables 6.3 and 6.4, respectively.



Table 6.2. Positional Parameters and Isotropic Thermal Parameters®

Ir(1)
Ir(2)
Cl
P(1)
P(2)
P@3)
P®4)
F(1)
F(2)
F(3)
F(4)
o(1)
0(2)
0)
(o]C))
O(5)
O(6)
o)
O(8)
0©9)
O(10)
o@11?
O@12)®
C(1)
CQ)
C@3)
C(4)
C(5)

0.23047(3)
0.26816(3)
0.1051(2)
0.1980(2)
0.2326(2)
0.2351(2)
0.2513(2)
0.9035(5)
0.9032(7)
0.8483(7)
0.9703(8)
0.3862(6)
0.4290(6)
0.3162(6)
0.2928(8)
0.0734(6)
0.1879(7)
0.3668(7)
0.4129(6)
0.1940(6)
0.3080(6)
0.439(1)
0.852(1)
0.3286(8)
0.3685(8)
0.1698(7)
0.2026(7)
0.377(1)

0.09135(4)
0.00253(4)
0.0596(2)
0.2179(3)
0.1296(3)
-0.0479(3)
-0.1311(3)
0.6415(6)
0.5182(7)
0.5261(7)
0.5307(8)
0.1322(7)
0.0249(7)
0.1250(7)
0.2574(8)
0.1687(8)
0.1950(9)
0.0314(8)
-0.0810(9)
-0.1742(7)
-0.1312(9)
0.468(2)
0.444(2)
0.1154(9)
0.0187(9)
0.1875(9)
-0.1231(8)
0.164(2)

-0.07859(2)
-0.18532(2)
-0.0989(1)
-0.1261(2)
-0.2277(2)
-0.0429(2)
-0.1494(2)
0.2537(4)
0.2081(4)
0.2803(5)
0.2822(6)
-0.0576(5"
-0.1467(5)
0.0491(4)
0.0190(5)
0.0719(4)
0.0935(5)
-0.2969(5)
-0.2571(5)
-0.3563(4)
-0.3524(4)
0.055(1)
0.089(1)
-0.0660(5)
-0.1619(6)
-0.1922(6)
-0.0926(5)
0.0804(8)

B(A)

3.55(1)
3.71(1)
4.27(9)
4.1(1)
4.2(1)
3.69(9)
3.8(1)
8.1(3)
10.9(4)
12.0(4)
13.7(5)
7.2(3)
7.0(3)
710Q3)
9.7(4)
7.5(4)
9.7(4)
8.7(4)
8.7(4)
7.0(3)
8.7(4)
23.(1)
25.(1)
4.2(4)
4.4(4)
4.2(4)
3.7(3)
11.2(8)



Table 6.2. (Continued)

C(6)

C@)

c(®

C9)

CcQ10)
can
C@12)
C(13)
C(14)
c@9%)
C(16)
C(@21
C(22)
C(23)
CQ4)
C(25)
C(26)
C@31n
C(32)
C(33)
C(34)
C(35)
C(36)
C@41
C(42)
C(43)
C(44)
C(45)
C(46)
C(51)
C(52)

0.2745(9)
0.2099(8)
0.1493(8)
0.1417(9)
0.063(1)
0.439(1)
0.3627(9)
0.2885(8)
0.2387(8)
0.2519(9)
0.203(1)
0.1188(7)
0.1295(8)
0.067(1)
0.0043(9)
-0.004(1)
0.0531(9)
0.2602(8)
0.237(1)
0.283(1)
0.350(1)
0.379(2)
0.328(1)
0.2948(8)
0.365(1)
0.415(1)
0.386(1)
0.316(1)
0.2689(9)
0.1738(8)
0.1095(9)

0.183(1)
0.1442(9)
0.140(1)
0.173(1)
0.152(1)
0.050(2)

-0.036(1)

-0.052(1)

-0.094(1)

-0.134(1)

-0.218(1)
0.2705(9)
0.311(1)
0.351(1)
0.350(1)
0.311(1)
0.270(1)
0.3042(9)
0.376(1)
0.445(1)
0.444(1)
0.370(2)
0.300(1)
0.2094(9)
0.202(1)
0.269(1)
0.337(1)
0.343(1)
0.278(1)
0.1064(9)
0.069(1)

0.0216(7)
-0.0074(6)
0.0108(6)
0.0627(6)
0.1247(7)
-0.311(1)
-0.2682(6)
-0.2551(6)
-0.2860(6)
-0.3344(6)

-0.4032(7)

-0.1065(5)
-0.0586(6)
-0.0414(7)
-0.0699(7)
-0.1149(7)
-0.1342(6)
-0.1290(6)
-0.1514(8)
-0.1610(8)
-0.1397(8)
-0.1171)

-0.1138(9;
-0.2451(6)
-0.2280(7)
-0.2412(8)
-0.2692(7)
-0.2839(7)
-0.2719(7)
-0.2864(6)
-0.2855(6)

6.3(5)
4.1(4)
4.9(4)
6.0(5}
9.6(6)
13.2(8)
6.3(5)
5.5(4)
5.2(4)
5.9(4)
10.6(7)
3.9(3)*
5.5(4)*
6.7(5)*
6.7(5)*
7.4(5)*
6.0(4)*
4.5(4)*
8.6(6)*
9.1(6)*
9.4(6)*
17.(1)*
10.8(7)*
4.4(3)*
7.1(5)*
10.1(6)*
7.8(5)*
7.6(5)*
6.5(4)*
4.5(4)*
5.8(4)*



Table 6.2. (Continued)

C(53)
C(54)
C(55)
C(56)
C(61)
C(62)
C(63)
C(64)
C(65)
C(66)
C(71)
C(72)
C(73)
C(74)
C(75)
C(76)
C(81)
C(82)
C(83)
C(84)
C(85)
C(86)
Cc1)
C(92)
C(93)
C(94)
C(95)
C(96)
C(100)®
C(101)®
C(102)®

0.069(1)

0.099(1)

0.164(1)

0.2046(9)
0.3205(7)
0.3861(9)
0.4497(9)
0.443(1)

0.3776(9)
0.3144(9)
0.1755(7)
0.1064(8)
0.0624(9)
0.0876(9)
0.1562(9)
0.1993(8)
0.1879(8)
0.1179(8)
0.0678(9)
0.091(1)

0.163(1)

0.2124(9}
0.3302(7)
0.3895(9)
0.449(1)

0.444(1)

0.3860(9)

0.3260(9)

0.418(2)
0.342(2)
0.331(2)

0.042(1)
0.053(1)
0.090(1)
0.116(1)
-0.0957(8)
-1,070(1)
-0.114(1)
-0.182(1)
-0.207(1)
-0.164(1)
-0.0636(9)
-0.098(1)
-0.102(1)
-0.073(1)
-0.040(1)
-0.036(1)
-0.1984(9)
-0.1737(9)
-0.227(1)
-0.300(1)
-0.325(1)
-0.274(1)
-0.1991(9)
-0.199(1)
-0.246(1)
-0.308(1)
-0.322(1)
-0.265(1)
0.561(2)
0.543(2)
0.457(3)

-0.3306(7)
-0.3753(7)
-0.3771(7)
-0.3340(6)
-0.0148(5)
-0.0271(6)
-0.0074(7)
0.0245(7)
0.0359(7)
0.0157(6)
0.0063(5)
-0.0038(6)
0.0362(7)
0.0835(6)
0.0955(7)
0.0561(6)
-0.1902(6)
-0.2002(6)
-0.2298(6)
-0.2480(7)
-0.2388(7)
-0.2077(6)
-0.1328(5)
-0.1550(6)
-0.1441(7)
-0.1115(7)
-0.0888(7)
-0.0968(6)
0.054(1)
0.027(1)
0.032(2)

7.7(5)*
7.0(5)*
7.4(5)*
5.6(4)*
3.6(3)*
6.3(4)*
6.6(5)*
6.9(5)*
7.1(5)*
5.6(4)*
3.8(3)*
5.0(4)*
6.7(4)*
5.9(4)*
6.1(4)*
4.8(4)*
4.2(3)*
4.6(4)*
5.9(4)*
7.1(5)*
7.95)*
5.9(4)*
3.93)*
6.0(4)*
6.8(5)*
7.3(5)*
7.0(5)*
5.8(4)"
18.(D*
23.(1)*
26.(2)*



Table 6.2. (Continued)

C(103)® 0.402(3) 0.426(3) 0.015(2) 33.Q2)*
C(104)® 0.897(2) 0.423(2) 0.041(1) 20.(1)*
c(05)® 0.892(1) 0.318(2) 0.047(1) 14.2(9)*
C(106)® 0.825(1) 0.332(2) 0.050(1) 13.9(9)*
C(107)® 0.880(2) 0.352(2) 0.102(2) 21.(1)*
C(108)° 0.616(2) = 0.433(2) 0.343(1) 19.()*
C(109)® 0.572(2) 0.352(2) 0.317(1) 17.(1)*
C(110)® 0.635(2) 0.321(2) 0.283(1) 27.(1)*
C(111)® 0.674(2) 0.418(2) 6.311(1) 22.(1)*
C(112)° 0.617(3) 0.407(3) ~  0.270(2) 22.(2)*
B 0.907(1) 0.553(2) 0.2566(9) 7.7(6)*

a Estimated standard deviations in these and subsequent tables are given
in parentheses and correspond to least significant digits. Starred atoms
were refined isotropically. Anisotropically refined atoms are given in the
form of the isotropic equivalent displacement parameter defined as:
(4/3)[a%p(1,1) + b2B(2,2) + 2P(3,3) + ab(cos gamma)P(1,2) + ac(cos beta)B(1,3)
+ be(cos alpha)B(2,3)].

b The THF solvent molecules are labelled as follows:

THF(1): O(11), C(100), C{101), C(102), C(103).

THF(2): O(12), C(104), C(105), C(106), C(107).

