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Abstract

A series of heterobimetallic RhIr complexes has been synthesized
using [RhIrCl(CO),(dppm),] as the main precursor. Reaction with NaBH,
yields [RhIr(CO);(dppm),] or [RhIr(H)(CO),(u-H)(dppm),], depending upon
whether a CO or H, atmosphere is employed. Protonation of the tricar-
bonyl yields, successively, [RhIr(CO);(u-H)(dppm),][BF4] or [RhIr(CO);-
(u-H),(dppm),][BF4),, while [RhIr(H)(CO),(u-H),(dppm),l[BF,] is obtained by
protonation of the neutral dihydride. An X-ray structure determination
shows [RhIr(CO)y(dppm),] to have a non-A-frame structure; the coordina-
tion geometries about each metal suggest that a dative Ir(-)-Rh(I) bond is
present. As an extension of an earlier study, the related homobimetallic
complexes [Ir(CO)u-H)(dppm)]; and [Ir,(CO) 4 (u-H)(dppm),][BF,] were also
prepared. |

Silanes oxidatively add to [Ir,(CO)3(dppm),] to give [Ir,(H)2(CO),-
(u-SiRR’)(dppm),] (RR' = Me,, Ety, Phy; R = Ph, R’ = H); these SiR,-bridged
complexes are fluxional at room temperature. The X-ray structures of
[Iry(H),(CO),(u-SiPhy)(dppm),] and [Ir,(H) (CO),(u-SiHPh)(dppmt),] show
both to have terminal hydride ligands and cis arrangements of the
phosphine ligands at each metal center. The SiPh,-bridged compound has
a twisted configuration due to substantial steric interaction between the u-
SiPh, and dppm groups, whereas the SiHPh-containing species is much
less crowded. The similarities of the low-temperature 'H and 3'P{'H} NMR
spectra of the dialkylsilylene-bridged complexes to those of [Iry(H),(CO),-

(u-SiHPh)(dppm),] at room temperature indicate that a structure similar to



that of the latter compound may be the low-temperature configuration
adopted by the SiMe,- and SiEt,-bridged dimers.

The complexes [M,(CO);(dppm);] (M = Rh, Ir) react with H,S to pro-
duce [My(CO),(u-S)(dppm),), CO and Hy; the reaction is immadiate forM =
Rh, while for M = Ir several intermediates of formula [M,(H),(CO),(u-S)-
(dppm),] are observed, allowing a mechanism for H,S addition and H,
elimination to be proposed. Similar species are observed in the reaction of
(Ir,(CO)3(dppm),] with HySe. Exposure of [RhIr(CO);(dppm),] to H,S or
H,Se results in formation of [RhIr(H)(EH)(CO),(dppm),) (E = S, Se), in
which the EH ligand bridges the metals in an asymmetric fashion. The
reactions of the thiols or selenols REH (E = S, R = Et, Ph; E = Se, R = Ph)
with [Ir,(CO)3(dppm),] yield products of the form [Iry(ER)2(CO),(u-CO)-
(dppm),]; unlike the reactions involving H,S or H,Se, net carbonyl loss
does not occur.

Reaction of [Ir,(CO);(dppm),] with dimethyl acetylenedicarboxylate
(DMAD) initially yields [Ir,(CO),{u-nt:nt-DMAD)(dppm),], which contains
a cis-dimetallated olefin unit. This complex undergoes conversion to the
more stable form, [Ir,(CO),(u-n%:n?-DMAD)(dppm),], the X-ray structure of
which shows the alkyne ligand to now be oriented perpendicular to the
metal-metal bond, as part of a dimetallatetrahedrane unit; furthermore,
the diphosphine ligands are oriented cis about each metal, in contrast to

the trans arrangement in the initial y-n':n'-alkyne product.
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Chapter 1

Introduction

Interest in binuclear transition metal complexes has arisen due to
their potential to display reactivity patterns and structures not possible for
mononuclear complexes; in particular it is anticipated that binuclear
species ‘may display cooperative effects between metal centers in close
proximity.l Such cooperativity may be as simple as the binding of a
substrate molecule or fragment in a bridging fashion, but may be
significant in stabilizing the coordinated form of the substrate, or affecting
the further reactivity of the ligand, compared to the terminally-bound
form.2 Another scenario would involve binding of a ligand by one
nucleus while the second center acts as an electron sink or source,
resulting in a transfer of electrons between metal centers, facilitating redox
reactions that for a mononuclear system would involve too great a change
‘n metal oxidation state. There is also the possibility that a substrate
molecule may be activated at one metal center and then be induced to
react with molecules or fragments that are coordinated to the adjacent
metal.2

Credit for the first binuciear complexes that have exploited some or
all of the above properties goes not to any particular researcher or group
but to nature. Hemerythrin (an oxygen transport protein in several species
of marine worms),49 methane monooxygenase (which catalyzes

conversion of CH, to CH30H in several forms of bacteria),”? and



ribonucleotide reductase (which catalyzes the formation of deoxyribo-
nucleotide di- and triphosphates, an important first step in DNA
synthesis)810 are metalloenzymes each having two iron atoms in close
proximity present at the protein’s active site, while hemocyanin (the
oxygen-transport protein of several crustacean species)!1:12 and superoxide
dismutase (which catalyzes diproportionation of Oy into O, and H;0,),!314
respectively, possess Cu-Cu and Cu-Zn units at their active sites. The study
of the roles and structures of these enzymes is an ongoing concern of
many biological and bioinorganic chemists, and the disciplines of
“biological” and “inorganic” chemistry are further intertwined by the
continuing attempts of coordination chemists to prepare complexes that
mimic properties of the metalloproteins.13

Compounds containing associated metal centers are also of great
interest to synthetic and theoretical inorganic chemistry, not only for the
challenges of synthesis of the many forms thus far observed, but also in
development of explanations of the bonding between metals. According to
the definition propounded bv Cotton,16 metal cluster compounds, i.e.
“those containing a finite group of metal atoms that are held together...to a
significant extent by bonds directly between the metal atoms, even though
some non-metal atoms may be associated intimately with the cluster,”
would include many binuclear complexes as the simplest form.
Understanding the bonding between two metals serves as an important
first step totrards developing theories that explain bonding interactions
within higher-nuclearity métal cluster complexes,!”7 which themselves can

be regarded as model systems for bulk metals.1819



A great deal of the attention accorded binuclear complexes has been
due to the relevance of their chemistry towards catalysis. These are the
simplest systems in which interactions between small molecules and
more than one metal nucleus can be studied, a situation directly applicable
to heterogeneous catalysis, where the bonding tetween catalyst and
substrate is often believed to involve several neighboring metal
atoms.20-24 Although a wealth of methods are employed to study
heterogeneous catalytic materials, 212527 the exact modes of metal-substrate
coordination are difficuit to directly observe, thus models are important in
elucidating mechanisms of action of these catalysts.

Since homogeneous catalysts are most often mononuclear species,
modelling of their mechanisms of action does not usually involve
binuclear complexes. However, binuclear complexes have attracted much
attention due to their potential to combine desirable characteristics of
homogeneous and heterogeneous catalysts (i.e. the milder reaction
conditions and improved selectivities of the former and the cooperative
substrate activation of the latter). In some systems, e.g. the reduction of
triply-bonded substrates such as carbon monoxide20 and alkynes,?8 it has
been proposed that multinuclear complexes would afford a better chance
of substrate activation, due to their increased ability to coordinate both
atoms of the triple bond simultaneously. In this manner, these complexes
would have the potential of extending Fischer-Tropsch chemistry (the
synthesis of multicarbon products from CO and H,) from the hetero-
geneous conditions currently employed in industry?4 to homogeneous

conditions.20



During chemical reactions involving binuclear complexes, changes
of oxidation state and coordination geometry can often result in changes
in bond order between the two metals, thus bridging ligands are often
employed to prevent fragmentation of these complexes into mononuclear
species. One ligand system commonly used to maintain metals in a
binuclear framework involves dialkyl or diaryl phosphine groups joined
by one or more methylene units, with the phosphorus atoms at each end
of the R,P(CH,),PR; chain coordinating to different metal centers. One of
these, bis(diphenylphosphino)methane (dppm), has attracted the attention
of numerous research groups since the synthesis of the first dppm-bridged
complex, [{CpFe(u-CO)},(u-dppm)], by Haines and coworkers in 1968.2% The
chemistry of compounds containing dppm has been the subject of several
excellent review articles by Puddephatt,30 Balch3 and Poilblanc,?! thus a
comprehensive survey will not be attempted here; however, some
important general information about diphosphine complexes and some
brief details of chemistry relevant to the work discussed in later chapters of
this thesis will be given.