THF(3): C(108), C(109), C(110), C(111), C(112); see text regarding disorder of
this molecule.
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Table 6.3. Distances (A) in [Ir,(H),Cl(CH,;0,CC=C(H)CO,CH,),(CO),(DPM),]*

(a) Bonded

Ir(1)-Cl 1 2.397(3) 0O(1)-C(1) 1.11Q0)

- Ir(1)-P(1) © 2.399(3) - 0(2-C(2) 1.16(1)
Ir(1)-P(3) 2.388(3) ‘ 0O(3)-C(5) 1.46(2)
Ir(1)-C(1) 1.87(1) O(3)-C(6) 1.35(2)
Ir(1)-C(7) 2.13(1) C 0@)-C(6) 1.23(2)
Ir(2)-PQ2) 2.354(3) O(5)-C(9) 1.33(2)
Ir(2)-P(4) 2.346(3) O(5)-C(10) 1.48(2)
1r(2)-C(2) 1.92(1) 0(6)-C(9) 1.17(2)
Ir(2)-C(13) 2.10(1) O(7)-C(11) 1.46(2)
P(1)-C(3) 1.83(1) O(7)-C(12) 1.32(2)
P(1)-C(21) 1.83(1) O(8)-C(12) 1.19(2)
P(1)-C(31) 1.80(1) O(9)-C(15) 1.33(1)
P(2)-C(3) 1.83(1) 0(9)-C(16) 1.45(1)
P(2)-C(41) 1.81(1) 0(10)-C(15) 1.20(1)
PQ)-C(51) 1.83(1) C(6)-C(7) 1.48(2)
P(3)-C(4) 1.82(1) C(7)-C(8) 1.28(2)
P(3)-C(61) 1.84(1) C(8)-C(9) 1.49(2) .
P(3)-C(71) 1.82(1) C(12)-C(13) 1.49(2)
P(4)-C(4) 1.84(1) C(13)-C(14) 1.34(2)
P(4)-C(81) 1.84(1) C(14)-C(15) 147(2)
P(4)-C(91) 1.84(1) |

(b) Non-Bonded

Ir(1)-Ir(2) 3.2895(7) O()-0(2) 3.07(1)
P(1)-P(2) 3.151(5) C(D-CQ2) 3.11Q2)
P(3)-P(4) 3.143(5) O(1)-H(36) 226

Cl-H(8) 2.49 O(2)-H(42) 2.57
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Table 6.4. Angles (deg) in [Ir;(H),CI(CH;0,CC=C(H)CO,CHy),(CO),(DPM),)*

Cl-Ir(1)-P(1) 82.7(1) - Ir(1)-P(3)-C(61) 121.9(4)

Cl-Ir(1)-P3) . 83.5(1) | Ir(1)-P3)-C(71) 114.1(4)
Cl-Ir(1)-C(1) 177.3(4) C(4)-PQR)-C(61) 103.2(5)
Cl-Ir(1)-C(7) 90.(3) C4)-P(3)-C(71) 104.1(5)
P(1)-Ir(1)-P3)  165.4(1) C(61)-P(3)-C(71) 103.2(5)
P(D-Ir(D-C(1)  96.3(4) Ir(2)-P4)-C(4) 111.6(4)
P(D-Ir(D-C(7)  94.33) Ir(2)-P(4)-C(81) 112.9(4)
PQ)-Ir(D-C(1)  97.1(4) Ir(2)-P(4)-C(91) 118.8(4)
PQ)-Ir(1-C(7)  90.9(3) C(4)-P(4)-C(81) 99.8(5)
C(D-Ir(1)-C(7)  91.9(5) C(4)-P(4)-C(91) 107.6(5)
P(2)-Ir(2)-P(4)  155.9(1) C(81)-P(4)-C(91) 104.5(5)
PQ2)-Ir(2)-C(2) 104.6(4) C(3)-0(3)-C(6) 112.(1)
P(2)-Ir(2)-C(13)  90.1(4) C(9)-0(5)-C(10) 113.(1)
P(4)-Ir(2)-C2)  99.2(4) C(11)-0(7)-C(12) 115.(1)
P(4)-Ir(2)-C(13) 91.8(4) i C(15)-09)-C(16) 116.(1)
CQ)-Ir(2)-C(13) 94.1(6) Ir(1)-C(1)-0(1)  178.(1)
Ir(D)-P(1)-C(3) 108.0(4) Ir(2)-C(2)-0(2) 177.(1)
Ir(D-P(1)-CQ1) 113.4(4) P()-C(3)-P(2)  119.2(6)
Ir()-P(D-CB1) 121.8(4) P(3)-C(4)-P(4) 118.4(5)
C(3)-P(1)-C(21) 103.6(5) 0O@3)-C(6)-O4) 122.(2)
CQR)-P(1)-C(31) 106.1(5) 0@)-C(6)-C(7) 113.(1)
C(21)-P(1)-C(31) 102.6(6) O4)-C(6)-C(7) 125.2)
Ir(2)-P(2)-C(3) 110.3(4) I()-C(7)-C(6) 113.(1)
Ir(2)-P(2)-C(41) 123.9(4) Ir(1)-C(7)-C(8) 124.(1)
Ir(2)-P(2)-C(51) 110.0(4) C(6)-C(7)-O(8) 122.(1)
C3)-P(2)-C(41) 104.4(5) C(7)-C(8)-C(9) 121.(1)
C(3)-P(2-C(51) 100.1(5) O(5)-C(9)-0(6) 123.2)
C(41)-P(2)-C(51) 105.5(6) g O()-C(9)-C(8) 111.(1)

Ir(1)-P(3)-C(4)  108.8(4) O(6)-C(9)-C(8) 127.(2)
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O(7)C(12)-0(8) 122.(2)
O(7)-C(12)-C(13) 113.(1)
O(8)-C(12)-C(13) 125.(2)
Ir(2)-C(13)-C(12) 113.(1)
Ir(2)-C(13)-C(14) 124.(1)

C(12)-C(13)-C(14)123.(1)
C(13)-C(14)-C(15)125.(1)
0(9)-C(15)-0(10) 124.(1)
0(9)-C(15)-C(14) 112.(1)
O(10)-C(15)-C(14)124.(1)




The complex exhibits a geometry in which each metal has a
distorted octahedral coordination with the hydrido ligands situated as
shown in the figures. The major distortion from octahedral geometries at
the metal centers is due to the DPM ligands. As was found in the complex
obtained from Cl" addition to 2, [Ir,Cl,(CH,0,CC=C(H)CO,CH,),(CO),-
(DPM),],! both DPM ligands in complex 3 are tilted away from the side of
the molecule containing the carbonyl ligands and the carboxylate groups
which are nearest the metals. The resulting angles at Ir(1) (P(1)-Ir(1)-C(1) =
96.3(4)° and P(3)-Ir(1)-C(1) = 97.1(4)°) are véry similar to those found in the
dichloro complex. At Ir(2), however, the angles are slightly greater (P(2)-
Ir(2)-C(2) = 104.6(4)° and P(4)-Ir(2)-C(2) = 99.2(4)), indicating less steric
congestion opposite C(2). Although the Ir-P distances at Ir(2) (2.354(3),
2.346(3)) are similar to those found in the neutral dichloro complex, those
at Ir(1) are slightly longer (2.399(3), 2.388(3)) owing to the greater steric
congestion caused by the larger chloro ligand on Ir(1). The congestion at
this metal results in some rather close non-bonded contacts between
pheny! hydrogens and the carbonyl oxygen atoms (O(1)-H(36) = 2.26 A,
O(2)-H(42) = 2.57 A). These distances are rather short compared to the
sums of the van der Waals radii involved.!?

Although the hydrido ligands were not located crystallographically,
their approximate positions are assigned on the basis of 'TH NMR spectro-
scopic data (vide infra) and the positions of the other ligands in the
structure. The position of the terminal hydride is obvious from the
vacant coordination site opposite C(2), and the bridging hydride is

suggested to be part of a nearly colinear Ir-H-Ir linkage. Such positions are
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consistent with the octahedral geometry of the complex, and furthermore,
the Ir-Ir separation of 3.2895(7) A is almost exactly what would be predicted
based on sums of covalent radii for the Ir atoms and the bridging hydrido
ligand (3.27 A).® It should be pointed out that for all cases of hydride-
bridged metal complexes in which the hydrido ligand was located (either
by X-ray or neutron diffraction), the M-H-M linkage is bent, with angles
ranging from 85° to 159°.1 It is expected that the same is true in
compound 3, although the arrangement of the other ligands suggests this
linkage may be almost linear.

The carbonyl and chloro ligands in complex 3 are normal, with
parameters involving these ligands comparable to values previously
reported.*1>16 The Ir(2)-C(2) distance is marginally longer than that of
Ir(1)-C(1) (1.92(1) A vs. 1.87(1) A) and is similar to the Ir-CO distance in
another cationic hydride complex, [IrH(CO),(1-H),(DPM),][Cl],° in which
the carbonyl is located opposite a hydrido ligand. This is taken as further
support for the presence of a hydrido ligand opposite C(2), based on the
known "trans-influence” that is exhibited by this ligand.l”

Parameters within the metallated olefin groups are essentially the
same as in the neutral dichloro species,! however, it should be noted that
the carboxylate group involving C(6) is oriented with its methoxy sub-
stituent below the plane shown in Figure 6.2, while that involving C(12)
has its methoxy group above the plane. This was not the case in the
neutral dichloro complex, which contained an approximate mirror plane
perpendicular to the Ir-Ir bond. Such a difference is, no doubt, a conse-

quence of the differing steric requirements in these compounds.
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® Description of Chemistry

The reaction of [Ir,(H),(CO),(u-C1)(DPM),][BF,] (1) with 2 equivalents
of dimethylacetylenedicarboxylate (DMA) in CH,Cl, was previously found’
to give a mixture of products, from which the neutral complex, [Ir,Cl,-
(CH,0,CC=C(H)CO,CH3),(CO),(DPM),], was separated and structurally
characterized. The X-ray structure determination of this neutral species
offered support for the structure proposed for 1, due to the positions of the
metallated olefin groups on the outsides of the complex, opposite the Ir-Ir
bond. Since the source of an additional chloride jon was attributed to the
CH,Cl, solvent, it was anticipated that the mixture obtained in the reaction
did contain the analogous cationic species but that it was sensitive to the

solvent. It is now confirmed that the cationic di-inserted species,

[Ir,(CH;0,CC=C(H)CO,CH,),(CO),(u-CH(DPM),][BF] (2) is exclusively

/ P P \
MeOZC—C\C Il al I| /C—COZMe
T T o
MeOzc/ OC/ | |\Oo\co,Me
N

obtained when the reaction is performed in either THF or acetone; the
reaction occurs rapidly upon addition of DMA, causing a color change
from yellow to orange-yellow. Addition of only one equivalent of DMA
to 1 merely yields one half of an equivalent of 2, and unreacted 1, as

shown by 3P{('H} NMR. The symmetric nature of this species is evidenced



by a singlet in the 3'P{'"H)} NMR spectrum (5 -13.62), and the 'H NMR
spectrum which reveals only two carboxylate methyl resonances (5 3.39 (s,
6H), 3.21 (s, 6H) ) and one resonance for the two equivalent hydrogen
atoms (3.52 (s, 2H} ) on the metallated olefin moieties. This contrasts the
solution asymmetry found in the case of the neutral dichloro complex,’
which was presumed to be due to steric crowding in the equatorial plane.
The infrared spectrum of the isolated bright yellow solid displays two
carbonyl stretches at 2028 and 2013 cm™!, a DMA carboxylate stretching band
at 1713 em’!, a band at 1573 cm™! attributed to the C=C stretch of the
metallated olefins, and a broad band at 1050 cm" characteristic of the BF,
counterion. Both carbonyl bands are higher than those of the dichloro
species, as expected by the cationic nature of 2.

Clearly, the reaction of the dihydride complex, 1, with alkyne is
rather facile, in spite of the coordinative saturation at both metals in 1.
The mechanism proposed for the hydride rearrangement, yielding 1
(Chapter 5), suggests a route to coordinative unsaturation at each metal
center, allowing subsequent reaction with alkyne. As previously
proposed, the bridging chloride ligand can swing into a terminal position
on one metal, providing a site at the other metal for alkyne attack.

Subsequent hydride migration, transfer of the chloride to the other metal

and a repeat of the above sequence at the second metal center must be very

rapid since the reaction is immediate with no intermediate observed, even

at low temperature. Note that the diinserted product, 2, is again equipped
to generate coordinative unsaturation at either metal center by the same

mechanism since it is quite analogous to 1. This would appear to be a
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viable route to oxidative addition of H, adjacent to the alkenyl ligand and
subsequent reductive elimination of the free olefin. Such a route was not
available to the neutral dichloro species apparently preventing further
reaction with H,. Furthermore, the similarity between cdmpound 2 and
its precursor, 1, suggested that 2 should also react with H,.

As anticipated, solutions of compound 2 react immediately under
an atmosphere of H, causing a color change to very pale yellow, reminis-
cent of the pale coloration of the tetrahydrides formed when 1 is reacted
with H, ('see Chapter 5). The 3¥P{'H} NMR spectrum reveals a single
unsymmetrical species, 3 (8 -7.90 (m), -12.77 (m)), and the 'TH NMR
spectrum displays two broad hydride resonances (8 -8.76, -19.37) at 22 °C,
integrating as one proton each. However, at -40 °C the more downfield
hydride resonance appears as a triplet (?Jp,; = 18.4 Hz) and by -80 °C the
upfield hydride resonance is also somewhat better resolved into a
multiplet. The 'TH NMR spectra, with and without the appropriate
selective 3'P decoupling are shown in Figure 6.3, along with the 3'P('H)
NMR spectrum. It is clear that the triplet at  -8.76 represents a hydride
which is terminally bound to one iridium center as evidenced by collapse
of this resonance to a singlet upon selective decoupling of the 3'P
resonance at 8 -7.90. Itis also evident that the hydride represented at §
-19.37 bridges both metals as observed in the partial collapse of this
resonance during each selective decoupling. Although this resonance
approaches the appearance of a pure triplet upon selective decoupling, the
multiplicity is not very clear due to the poor resolution. Broad-band

decoupling of both 3P resonances from the 'H NMR spectrum causes both
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476 1037 pem
TH3'p(-7.00))
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Figure 6.3  3'P{'H) NMR spectrum (top) and '"H NMR spectra (hydride
region) for compound 3 at -80 °C, also showing selective 3P

decoupled 'H NMR spectra.
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hydride resonances to collapse to singlets (not shown). It is these NMR
data, as well as the observed positions of the other ligands found in the
X-ray structure which suggest the locations of the two hydrido ligands as
indicated in Figures 6.1 and 6.2.

The infrared spectrum of 3 displays two carbonyl stretches (2051,
2016 cm?) consistent with carbonyl groups on Ir(I) centers, and a weak
band at 2135 cm'! assigned to v(Ir-H) by comparison of this spectrum to that
of the analogous dideuteride, prepared by addition of D, t¢ compound 2.
Additonal bands due to the carboxylate groups (1709 cm™) and the C=C
stretch of the metallated olefin (1588 cm™!) are also present. In the IR
spectrum of the deuterated analogue (v(CO): 2060, 2018 cm™) one of the two
CO bands has shifted to higher frequency, consistent with this CO stretch
having been coupled to the v(Ir-H) at 2135 em™, and supporting the
location of a hydrido ligand opposite a carbonyl group.

The significance of compound 3 is appreciated when it is recognized
that reports of characterized dihydrido-alkyl (-alkenyl) complexes are quite
rare, even among the ever-increasing number of products of C-H activa-
tion.’® Such species, which are often proposed as intermediates in hydro-
genation catalyzed by monohydride transition-metal complexes, are
usually very unstable toward elimination of the hydrogenated product.’?
Furthermore, the structure of 3 is concrete eviderce that the chloride
ligand can easily move to a terminal position, giving support to the
mechanism by which hydride rearrangements occur, and also by which
coordinative unsaturation is generated to allow further réaction with

alkynes or H,.
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Attempts to reductively eliminate the expected hydrogenated
product, dimethylmaleate, from 3 have been unsuccessful. No reaction is
observed upon addition of substitutive ligands such as CO or PMe, to
compound 3. Neither is the olefin removed by heating solutions of 3
under N, purge, and instead, prolonged reflux in THF causes eventual H,
loss. Such vigorous conditions required for H, loss suggests a high degree
of stability, perhaps associated with exceptionally strong Ir-H bonds. This
factor, as well as the presence of the electron withdrawing carboxylate
groups in the organic moiety to cause strong Ir-C bonding,2° appear to
inhibit reductive elimination of the free olefin.

Reaction of compound 1 with another activated alkyne, hexafluoro-
2-butyne (HFB), and subsequent reaction with H,, yields analogous results
to that found for DMA. The NMR and IR data in each case are almost
identical apart from slight differences resulting from the change in sub-
stituents on the alkyne.

Although compound 1 reacts easily with activated alkynes, no
reaction is observed upon exposure of 1 to activated olefins such as
dimethylmaleate and tetraflouroethylene. These attempts were followed
by monitoring the 3'P('H} NMR spectra over several hours in the presence
of excess olefin. In each case compound 1 was found to be the only
phosphorus-containing species present in solution.

Due to the stability of complex 3 toward olefin loss, which is
attributed, in part, to the stronger Ir-C bonds in the activated alkenyl
group, it was of interest to investigate the result of using unactivated

alkynes for reaction with 1 and subsequent reaction with H,. When
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phenylacetylene is reacted with 1, in the absence of H,, the immediate
appearance of small amounts of styrene and [Ir,(CO),(u-CI}(DPM),)[BF,] as
monitored by 'H and 3¥P('H) NMR spectra, respectively, indicates that
hydrogenation is occurring by another mechanism (vide infra). However,
the major product, 4, appears to be one which is analogous to the di-
inserted DMA product, 2, as evidenced by a singlet in the 3¥P{('"Hj NMR
spectrum (3 -13.48) at nearly the same chemical shift as 2. The major bands
in the infrared spectrum at 2004 and 1969 cm™! are also consistent with
those of 2. Upon addition of excess H, to the sample mixture, the major
species, 5, is an unsymmetrical one as revealed by ¥'P{'H} NMR (8 -11.97
(m), -18.21 (m) ). The 'H NMR spectrum (40 °C) of 5 displays methylene
resonances at & 3.93 (m, 2H) and § 2.88 (m, 2H) and high field hydride
resonances at 8 -12.07 (m, 1H) and 8 -13.15 (t, 1H, 3, ;; = 16.5 Hz). Selective
31P decoupling of the TH NMR spectrum indicates that the hydride at §
-13.15 is terminal on one iridium center, while the hydride at § -12.07
bridges the two metals. Decoupling the 3'P resonance at § -11.97 causes
collapse of the triplet hydride resonance (5 -13.15) into a singlet, and
collapse of the multiplet hydride resonance (3 -12.07) into a triplet (*Jpy; =
11.5 Hz). Decoupling the 3'P resonance at & -18.21 only affects the multiplet
hydride resonance, resulting in a slightly broadened singlet. The results of
the selective decoupling experiment suggest that complex 5 is rather
analogous to complex, 3, and a similar geometry is proposed for this
complex, as shown below (DPM groups oritted for clarity).

Unfortunately, due to the presence of ine additional products in the

reactions, the hydrogen nuclei resulting from migration to the organic
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moieties in both 4 and 5 could not be located in the 'H NMR experiment.
It would appear reasonable, by steric arguments, to expect that the phenyl
substituents are as far from the metals as possible.

It should be noted that the ¥P{'H} NMR spectrum containing 5 as
the major product also revealed the formation of the complex, [Ir,H(CO),-
(u-H),(DPM),]* which has been previously characterized.’ Its formation
may be the result of HCl loss from species 5, followed by consecutive H,
additions and olefin eliminations at each metal center. Reductive elim-
ination of HCI from 5 might not be difficult (compared to the same for 3)
since the bridging hydrido ligand appears to already be primarily bound to
the same metal as the chloro ligand, and adjacent to it. Such a proposal is
also consistent with the previous observation of HCl and HI elimination
from tetrahydride complexes which are structurally analogous to 3 and 5
(see Chapter 5); again the resulting species in each case is [Ir,H(CO),(u-H),-
(DPM),)*.

Leaving the sample containing 5 under H, for approximately 24 h
results in an increase in the concentration of styrene, as monitored by 'H
NMR, and essentially complete conversion of all phosphorus-containing

species into the two isomeric tetrahydrides (resulting from addition of
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excess H, to the A-frame complex [Ir,(CO),(u-CI)(DPM),}[BF,)) as monitored
by 3'P{'H} NMR.

Based upon the observations previously described, and on the DMA
chemistry leading up to the structure determination of 3, the mechanism
outlined in Scheme 6.1 is proposed as the major pathway by which
phenylacetylene is hydrogenated to styrene. This mechanism is related to
that previously proposed (Chapter 5) for the hydride rearrangements
leading to species 1 in that cleavage of one Ir-Cl bond yielding a sixteen-
electron metal center is important. The steps leading to the doubly-
inserted chioro-bridged species have already been described earlier in this
chapter. Reaction of the doubly-inserted product with H, yields the species
analogous to 3, which is a stable species for 3 itself, but for the inserted
phenylacetylene case goes on to reductively eliminate one equivalent of
styrene. A "windshield-wiper” motion of the chloro ligand again
generates a site for H, attack next to the other metallated olefin group, and
subsequent elimination of the second olefin molecule regenzrates the
dihydride, 1.