One of the reasons for the popularity of dppm in the synthesis of
binuclear compounds is its similarity to triphenylphosphine, a ubiquitous
ligand in mononuclear coordination chemistry; both are inexpensive,
virtually odorless, air-stable solids that readily form complexes with late
transition metals. In contrast, bis(dimethylphosphino)methane (dmpm), a
similar ligand that would be attractive due to its decreased steric bulk and
increased basicity,32 has been much less utilized. The comparatively high

cost and pyrophoric nature of dmpm are significant drawbacks, but,



perhaps more importantly, reactions involving this ligand or its
complexes tend to be much more difficult to control, due to the tendency
of the products to be highly fluxional and prone to subsequent
rearrangement.33 Another advantage of dppm is its marked tendency to
bridge two metal centers; although many examples of mononuclear
complexes containing chelating dppm groups are known (e.g. [Fe(CO);-
(dppm)], 2 [RhHCI(dppm), ]+, [Pt(alkyl),(dppm)], [W(Np),(dppm);34d),
crystallographic studies have shown that the four-membered chelate rings
present in these compounds tend to be strained. The preference of dppm
to adopt bridging over chelated coordination modes not only simplifies
syntheses of homobinuclear compounds, but also allows the chelated
species to be employed in the production of binuclear complexes
containing two different metals, an approach exploited by, among others,
Shaw and coworkers. Shaw’s group demonstrated that reaction of
complexes containing chelated (e.g. [M(CO)(n2-dppm),]*, M = Rh, Ir) or
“dangling” (e.g. [M(C=CPh)(n!-dppm),], M = Pd, Pt) diphosphine groups
with stoichiometric equivalents of other coordinatively unsaturated or
labile metal complexes (e.g. [CuC=CPh], [AgCI(PPhy)],, [Rhy(u-C1)o(CO)4D)
often results in capture of the second metal, making accessible a wide
variety of heterobimetallic compounds.35 A large number of binuclear
dppm complexes studied contain two of the diphosphine bridges, but
species having one dppm group spanning the metals are also
common;29.36 tris(dppm)-bridged complexes are rare, but at least one
example, [Pty(dppm);],%7 has been characterized.

Three arrangements of the diphosphine ligands in the doubly-



bridged species have been observed. Most commonly, the dppm groups are

oriented trans to each other about each metal center as shown in the
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A few examples of structurally-characterized complexes representative of
this category include [Pd,Cl,(u-nl:n!'-CF;C=CCF3)(dppm),],*8 [Rhy(CO),-
(u-n1:n?-C=CBut)(dppm),][ClO4]% and [(OC);MnPdBr(dppm),].®0 Less often
the ligands occupy coordination sites at cis positions at each metal, as
observed in the compounds [Ni,(CO),(u-CO)(dppm);]#! and [CoRh(CO),-
(u-H)(u-PPh,)(dppm),].42 An even smaller number, including [Pt,(CH3);-
(dppm),][PF¢]43 and [(PhC=C)(OC)IrCuCl(dppm),],®i contain a mixed
geometry in which the phosphines are trans to each other at one metal
center and cis at the other.

An advantageous property of dppm is its ability to span a wide
range of intermetal separations. Metal-metal distances between 24 nd 3.6
A are commonly accommodated by bridging dppm ligands; in extreme
cases, separations as large as 4.361(1) A (in the complex cis,cis-[Pt;Mey-
(dppm),J44) or as small as 2.138(2) A (in [Mo,Cly(dppm),]*°) have been

observed. Such flexibility is desirable as it allows the ligands to adjust to



changes in the metal’s oxidation state and coordination geometry that fre-
quently accompany chemical reactions. In addition, binuclear complexes
often undergo formation or cleavage of metal-metal bonds, necessitating
shortening or lengthening of internuclear distances. In contrast to the
ability of dppm bridges to accommodate such changes, the heterodifunc-
tional ligand 2-(diphenylphosphino)pyridine (Ph,Ppy),4¢ which is similar
to dppm in having a one-carbon-atom span between the two ligating
atoms (P and N in the case of PhyPpy), has been much less widely
employed; its smaller bite distance renders it less able to span binuclear
systems in which no formal metal-metal bond is involved.