As noted, the reaction of 1 with phenylacetylene yields small
amounts of styrene in the absence of H,. It is found that reactions of 1
with 2-butyne and ethylene also lead to direct hydrogenation of the
substrate. The reaction of excess 2-butyne with 50.0 mg of the dihydride
compound 1 (in CH,Cl, or THF) causes an immediate color change from
yellow to orange-yellow. Over a period of 20 min the orange color
intensifies and after this time the *P{'H)} NMR spectrum reveals that the

only phosphorous-containing species remaining is the A-frame complex,

202



203

R EIENES

ﬂ\o/u i o T~ "
" Y 2% o-n 0 ﬂ o |
WO”OMG -— z‘l\amxd._omn_-\ — .qu”oM z+ " _,\ ? B! \U\M v
.uo - " _ * ¢ ® . Pt _ H
~— &/\.b
=S RPN g
/ i \ - ! \U\UIC Elonv// ﬂ \U ﬁ \UO\QI‘
E\U\\\\J - JPtad | u—- 2, \QI»—/ — ) -—
*. o _ € v _ e _ v
u<& * &/\u
ﬁ.\u@/ P ﬁ\/ R '
v “\w\ul R e H e .T_ A _. \oo\ul..
et . [ 5 *y PP 5= —a
iy 0’ _ ® 1’ _ M o _ 1
~ S~ * e~
 §
P
Gl e oL
e ."\ " V=2 | =~ _ A° A°
.o\\ | eomow xxl\ ] s) B ST WA ~4"h
ol Lm0 _ [<] _ /:/.U\\\ —
/\\& 6/\.D * 6/\&



[Ir,(CO),(u-C1(DPM),][BF,], which is identified by comparing the 3Ip('H)
NMR spectrum with that bf an authentic sample. An infrared spectrum
of the solution confirms that complete conversion to the A-frame
| complex has occurred. Analysis of a sample of the gas above the solution
by gas chromatography reveals nearly equal concentrations of cis-2-butene
and trans-2-butene as well as residual 2-butyne and a small amount of
1-butene. Note that H, is excluded from this reaction and therefore direct
butyne hydrogenation by 1 is occurring; clearly the route suggested by the
DMA chemistry is not involved with this substrate. Similarly, the reac-
tion of compound 1 with excess ethylene causes the solution to become
orange in approximately the same time as the reaction with 2-butyne.
Analysis of the gases above the solution by mass spectrometry verifies the
presence of ethane. Removal of the ethylene/ethane atmosphere fol-
lowed by recording of the infrared and 3'P{'H} NMR spectra of the solution
again reveals only the A-frame complex, [Ir,(CO),(u-CI}(DPM),][BF,].
Since the hydrido ligands in 1 are not mutually adjacent, an intra-
molecular mechanism for the hydrogenation of 2-butyne and ethylene
appears unlikely. In order to provide support for an intermolecular
reaction, a 1:1 mixture of [Ir,(H),(CO),(u-C1)(DPM),][BF,] (1) and its analo-
gous dideuteride, [Iry(D),(CO),(u-C(DPM),J(BF,] was reacted with excess

ethylene and the products analyzed by high resolution mass spectrometry.
The mass spectrum revealed that an approximate 1:2:1 ratio of C,Hg, C;H;D
and C,H,D, had resulted, which is consistent with an intermolecular

reaction. The same mechanism would appear reasonable for rationalizing

the observation of trans-2-butene in reactions of 1 with 2-butyne, however,
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isomerization of an initially formed cis-product by unreacted 1 could also
explain its formation, along with the production of 1-butene (see Chapter 1
for a description of alkene isomerization).

The involvement of an intermolecular mechanism in the case of
unactivated substrates is no doubt related to the iridium-carbon bond
strengths in the metallated-olefin intermediates. For 2-butyne and
ethylene (and to some degree for phenylacetylene) these bonds are
evidently weak and perhaps undergo homolytic bond cleavage such that
the hydrogenation proceeds by a radical pathway. A radical mechanism
has been supported in other hydrogenation reactions by the observation of
Chemically Induced Dynamic Nuclear Polarization (CIDNP) in the NMR
experiment (see also Chapter 1).2! However, no such CIDNP effects were
evident in the TH NMR signal of the butenes when the reaction of 1 with
2-butyne was closely monitored by NMR.

Although the reaction of 1 with both 2-butyne and ethylene proceed
at attractive rates, 1 is not an effective catalyst for the hydrogenation of
these substrates (at least under ambient conditions) due to very effective
competition for the dihydride complex by H, to yield the coordinatively
saturated tetrahydride isomers described in Chapter 5. Consequently, even
under conditions of high substrate concentration and low H, concen-
tration needed to circumvent this problem, the catalysis is slow. Using
substrate:H, mole ratios near 10:1, over solutions of the A-frame precursor
of 1, caused no apparent H, uptake in the the case of ethylene, and less
than 1 turnover per hour was observed in the case of 2-butyne. Although

an extensive study into this mechanism has not yet been undertaken, it is



potentially very important in catalytic hydrogenation by these systems,
and ciearly should be investigated further. Studies of these reactions at
elevated temperatures, where the tetrahydrides may be less likely to
quench the reaction, would be of interest.

The reactions of several related hydrides (described in Chapter 5)
with unsaturated substrates were also studied, in order to further ascertain
those factors which promote hydrogenation by binuclear complexes and to
substantiate some of the above conclusions. In the following cases the
hydride complexes did not undergo rearrangement, neither was substrate
hydrogenation observed.

The iodo A-frame complex [Ir,(CO),(u-D(DPM),][BF,] was found to
react with excess H,, yielding a single tetrahydride species which sub-
sequently underwent facile HI loss and H, loss (see Chapter 5) to give
[Ir,H(CO),(1-H),(DPM),](BF,] (6) and [Ir,(H),(CO),(u-D(DPM),][BE,] (7),
respectively. Addition of DMA to the mixture of 6 and 7 results in the
immediate reaction of 6 to form a symmetrical species, 8, as observed by
31P{TH} NMR (8 -13.79 (s) ), while less than 5% of 7 has reacted to yield an
unsymmetrical species, 9 C'P{*H} NMR: & -10.80 (m), -16.37 (m)). After 30
min, 90% conversion of 7 to 9 has occurred. Complex 8 is characterized in
the 'H NMR spectrum by two complex multiplets for the DPM methylene
protons (8 4.73, 2H; 4.44, 2H), a singlet for the coordinated DMA carboxylate
methyl protons (8 3.10, 6H) and two hydride resonances (5 -11.29 (m), -17.80
(quintet), 2Jy.p = 9.5 Hz2) integrating 2:1, respectively. Selective decoupling
of the 3P resonance at 8 -13.79 confirms the proton assignments (the

methylene resonances become an AB quartet and the hydride signals
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collapse to singlets), indicating that the three hydrido ligands have been
retained upon reaction of compound 6 with DMA. A structure for 8
consistent with the NMR studies is shown below. The hydride resonance

at 8 -11.29 looks very similar to that observed for the two protons of

+

(e o) . Qo
H \Ir/ \Ix/ H

C==C
MeO,C CO,Me

[Ir,(H)5(CO),(u-S)(DPM),], the rearranged sulfide dihydride (Chapter 5),
which was also suggested to have a colinear H-Ir-Ir-H linkage. The
splittings of this resonance indicate that the couplings involved here are
slightly less than those derived for the sulfide dihydride. The bridging
DMA moiety is likely to be bound as shown, based on the exclusive
observation of this mode in such complexes containing Ir(Il) or Ir(Ill)
centers.? Note that addition of the alkyne across the two metals of 6
requires a shift of one bridging hydride to a terminal position. This would
appear to be very facile based on spin-saturation-transfer experiments on
6,° which have revealed that the two hydrides on the same face of the
dimer undergo site exchange. Therefore, the result of DMA addition to 6
strongly suggests that the site exchange occurs in a stepwise fashion,
involving an intermediate containing a terminal hydrido ligand on each
metal. Via this intermediate the DMA can undergo coordination in the

site between the two hydrido ligands yielding 8, as shown.



The product, 8, is nevertheless a surprising result based on the
reaction of 6 with CO which simply causes H, elimination.’ A reasonable
explanation for these results is that CO addition takes place by attack at an
outside site of the complex, leaving two hydrido ligands adjacent and
therefore susceptible to reductive elimination, while DMA attack occurs
between the two adjacent hydrido ligands. Thus, in the case of DMA, the
hydrido ligands are no longer adjacent and reductive elimination of H, is
prevented. Evidently, formation of the alkyne bridge precludes hydride
migration to the substrate and once formed, is rather stable in this
coordination mode. |

The other product in this reaction, compound 9, is characterized in
the 'H NMR spectrum by two multiplets for the DPM methylene protons
(8 4.90, 2H; 4.73, 2H), two singlets for the DMA carboxylate methyl protons
(5 3.38, 3H; 3.16, 3H) and a triplet in the upfield hydride region (5 -14.49,
1H, ¥J,.p = 11.8 H2). Integrations are consistent with a single DMA moiety
incorporated and only one hydrido ligand. An additional singlet at & 3.90,

integrating as one proton, would appear to arise from the hydrogen which

has migrated to the unsaturated substrate. Consistent with the coupling to

only two phosphorus nuclei, selective decoupling of the 31P resonance at
-10.80 causes the upfield triplet in the 'H NMR spectrum to collapse to a
singlet, while selective decoupling at & -16.37 has no effect on this
resonance. This evidence suggests the structure shown below for 9 in
which alkyne insertion into one Ir-H bond has occurred. This result is

reminiscent of the reaction of [Ir(H),Cl,(CO),(DPM),] with DMA.! As with

this neutral chloro complex, 9 has not been induced to react further with
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DMA to yield insertion into the remaining Ir-H bond, nor is there any
indication for reductive elimination of the olefin. By comparison with
the A-frame complexes which contain doubly-inserted alkynes (vide
supra), it would appear that the low reactivity of 9, as well as that of the
singly-inserted dichloro complex,! may be a function of the steric crowding
in the A-frame pocket after the first insertion has occurred. It has previ-
ously been suggested by this research group' that the DPM phenyl groups
may play a role in this regard. Notably, the neutral diiodo-dihydride
species, [Ir,(H),I,(CO),(DPM),] does not react with DMA, even though it
exists in equilibrium with the cationic form, [Ir,(H),(CO),(1-)(DPM),]}[1]
(see Chapter 5). Competition for a coordination site by the counterion
evidently precludes coordination of the alkyne. Reactions of either the
neutral or cationic iodo complexes with 2-butyne or ethylene also reveal
no obvious reaction and no hydrogenated products are detected.

Another related diiridium A-frame complex, [Ir,(CO),(u-S)(DPM),],
was previously described (Chapter 5) to react with H,, yielding three
isomeric dihydrides over time. Although the system was found?¢ to
catalyze the hydrogenation of acetylene, ethylene and propylene at high

temperatures, it was of interest to investigate the possibility of inter-
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mediates arising from insertion of unsaturated substrates into Ir-H bonds
of the dihydrides observed in this system.

Isolation of the sulfide-dihydride, [Ir,(H),(CO),(u-S)(DPM),]} (10),
analogous to the rearranged chloro species 1 and addition of excess DMA,
causes no reaction as monitored over a period of 2h. Allowing the
reaction mixture to stir for approximately 2 days, however, did result in
conversion of all starting material to a variety of products. No attempté
were made to separate the products, however one of the species is identi-
fied as the product observed upon reaction of the sulfide A-frame complex
alone with DMA (Chapter 4). Furthermore, the time allowed for the
reaction to occur is clearly sufficient to allow reverse rearrangement of the
hydrides and even Hj loss, increasing the number of possible reacting
species. The failure of the rearranged dihydride to react with DMA is
consistent with the mechanism outlined in Scheme 6.1 since cleavage of
one Ir-S bond to create coordinative unsaturation is probably short lived,
and reformation of that bond is likely to preclude coordination of the
alkyne.

If one equivalent of DMA is added to a solution containing pre-
dominantly the initially formed dihydride in the reaction of [Ir,(CO),-
(u-S)(DPM),] with H,, the major species observed, 11, is unsymmetrical
G'P{'H)} NMR: § -16.50 (br,m), -24.32 (br,m)). This species has retained its
two hydrido ligands (‘-H NMR: § -10.91 (t, 1H, ¥Jp ; = 15.0 Hz), -16.44
(quintet, 1H, ¥Jp4; = 8.3 Hz)), although their environments are significantly
different from those of the precursor, which suggests that insertion has

not occurred, at least for this major species. Unfortunately the presence of



minor species also apparently containing coordinated DMA prevent
unambiguous assignment of the DMA carboxylate protons belonging to 11.
However, due to the obvious change in hydride environments, DMA is
assumed to be involved with the complex. The 3'P resonances which
appear broad at room temperature both collapse to the baseline as the
sample is cooled, but do not sufficiently reemerge even down to -80 °C. At
the same time the hydride signals in the TH NMR spectrum are seemingly
unaffected by temperature. At +40 °C, however, while the 3P resonances
lose their broadness and resemble a typical AA'BB' spin system, the
hydride resonances are broad and unresolved. Selective 3'P decoupling of
the 'TH NMR spectrum at this temperature does not resolve the hydride
resonances, and at lower temperatures the 3'P signals are too broad to
selectively decouple. Broad-band decoupling the 3'P resonances at lower
tempeiature causes both hydride resonances in the TH NMR spectrum to
collapse into singlets. These results strongly suggest a fluxional process
which is relatively fast on the NMR timescale, especially at high tempera-
ture. It is suggested that this may simply be exchange between free DMA
and that which is n-coordinated to a single metal center. This is not
inconsistent with the result of DMA and HFB addition to [Ir,(CO),(u-S)-
(DPM),], which gives a stable terminal n?-alkyne species with HFB, for
which a crystal structure has been determined (Chapter 4). It was found
that HFB attacks the complex adjacent to the sulfide bridge and causes a
shift of one carbonyl group into a bridging position. A similar reaction
could be forming 11, which might lead to the structure shown below

where one hydrido ligand occupies a bridge position.
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Another set of hydrides of interest in reactions with alkyne are the
mixed-metal complexes, [Rhir(H),(CO),(u-X)(DPM),]™ (12: X =Cl,n = 1; 13:
X =S, n =0). The chloro A-frame complex, [RhIr(H),(CO),(u-CI)(DPM),][CI]
(12a), derived from the neutral precursor, [RhirCl,(CO),(DPM),], was found
(Chapter 5) to lose H, very readily compared to the analogous BF, salt
(12b). Consequently, compound 12a immediately loses H, upon reaction
with DMA, even when the reaction is done under an H, atmosphere.

This is evidenced by an 'TH NMR spectrum which no longer contains high
field hydride resonances, nor is there evidence for insertion of the alkyne.
Furthermore, the 3'P{"H} NMR and IR spectra of the single product
formed, 14, are consistent with the previously identified product (Chapter
3) of direct addition of DMA to [RhIrCl,(CO),(DPM),]. Upon attempts to

induce alkyne insertion at elevated temperatures the product of CO loss

- /° CI\ / i
Cl——Rh \Ir Rh Ir
C===C C==C
/ N\ /
MeO,C CO,Me MeO,C CO,Me



from this dimetallated olefin compiex is identified, as well as the product
of chloride loss, (15) (see Chapter 3 and elsewhere®).

The analogous mixed-metal A-frame, [RhIr(H),(CO),(1-C1)(DPM),)-
[BF,] (12b), does not react with DMA under ambient conditions, even in
the absence of H,. This is consistent with the lack of reactivity of 12a
(noted above) toward insertion and the more severe conditions required
to remove H, from 12b. Refluxing CH,Cl, solutions of 12b in the presence
of excess DMA for 3 h yields at least 3 other mixed-metal species as
evidenced by ¥P('"H} NMR. The major species is identified as 15 (see
Chapter 3). This compound has also been characterized as the perchlorate
salt,? for which NMR parameters are very similar. Minor products
observed after reflux include hydride species, as evidenced by several high
field resonances in the '"H NMR, however, there is no evidence for
insertions and the mixture was not investigated further. It is expected that
some of these products may arise from simple n-coordination of the
aixyne at one metal with concomitant transfer of ligands to the other
metal or to bridging positions, as described previously for the homo-
binuclear iridium sulfide-dihydride species.

The mixed-metal sulfide-dihydride complex, 13, undergoes an
immediate color change from light orange to blue-violet upon reaction
with HFB. The 'H NMR spectrum again indicates total loss of hydrides
from the complex and no evidence for insertion of HFB into the metal-
hydride bonds. This is not surprising since 13 is known to lose H,
extremely readily (Chapter 5). 3'P{'H}, 'H, and F NMR all indicate the

formation of two distinct mixed-metal species in nearly equal concen-
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trations, with each containing a single HFB moiety. One of these products
is identical to the single product formed by HFB addition to the precursor,
[RhIr(CO),(u-S)(DPM),] (Chapter 4). The other is likely an isomer,
however no conversion of one to the other occurs over several hours. It
may be that this isomer results frou attack in the pocket of the A-frame
complex rather than at the outside, which may be possible due to the open
site left by the H, molecule immediately after it reductively eliminates.
The mixed-meta! dihydrides 12 and 13 do not react under ambient
conditions with the activated alkenes, tetraflouroethylene and dimethyl-
maleate, nor do they react with the unactivated substrates, 2-butyne and

ethylene.

Conclusions

It has become clear from the previously discussed reactivity of the
A-frame complexes that the rearrangement of the hydrido ligands such
that they are no longer adjacent but instead are on the outside of the
complexes is an important feature. In those complexes which do not
undergo rearrangement, either H, elimination or attack of the unsaturated
substrate at a location which is non-adjacent to the hydrido ligands
prevents the possibility of alkyne insertion into the Ir-H bond and
eventual completion of the hydrogenation sequence. It is also evident
that the success of both the hydride rearrangement and the subsequent
insertion of the unsaturated substrate are dependent on the nature of the

anionic bridging group for the creation of coordinative unsaturation at
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each metal center, in turn. Equally important is the condition that
reductive elimination of HX not be too facile and that the size of the
anionic bridge-atom not deter coordination of substrates adjacent to it;
both appear to be problems with the iodo A-frame sy.tem. Lastly, it is
evident that hydrogenation of unsaturated substrates can occur by at least
two pathways in these systems: a pathway comprised purely of oxidative
addition, hydride migration and reductive elimination steps, and an
intermolecular pathway, probably involving radical intermediates.
Although there are significant differences between the chemistry of
the rhodium and iridium A-frame complexes, a study of the diiridium
and mixed-metal "RhIr" complexes has provided useful insights into the
catalysis by [Rhy(CO),(u-CI)(DPM),]*. In particular, the crystal structure of 3
clearly establishes the ability of the bridging chloro ligand to open up a
coordination site on one metal center by taking a terminal position on the
other. This provides a great deal of support for the mechanism of hydride
rearrangement described in Chapter 5, as well as the proposed mechanism
for phenylacetylene hydrogenation described in Scheme 6.1, for which
"windshield wiper" movement of the anionic group is pivotal. It appears
that the diiridium A-frame complex is an effective model for the
dirhodium catalyst, with Scheme 6.1 representing a feasible mechanism by
which alkynes could be hydrogenated by [Rh,(CO),(u-C(DPM),}*. One
should be cautious, however, in assigning this mechanism to the catalysis
exclusively, as indicated by the intermolecular pathway shown here to be
very facile for 2-butyne and ethylene hydrogenation. Such pathways are,

no doubt, available to the dirhodium system as well, and perhaps through
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otlier hydride species in addition to the rearranged analogue of 1.

An important realization has come from these studies regarding
metal-metal cooperativity in catalysis by these systems. Although the
metals do cooperate by virtue of the coordinative unsaturation which is
generated by the "windshield wiper" mechanism, the actual hydrogen-
ation occurs independer:tly at each metal center. There is no evidence for
interaction of the substrate with the adjacent metal during its insertion
into the Ir-H bond; neither is a hydride on one metal ever observed to
migrate to the unsaturated substrate on an adjacent metal. This does not
say, however, that transmission of electronic effects of one metal upon the
other is not a facior. There is evidence that such electronic communica-
tion is easily transmitted through bridging ligands in iridium pyrazolate
complexes.2¢ Particularly of relevance to this thesis is the observation by
Oro and coworkers®® of the enhancement of catalysis by a second metal
center in binuclear "RuRh" and "Rulr" complexes, which are more active
than their mononuclear parent compounds in catalyzing the hydrogena-
tion of cyclohexene. Further studies on these systems will hopefuily
determine whether such effects are involved, and to what extent one

metal can be tailored to enhance activity at the other.
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CHAPTER 7

CONCLUSIONS

The objective of the studies of this thesis was to obtain a better
understanding of how adjacent metals are capable of interacting with
substrate molecules during catalytic hydrogenation. The results of these
studies indicate that this objective has been met to a significant extent.
Evidence for facile ligand migration, characterization of model inter-
mediates and observed variations in reactivity caused by different ligands
and metals, have been successful in extending our understanding of the
possible reaction paths available to binuclear systems.

The approach used was one in which model complexes of known
dirhodium catalysts were designed and synthesized and their reactivities
under conditions relevant to hydrogenation were studied. Although it is
recognized that the models chosen may not perfectly mimic the systems
being modelled, the studies reported herein do indicate that facile rear-
rangement processes can occur about the two metal centers, in spite of the
stereochemical rigidity imposed by the bridging DPM ligands, and that
more than one pathway is possible for the hydrogenation of unsaturated
substrates using binuclear complexes. Furthermore, the applicability of
these studies is supported by the fact that at least one of the model systems
operated catalytically under more forcing conditions.

Studies on the primary model complex, [Ir,(CO),(u-Cl)(DPM),][BE,],

which was selected by analogy to the catalytically active dirhodium
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congener, suggested that the mobility of the bridging chloro ligand was
instrumental in several processes. This was particularly evident in its
reactivity with H, compared to that of the sulfide-bridged complex, as
described in Chapter 5. Further studies into the effects of the anionic
bridge-ligand were therefore initiated, by preparation of the neutral and
cationic iodo complexes described in Chapter 2. Since these cofnpounds
had not been investigated previously, it was of interest to examine some
chemistry comparable to the established diiridium complexes, before
proceeding to the hydrogenation studies. This research group's interest in
the reactivity of binuclear complexes with small molecules led to an initial
investigation of the reactions of the iodocarbonyl complexes with carbon
monoxide and activated alkynes, and later with molecular oxygen and
subsequent reactivity of an oxygen adduct which will be discussed in the
Appendix. The iodocarbonyl complexes proved to be somewhat different
from the analogous chlorocarbonyl complexes, apparently affected by both
the size and the greater electron-donating ability of the iodo ligands.
These features allowed coordination of no more than three carbonyl
ligands in the complexes and the electronic factors were evident in gener-
ally lower carbonyl! stretches in the infrared spectra. The alkyne,
dimethylacetylenedicarboxylate (DMA), coordinated to the complexes in
the expected cis-dimetallated olefin geometry, but again, the situation of
the iodo ligands produced somewhat different results compared to the
chloro analogues.

Reaction of the iodocarbonyl species with H, (Chapter 5) was also

found to be slightly different from that of the chloro and sulfido species, as
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the isolated dihydride maintained mutually adjacent hydrido ligands, and
when rearrangement apparently did occur, facile reductive elimination of
HI yielded a cationic trihydride species. Reaction of the A-frame
dihydride, [Ir,(H),(CO),(u-1(DPM),][BF,], with DMA resulted in insertion
of the alkyne into one of the Ir-H bonds, but no further reaction could be
induced. This reactivity at only one of the Ir-H units was reminiscent of a
similar reaction with the neutral dichloro species, [Ir,(H),Cl,(CO),(DPM),].

In an attempt to bridge the gap between the chemistries of the
catalytically active dirhodium complexes and the model diiridium
complexes, the mixed-metal "RhlIr" chlorocarbonyl complexes were
synthesized (Chapter 3). Again, it was of interest to examine some
comparative chemistry in order to assess the behavior of complexes
containing two different metals in close proximity. In general, the
reactions of these complexes with carbon monoxide and activated alkynes
gave results which were cognizant of the chemistries of both homobinuc-
lear analogues. Accordingly, reaction of the mixed-metal complexes with
H, yielded products in which the hydrido ligands were primarily bound to
the iridium center. However, the pfesence of both iridium and rhodium
did not appear conducive to further modelling of the steps involved in
hydrogenation of unsaturated substrates, presumably due to either facile
reductive elimination of H, from these species, or to exceptionally strong
Ir-H bonds and reluctance of the species to mobilize ligands.

Overall, the comparative studies of the chloro, iodo and sulfido
complexes and the mixed-metal complexes were instructive in demon-

strating the sensitivity of binuclear species of this type to the steric and
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electronic effects of the ligands and the metal centers themselves. The
terminal n?-alkyne complexes described in Chapter 4 were further indica-
tion of these effects, where the bridging sulfido ligand did not allow
rearrangement to give a species having the alkyne bridging the two
metals, as had been observed in all analogous compounds. Furthermore,
the bonding of the alkyne to bne iridium center was strongly influenced by
the nature of the adjacent metal, as observed in stronger binding of the
alkyne in the diiridium complex compared to the mixed-metal "Rhir"
analogue.

As stated in Chapter 1, one of the goals of this thesis was to account
for the rearrangement of hydrido ligands to non-adjacent positions in the
A-frame complex, [Ir,(H),(CO),(4-C)(DPM),][BF,]. With major contri-
butions coming from a study of the much slower rearrangement in the
reaction of [Ir,(CO),(1-S)(DPM),] with H,, a feasible mechanism was
proposed in Chapter 5. Initial attack of H, in the pocket of the A-frame
was established, followed by stepwise tunnelling of each hydrido ligand
between the metals to positions on either side of the anionic bridging
group. Involvement of a bridge-to-terminal ("windshield-wiper")
movement of the anionic group was consistent with the observed rates for
hydride rearrangement in the chloro and sulfido species, and also
supported by some of the chemistry described in previous chapters.

A related mechanism was proposed in Chapter 6 to describe the
pathway leading to alkyne hydrogenation by the rearranged dihydride
species. The structure determination of [Ir,(H),CI(CH,;0,CC=C(H)-
CO,CH,),(CO),(DPM),][BF,] provided concrete evidence for the important
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bridge-to-terminal step to generate coordinative unsaturation in these
mechanisms. Although the mechanism relies on the windshield-wiper
movement of the bridging group from one metal to the other, the hydro-
genation itself appears to proceed at each metal center independently,
rather reminiscent of the olefin route described for HRhCO(PPh,); in
Chapter 1. It is therefore concluded that metal-metal cooperativity does
not occur in the hydrogenation steps themselves, while the method by
which coordinative unsaturation is generated at each metal to allow these

steps to occur might well be described as a cooperativity between the

metals.
In conclusion, the model catalyst, [Ir,(CO),(u-C1)(DPM),][BF,], in

conjunction with related species, appear to have provided a feasible
mechanism by which catalytic hydrogenation could occur in the di-
rhodium complex, [Rh,(CO),(u-CI)(DPM),]*. However, the observation of
an additional intermolecular pathway in the model system, which was
evident in reactions of [Ir,(H),(CO),(u-C1)(DPM),][BF,] with 2-butyne and
ethylene (Chapter 6), would suggest that such a mechanism could also be
effective in the dirhodium catalysis, perhaps even involving other
hydride species. There is clearly evidence that a number of possible paths
may be responsible for catalytic hydrogenation by the binuclear dirhodium
species.

There are obviously some aspects involved in hydrogenation at
adjacent metal centers that look attractive, such as the facile activation of
H, and separation of the hydrido ligands from one another by rearrange-

ment, and the potential for electronic communication between metal



centers as discussed in the conclusions of Chapters 4 and 6. It has yet to be
shown however, that two metals can both be directly involved in the
hydrogenation itself and thereby be advantageous over mononuclear
systems. Further studies into the possibility of metal-metal cooperativity
in these types of complexes might concentrate on the use of other ligands
and different homo- and hetero-binuclear metal centers in order to
“tailor" the electronic and steric factors to the conditions necessary for
cooperativity to be favored. Current studies are underway, for example,
using less sterically encumbered diphosphine ligands such as

bis(dimethylphosphino)methane instead of DPM.
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APPENDIX 1

REACTION OF A BINUCLEAR IODOCARBONYL COMPLEX WITH
MOLECULAR OXYGEN: THE STRUCTURE OF [Ir,1,(CO),(u-O.)(DPM),),
A COMPOUND CONTAINING A PEROXO-BRIDGED METAL-METAL

BOND.

Introduction

Transition metal dioxygen complexes have attracted a great deal of
interest, especially due to their relevance to biological oxygen transport
proteins such as hemoglobin and myoglobin,! and to oxidations of organic
substrates by metalloenzymes. The study of biomimetic chemical models
has therefore been extensive, particularly since the early sixties,’* and
synthetic dioxygen complexes have also been under investigation due to
their industrial potential as catalytic intermediates in chemical oxida-
tions.!?

The coordination of molecular oxygen to transition metal
complexes can be reversible or irreversible, and the O, molecule can bind
to metals in a variety of bonding modes;® thnse more commonly observed

are diagrammed below. Single metal centers can undergo formal one-

O~—0 le) o} M M
M M\CI) M\lo/M M \O/M \ O/
| 11 III v Vv
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electron oxidations in which the complexes contain a superoxide (O,)
ligand, or two-electron oxidations to yield peroxide (0,%) complexes,
whereas binuclear dioxygen complexes are normally peroxo-bridged and of
the types IV and V above.

Binuclear dioxygen complexes have attracted interest within the
bioinorganic field due to evidence that two metal centers are involved per
active site, in proteins such as hemerythrin and hemocyanin, and oxygen-
ase enzymes such as tyrosinase and dopamine-beta-hydroxylase.!* Outside
of the biological interests, binuclear dioxygen complexes are synthetically
attractive due to the potential for the two adjacent metal centers to act in a
cooperative manner for substrate oxidation. Interesting reactivities at
adjacent metal centers have been discussed previously in this thesis and
have also been reported in connection with a variety of metal-metal
bonded species.’ As part of an ongoing study in this research group into
the reactivity of small molecules at adjacent metal centers, it was of
interest to investigate an anticipated rich chemistry of binuclear DPM-
bridged rhodium and iridium dioxygen complexes. Herein is reported the
first known binuclear complex containing a peroxo-bridged metal-metal

bond and a preliminary study of the reactivity of this complex.
Experimental Section
All solvents used were routinely dried and distilled and stored

under dinitrogen. Reactions were carried out under Schlenk conditions

except where noted. The compound, [Ir,],(CO)(u-CO)XDPM),] (1), was
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prepared as described in Chapter 2. Carbon monoxide, carbon dioxide,
sulfur dioxide and nitrogen dioxide were obtained fromm Matheson.
Dihydrogen was obtained from Linde (Union Carbide). Dimethyl-
acetylenedicarboxylate (DMA), silver tetrafluoroborate, tetrafluoroboric
acid and trimethylphosphine were purchased froin Aldrich Chemical
Company. The 3'P{'"H} NMR spectra were run on Bruker HFX-90 (with
Fourier transform capability) and Bruker WH-400 NMR spectrometers.
Infrared spectra were recorded on a Nicolet 7199 Fourier transform IR
spectrometer or on a Perkin-Elmer 883 IR spectrometer, either as solids in
Nujol mulls on KBr plates or as solutions in KCl cells with 0.5 mm
window path lengths. Elemental analyses were performed by the micro-

analytical service within the department.

Preparation of Compounds

@)  [Ir](CO),(u-O)(DPM),] (2).

A sample of [Ir,],(CO)(u-CO)(DPM),] (1) (100.0 mg, 0.078 mmol) was
dissolved in 25 mL of CH,Cl, in a flask which was open to the atmosphere.
The solution was left to stir for several hours, during which time a dark
purple microcrystalline solid precipitated. The orange colored solution
was transferred to another flask, while the purple solid was washed with
two 5 mL portions of CH,Cl, and the washings added to the mother liquor.
The colored solution was again stirred for 2-3 h and a second crop of the
purple solid collected in the same manner as the first. This process was

repeated several times, until the total isolated yield of 2 was approximately
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70%. Anal. caled for Ir,,P,O,C:oHyy: C, 41.78%; H, 2.97%, Found: C,
41.44%; H, 2.91%. 3'P{'H} NMR (CH,Cl,, vs 85% H,PO,): & -24.40 (s).
Infrared (em): 2005 (vs), 1979 (st) (Nujol); 2000 (vs), 1975 (st) (CH,Cl,).

®)  [Ir1(CO),(u-SO)DFM),] (3).

A sample of [Ir,],(CO),(1-0,)(DPM),] (2) (45.0 mg, 0.030 mmol) was
suspended in 5 mL of CH,Cl; under dinitrogen. Sulfur dioxide gas was
bubbled into the solution causing an immediate coior change to bright
yellow and complete dissolution of the starting material. The solution
was left under SO, atmosphere for 30 min, then concentrated to half of its
original volume with rapid dinitrogen flow. The product was precipitated
by the addition of 10 mL of diethyl ether, collected and dried in vacuo.

The isolated orange-yellow solid was obtained in 96% yicld. Anal. caled
for Ir,1,SP,O,Cs,Hyy: C, 40.06%; H, 2.84%; 1, 16.28%; S, 2.06%, Found: C,
38.48%; H, 2.86%; 1, 15.13%; S, 2.47%. 3'P{'H) NMR (CH,Cl,, vs 85% H;PO,):
8 -17.69 (s). Infrared (cm™): 2085 (med), 2037 (vs), 2028 (vs) (Nujol); 2079
(st), 2039 (vs) (CH,Cl,).

X-ray Data Collection

Single crystals of [Ir,I,(CO),(u-O,)(DPM),] (2) suitable for X-ray crystallog-
raphy were obtained by allowing slow diffusion of atmospheric oxygen
into a CH,Cl, solution of [Ir,I,(CO)(u-CO)(DPM),] (1). Although the crystals
appeared as well-formed tertragonally distorted octahedral prisms, most

did not diffract well; even the crystal chosen was of poorer diffraction



quality than desired. The crystal was wedged into a capillary tube which
was flame sealed. Data were collected on an Enraf-Nonius CAD4 diffrac-
tometer at 22 °C using MoKa radiation. Unit cell parameters were deter-
mined from a least-squares refinement of the setting angles of 25 reflec-
tions in the range 19.9° < 20 < 23.7°. Automatic peak search and reflection
indexing programs, in addition to a cell reduction program, established a
tetragonal crystal system. The data revealed systematic absences (001, 1 #
4n; h00, h # 2n) which were consistent with the space groups P4,2,2 and
P432;2.

Intensity data were collected on the CAD4 diffractometer as
described in Chapter 2. The mean decrease in the intensity of three
standard reflections was 11.3% and a correction was applied assuming
linear decay. The data were processed with a value of 0.04 for p to
downweight intense reflections,'® and corrections for Lorenz and
polarization effects and for absorption!! were applied. See Table A.1 for

pertinent crystal data and details of intensity collection.

Structure Solution and Refinement

The crystal structure was solved in the space group P4,2,2 by using
direct methods to locate the iridium and iodine atoms and by successive
least-squares and difference Fourier calculations to obtain the other atom
positions. The hydrogen atoms associated with the phenyl and methylene
groups were assigned idealized positions by using C-H distances of 0.95 A

and thermal parameters fixed at 1.2 times those of their attached carbon
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Table A.1. Summary of Crystal Data and Details of Intensity Collection.

compd
formula
fw
crystal shape
crystal size, mm
space group
cell parameters

a, A

c, A

Z

v, A®
p(caled), g/cm3
temp, °C
radiation (&, A)

receiving aperture, mm

take-off angle, deg
scan speed, deg/min
scan width, deg

26 limits, deg

no. of unique data colled

[Ir,1,(CO),(-O.)(DPM),)
Ir,1,P,O0,Cs7Hyy

1495.03

tetragonally distorted octahedron
0.47 x 0.32 x 0.32

P4,2,2 (No.92)

14.647(2)

27.973(4)

4

6001.4

1.655

22

graphite monochromated MoKa

(0.71069)

3.00+(tan8) wide x 4.00 high, 173 from

crystal

3.00

variable between 6.67 and 1.11
0.60 + (0.347 tanB) in 6
1.0<20<50.0

4751 (h,k, D
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Table A.1. (Continued)

no. of unique data used (F,? 2 3o6(F,)) 3585

linear absorption coeff, y, cm™! 55.73
range of transmission factors 0.815-1.157
final no. of parameters refined 169

error in observation of unit weight  2.587
R 0.061
Ry 0.093
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atoms. Subsequent refinements allowed the hydrogen atoms to "ride" on
their attached carbons.

The structure was refined as described in previous chapters, and
converged at R = 0.061 and R,, = 0.093. Attempts to refine in the enantio-
morphic space group P4;2,2 resulted in somewhat higher residuals of R =
0.080 and R,, = 0.115, suggesting that P4,2,2 was the correct choice, so all
subsequent calculations were performed in this space group. In the final
difference Fourier map the 10 highest peaks were in the range 1.788-1.188
e/ A3 and were primarily located near carbon atoms in the phenyl groups.
The positions and isotropic thermal parameters for the atoms of the final

model are given in Table A.2.

Results and Discussion

(a) Description_of Structure

Compound 2 crystallizes in the tetragonal space group P4,2,2 with
the molecule occupying the crystallographic 2-fold axis. An Ortep plot of
the molecule, viewed approximately along the 2-fold axis of rotation, is
shown in Figure A.1. A view of the equatorial plane, omitting the DPM
ligands, is shown in Figure A.2. Bond distances and angles are given in
Tables A.3 and A4, respectively.

The complex has the usual trans arrangement of the DPM ligands*?
with parameters within the diphosphine ligands and the Ir-P distances

(2.377(4), 2.367(4) A) consistent with previous structures of this type
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Table A.2. Positional Parameters and Isotropic Thermal Parameters

Atom x '3 2z B(A)
Ir 0.34160(6)  0.24514(6)  0.03266(3)  2.62(1)
1 0.3907(1)  0.1077(1)  0.09538(7)  3.96(4)
P(1) 0.2884(4)  03308(4)  0.0993()  2.8(1)
PQ) 0.1518(4)  0.4023(4)  0.0288(3)  3.0(1)
0(1) 0516(1)  0356()  0.0294(8)  6.7(6)
0(2) 0216(1)  0I87(1)  0.0264(6)  3.9(4)
c) 0448(2)  0309()  0.0341)  5.3(7)
c@ 0226(2)  0433()  0.0841(8)  3.5(6)
ca) 0376(2)  0385(2)  0.1339(8)  2.7(5)*
C(12) 0427(2) 034220  0.138(1)  5.1(7)*
C(13) 0531(3) 03823 01592  9.(1)*
C(14) 0522(2)  0465()  0.186(1)  6.6(9)*
C(15) 0427)  0510Q)  0180(1)  4.9(7)
C(16) 0357(2)  0469()  01531)  4.5(6)*
c@ 02132)  0273(2)  0.14028)  3.2(5)*
C22) 0171)  0.196()  0130(1)  4.7(6)*
C(23) 0.1142)  0153(2)  01621)  4.9(6)*
C24) 0099(2)  0.19(2)  02051)  6.1(7)*
C(25) 0139)  0279()  0217Q)  5.7(7)*
C(26) 0205(3) 03113  01771)  7.709)*

C(31) 0.100(2) 0.514(2) 0.0162(9) 3.6(5)*
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Table A.2. (Continued)

C(32) 0.150(2) 0.595(2) 0.015(1) 4.3(6)*
C(@33) 0.109(3) 0.668(3) -0.002(2) 9.(1)*

C(34) 0.027(3) 0.678(3) -0.011(1) 7.2(9)*
C(35) -0.030(2) 0.608(2) -0.009(1) 5.8(7)*
C(36) 0.011(2) 0.523(2) 0.004(1) 5.5(7)*
C41 0.059(2) 0.337(2) 0.055(1) 4.2(6)*
C42) 0.019(2) 0.263(2) 0.0278(9) 3.9(5)*
C43) -0.059(2) 0.218(2) 0.048(1) 4.7(6)*
C(44) -0.095(2) 0.249(3) 0.090(1) 6.5(8)*
C(45) - -0.063(2) 0.319(2) 0.116(1) 4.8(7)*
C(46) 0.019(2) 0.372(2) 0.098(1) 6.9(9)*

Estimated standard deviations in these and subsequent tables are given in
parentheses and correspond to least significant digits. Starred atoms were
refined isotropically. Anisotropically refined atoms are given in the form
of the isotropic equivalent displacement parameter defined as:
(4/3)[a?B(1,1) + b?B(2,2) + (3,3) + ab(cos gamma)B(1,2) + ac(cos beta)p(1,3)
+ be(cos alpha)B(2,3)].



Figure A.1. Ortep plot of [Ir;I,(CO),(u-O,)(DPM),] showing the numbering
scheme. Thermal parameters are shown at the 20% level
except for hydrogen atoms, which are shown artificially small

for the methylene groups and omitted for the phenyl groups.
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Table A.3. Bond Distances (A) in [Ir,1,(CO),(u-O,)(DPM),}.

Ir-Ir' 2.705(1) C(15)-C(16) 1.41(2)
Ir-1 2.764(1) C21-C(22) 1.31(2)
Ir-P(1) 2.377(4) C2N-C(26) 1.18(3)
Ir'-P(2) 2.367(4) C(R2)-C(23) 1.36(3)
Ir-O(2) 2.04(1) C(23)-C(24) 1.38(3)
Ir-C(1) 1.82(2) C(24)-C(25) 1.39(3)
P(1)-C(2) 1.81(2} C(25)-C(26) 1.55(3)
P(1)-C(11) 1.79:2) CBN-C(32) 1.41(2)
P(1)-C(21) 1.80(2) CB1N-C(36) 1.35(3)
P(2)-C(2) 1.95(2) C(32)-C@33) - 1.31(3)
P(2)-C(31) 1.84(2) C(33)-C(34) 1.24(3)
P(2)-C(41) 1.82(2) C(B4)-C(35) 1.32(3)
oMm-C(1) 1.22(2) C(35)-C(36) 1.44(3)
0(2)-02) 1.58(2) C(41)-C(42) 1.45(2)
C(11n-C(12) 1.35(2) C41)-C(46) 1.42(3)
C(11)-C(16) 1.37(2) C(42)-C(43) 1.43(2)
C(12)-C(13) 1.36(3) C(43)-C(44) 1.36(3)
C(13)-C(14) 1.44(3) C(44)-C(45) 1.34(3)

C(14)-C(15) 1.54(3) C(45)-C(46) 1.53(3)




Table A.4. Angles (deg) in [Ir,1,(CO),(1-O,)(DPM),).

Ir-Ir-O(2) 71.7(3)
I-Ir-P(1) 88.5(1)
r-0(2) 89.4(3)
Ir-Ir-C(1) 101.3(7)
I-Ir-C(1) 97.8(7)
P(1)-Ir-Ir’ 94.6(1)
P(1)-Ir-O(2) 89.5(3)
P()-Ir-C(1)  89.6(6)
OQ)-Ir-C(1)  172.7(7)
Ir-Ir'-P(2) 90.5(1)

Ir-P(1)-C(2) 114.8(5)
Ir-P(1)-C(11) 114.9(5)
Ir-P(1)-C(21) 116.5(5)
C@)-P(1)-Ca1) 97.1(7)
C(2)-P(1)-C(21) 103.3(7)
C(11)-P(1)-C(21) 108.0(7)
Ir'-P(2)-C(2) 110.0(5)
Ir-P(2)-C(31)  115.7(5)
Ir'-P(2)-C(41)  121.9(5)
C(@2)-P(2)-C(31) 100.1(7)
C(2)-P(2)-C(41) 102.4(8)
C(31)-P(2)-C(41) 103.7(8)

Ir-O(2)-0(2)'  102.0(4)
Ir-C(1)-O(1) 171.Q2)
P(1)-C(2)-P(2)  106.0(8)
P(1)-C(11)-C(12) 118.(1)
P(1)-C(11)-C(16) 117.(1)
C(12)-C(11)-C(16)125.(2)
C(11)-C(12)-C(13)122.2)
C(12)-C(13)-C(14)121.(2)
C(13)-C(14)-C(15)113.Q2)
C(14)-C(15)-C(16)122.(2)
C(11-C(16)-C(15)116.(2)
P(1)-C(21)-C(22) 124.(1)
P(1)-C(21)-C(26) 113.(2)
C(22)-C(21)-C(26)124.(2)
C(21)-C(22)-C(23)122.(2)
C(22)-C(23)-C(24)118.(2)
C(23)-C(24)-C(25)123.(2)
C(24)-C(25)-C(26)110.(2)
C(21)-C(26)-C(25)124.(2)
P(2)-C(31)-C(32) 123.(1)
P(2)-C(31)-C(36) 122.(1)
C(32)-C{31)-C(36) 116.(2)
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Table A.4. (Continued)

CB1)-C(32)-C(33)117.(2) C(42)-C(41)-C(46) 123.(2)
C(32)-C(33)-C(34) 128.(3) C(41)-C(42)-C(43) 118.(2)
C(33)-C(39)-C(35) 121.(3) C(42)-C(43)-C(44) 119.(2)
C(34)-C(35)-C(36) 115.(2) C(43)-C(44)-C(45) 126.(2)
C(1)-C(36)-C(35) 124.(2) C(44)-C(45)-C(46) 120.(2)
P(2)-C(41)-C(42) 119.(1) C(41)-C(46)-C(45)114.(2)

P(2)-C(41)-C(46) 118.(2)
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(Chapters 2, 4, 6 and references therein). Each metal center has a distorted
octahedral geometry comprised of the two trans phosphorus atoms, a
carbonyl group, an iodo ligand, one oxygen atom of the peroxo group and
the Ir-Ir bond. The major distortion appears to arise due to the binding of
the small O, molecule between the metals, resulting in an acute Ir'-Ir-O(2)
angle of 71.7(3)°.

The O-O distance of the bridging O, moiety is extremely long, at
1.58(2) A; this is much longer than the distance of 1.2074 A in molecular
oxygen'* and is even longer than the typical peroxide bond distance (1.49
A).5 For dioxygen bound to Group VIII transition metals, O-O distances
tend to be between these two values, with terminal n2-bound peroxo
complexes exhibiting O-O bond lengths in the range 1.30-1.52 A 11516
Binuclear peroxo-bridged complexes usually display bond lengths in the
upper portion of the same range. Apparently, the only other dioxygen
complex having an O-O bond distance in the range of that found in 2 is a
hydroxy-bridged diplatinum complex, [Pt,(O,)(OH)(PPh,),}* (1.547(21) A).17
One longer distance reported (1.625(23) A) for [Ir(O,)(Ph,PCH,CH,PPh,),]-
[PF¢]'® was later shown to be incorrect,’ and a distance of 1.52(1) A was
subsequently established. Such a long distance in this molecule is
presumably due to significant reduction in O-O bond order through back-
bonding from the electron rich metal into the #* molecular orbital of 0,.
Enhancement of the backbonding is no doubt a function of the basicity of
the third-row metal, compared to the dicobalt complexes for which most
structural information is available,’ as well as the presence of the n-basic

fodo ligands. It is to be emphasized here, that this complex is an unprece-



dented example of a peroxo-bridged metal-metal bond, and appears to be

one of the longest O-O bond distances reported.

The overall geometry of the complex is rather reminiscent of the
first dimetallacyclobutane, [Os,(u-C,H,)(CO);] reported by Norton et al.2® In
this diosmium species a twist of 27° about the Os-Os bond was attributed to
deviation from an eclipsed conformation of the Os(CO)4 units. The C-C
distance of the bridging ethylene group (1.53(3) A) corresponded to a

normal single bond.

Coordination of the peroxo ligand is skewed such that the torsion
angle, Ir-O(2)-O(2)-1r' is 34.6°, with the geometry at the oxygen atom thus
resembling that of hydrogen peroxide and related derivatives.?! Such a
torsion angle is still not as severe as is normally found for cis-dimetallated
O, in cobalt species which are unrestricted by metal-metal bonds or
bridging ligands.?*? Associated with this geometry, the entire complex is
twisted about the Ir-Ir axis such that the P(1)-Ir-Ir'-P(2) torsion angle is
16.4°. Similarly, the torsion angles C(1)-Ir-Ir'-C(1)' and O(2)-Ir-Ir'-O(2)' are
17.2° and 20.7°, respectively. The Ir-O(2)-O(2)" angle (102.0(4)°) is similar to
the analogous angle found in [Pt,(0,)(OH)(PPh,),]* (101.5(13)°),”7 but is
rather acute compared to peroxo-bridged dicobalt complexes, where values
of 110-120° are typical.! The Ir-O(2) bond distance (2.04(1) A) is in agree-
ment with typical Ir-O bond lengths of 2.00-2.07 A found in terminal n2-
peroxo complexes,’ and similar to those found in the platinum complex
noted above.'” A related binuclear diiridium species, [Ir,(CO),Cl,-
(1-Ph,P(CH,);PPh,),], was also found to react with dioxygen, but at one or

both metal centers independently.?* The X-ray structure of [Ir,(CO),Cl,-
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(O)(u-PhyP(CH,);PPhy),] revealed a terminally-bound n-dioxygen ligand
with an O-O bond length of 1.477(11) A and Ir-O bond lengths of 2.029(8)
and 2.035(8) A. A bridging dioxygen ligand is apparently not favored in
this species due to the large distance between the metals (a result of the
longer-chain bridging diphosphine ligand).

The Ir-1 bond distance (2.764(1) A) is longer than that of the Ir-I bond
opposite the metal-metal bond in the precursor, compound 1 (2.6811(7) A)
(Chapter 2), but is still shorter than the Ir-I distance at the more crowded Ir
center of 1. The Ir-Ir' bond distance (2.705(1) A) is significantly shorter
than the metal-metal bond in 1 (2.8159(5) A), which may be a consequence
of the dioxygen bridge holding the metals closer together, as well as the
positions of the iodo ligands which are both directed away from the

congested sites between the metals in 2.

(b) Description of Chemistry

Solutions of the diiodo complex, [Ir,],(CO)u-CO)(DPM),] (1) are
found to be sensitive to atmospheric oxygen, causing tetragonal prisms of
the compound, [Ir,],(CO),(1-O,)(DPM),] (2) to precipitate. The isolated dark
purple solid proves to be relatively insoluble in a variety of solvents.
Nevertheless, solution characteristics are obtained from in situ prepara-
tions of the complex. The *'P{'"H} NMR spectrum of 2 displays a singlet (3
-24.40) indicating that all four phosphorus nuclei are equivalent, consis-
tent with the symmetry revealed by the solid state structure. Infrared

spectra indicate only terminal carbonyl stretches (2005, 1979 cm-!) which
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are shifted to higher frequency compared to the terminal carbony! band
(1948 cm?) of the precursor, 1. This shift is consistent with the increase in
the oxidation state of each metal to Ir(I), and the frequencies are similar to
those of the Ir(Il) dihydride complex, [Ir,(H),1,(CO),(DPM),] (Chapter 5).

Oxygen addition to 1 is irreversible (no evidence for O, loss upon
prolonged reflux in toluene), as was found in a related mononuclear
iodoiridium complex, [Ir(O,)I(CO)(PPh;),].#* This is perhaps not surprising
based on the degree of Ir-O bonding that is implied by the long O-O
distance; however, it has been pointed out?® that there seems to be no
obvious correlation between this distance and O, lability.

Preliminary studies have been carried out on the reactivity of
compound 2. Dioxygen complexes have been observed to react with a
wide variety of small molecules such as SO,, NO,, NO, CO,, CO and
activated alkynes.® Most of these reactions are well documented for
mononuclear peroxo complexes, but much less has been done in the case
of binuclear peroxo complexes.

Upon addition of excess SO, to a suspension of 2, an immediate
reaction occurs as evidenced by a color change to bright yellow and
complete dissolution of the starting material. The 3¥P{'"H} NMR spectrum
of the solution indicates a single, symmetric species (8 -17.69(s)), and
infrared stretches at 2079 cm™ and 2039 cm™! indicate retention of both
carbonyl ligands. Additional absorbances in the infrared spectrum at 1260,
1140, 952 and 800 cm!, which are absent from the spectrum of 2, are
consistent with bands expected for a coordinated sulfate group.?’ The

spectroscopy, along with elemental analyses which indicates one sulfur
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complete dissolution of the starting material. The 3'P{'H) NMR spectrum
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spectroscopy, along with elemental analyses which indicates one sulfur
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per binuclear unit, leads to the formulation below for compound 3 (DPM

ligands are omitted for clarity).

Compound 2 is also reactive toward NO,, and IR evidence suggests
the presence of coordinated nitrate in the final product (excess NO,) with
bands at 1503, 1259, 967 and 780 cm'. Further studies may show that the
final species formed contains terminal nitrato ligands on each metal,

analogous to reactions of mononuclear peroxo complexes that yield

M(NO;), species,®** however, studies remain incomplete at this time.
Preliminary studies on the reaction of 2 with HBF,+Et,0 indicate
that more than one proton can be accepted by the peroxo complex. The 'H
NMR spectra reveal that hydrides are not involved, suggesting proton-
ation at the peroxo oxygens, but these protons have not yet been found in
the 'H NMR spectrum. Addition of one and a half equivalents of
HBF,+Et,0 to a suspension of 2 in CH,Cl, causes an immediate color
change to orange and dissolution of all the starting material (the extra half
equivalent is necessary in order to react with all of 2). The 3P{IH} NMR
spectrum reveals two new symmetric species (§ -12.62(s), -16.74(s)) in
nearly equal concentrations, and the infrared spectrum displays two sets of
carbonyl stretches at 2081, 2044 cm™! and 2023, 2001 em-. Upon addition of
excess HBF,+Et,0 the *'P{'"H} NMR spectrum displays one singlet at § -12.62
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and only the carbonyl bands at 2081 and 2044 cm™ remain. After each
addition, an IR band at approximately 3400 cm™ increases in intensity,
which is further evidence for formation of O-H bonds in the reaction.
Furthermore, the infrared stretches for the carbonyl groups corresponding
to each of the new species are consistent with initial formation of a
cationic species and excess H* finally yielding a dicationic species.

Compound 2 does not undergo addition reactions with CO or CO, to
give the expected bridging carbonate complex.? It is also unreactive toward
the activated acetylene, dimethylacetylenedicarboxylate (DMA). It was
anticipated that this reaction might cleave the O-O bond in 2 and leave
each oxygen bonded to one metal and one carbon of the alkyne, as occurs
in a mononuclear platinum complex.3® Attempts to remove one of the
oxygen atoms with PMe; were also unsuccessful.

It is anticipated that reaction with weaker electrophiles might be
possible upon removal of one iodo ligand from 2, in order to create
coordinative unsaturation. In this way the substrates might be further
activated by the metal center, and not be required to react directly with the
peroxo group. Further studies are underway to investigate these possibil-

ities and to further characterize the products in the reaction of 2 with NO,

and H*.
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APPENDIX II

SOLVENTS AND DRYING AGENTS

(CH,,CO CaSO,

CH,Cl, P,Os

THF Na/benzophenone
CH,0H Na

Et,0 Na/benzophenone
CeHy Na

C,H, Na

hexanes Na/K

All solvents were distilled from their respective drying agents

under an atmosphere of dinitrogen in order to exclude oxygen.
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