Another attractive feature of dppm-containing compounds is that
they are amenable to characterization in solution via multinuclear
nuclear magnetic resonance (NMR) spectroscopy. The presence of four
spin-active phosphorus-31 nuclei (100% isotopic abundance) in each
bis(dppm)-bridged dimer makes 3'P NMR spectroscopy a sensitive probe of
the structure of the complex. A homobimetallic bis(dppm)-bridged species
in which the coordination spheres of both metal centers are identical
possesses four chemically equivalent phosphorus nuclei and thus will
give rise to one singlet resonance. If the environments of the metal atoms
are in any way different, or if the complex is heterobimetallic, the sets of
phosphorus atoms attached to each center will be inequivalent, and two
multiplet resonances will be observed. In rare cases, such as in the
complex [IrOs(H)2(C0)3(u-113-(0-C6H4)PhPCHzPth)(dppm)],47 which
contains an orthometallated phosphine phenyl group as shown below, all

four phosphorus environments are inequivalent. The dispositions of



ligands such as hydride ur carbonyl groups can be determined from the
multiplicities of the resonances in the respective 1H and 3C{1H} NMR
spectra (observation and assignment of the latter resonances is aided by
use of 13C-enriched carbon monoxide in the preparation of the compound
of interest). Furthermore, in the case of asymmetric complexes the attach-
ment of such ligands to one metal center or the other can be established
through use of selective heteronuclear decoupling ("H{31P}, 13C{31P}) tech-
niques, in which irradiation at the frequency corresponding to the chem-
ical shift of the phosphorus nuclei coordinated to one metal center should
produce a simplification of the multiplets observed for other spin-active
ligands attached to the same metal center (provided that the couplings
between the ligands and the phosphorus nuclei can be observed). These
heteronuclear decoupling techniques greatly aid in the characterization of
mixtures containing several species, where attempts to correlate combina-
tions of phosphorus, carbon and proton signals based solely on relative
peak areas can produce uncertain results.

The 'H NMR resonances due to the protons of the methylene group
bridging the two phosphorus atoms of the dppm ligand can also yield
valuable structural information, especially as a probe of possible “front-to-

back” asymmetry of the complex. Although the solid-state structure of a



complex such as trans-[RhCI(CO)(dppm)], shows folding of the dppm
bridges to produce inequivalent environments for the methylene hydro-

gens, in solution a “flipping” mechanism of interchange, as shown below,
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is facile and results in a time-averaged equivalence of these protons (H,
and Hy). A contrasting case is presented by a compound such as [PdACl,-
(u-S)(dppm),], which in the solid state shows the dppm methylene groups
to be preferentially folded over the bridging sulfur as shown in the left-

most structure below. Again, two inequivalent environments for the

methylene hydrogens are present, but in this case H, and Hy can never
undergo equilibration; in either conformation Hj is always exo to the
sulfide bridge, so H, and Hy, remain chemically distinct. The appearance of
these resonances can serve as an indication of fluxionality of the complex,

especially if only one resonance is seen for a species in which the two sides



of the MyP, unit are inherently inequivalent. Using variable-temperature
NMR spectroscopy Puddephatt and coworkers have shown that the
complex [Pty(H),(u-H)(dppm),l* 48 yndergoes such an equilibration of the
methylene proton signals, and have proposed that the interchange
pathway involves a “tunnelling” of the bridging hydride between the

metals from one side of the Pt,P, to the other, as shown below. A similar

[ W, He |+ i H T+

mechanism has been proposed to account for the room-temperature
equivalence of the dppm methylene protons of [RhFe(CO);(u-H)-
(dppm),].4# An additional advantageous feature of the dppm CH, bridge is
that, in general, these methylene protons are reasonably inert to
deprotonation and substitution reactions, making them a reliable internal
standard for assigning the number of hydrides or other proton-bearing
groups contained in the complex, as well as for confirming the quantity of
solvent of crystallization present in a crystalline solid.

The demonstrated utilitv of mononuclear complexes containing
metals from groups 8, 9 and 10 of the periodic table (the iron, cobalt and
nickel triads) to act as effective and economical homogeneous catalysts30
for such industrially-important processes as hydrogenation,>1.52 hydrofor-

mylation,5354¢ alcohol carbonylation,?5:56 alkene h drosilation,57 and
y y y
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hydrocyanation5258 has inspired investigations into the possible catalytic
activity of dppm complexes of these metals. The fact that such catalytically-
active compounds as [HRuCl(PPhj);], [RhCI(PPhy)3], [HRh(CO)(PPhj)3] and
[Ni(P(OPh)3);] contain relatively simple ligands in their coordination
spheres invites comparison with dppm-bridged species like trans-[RhCl-
(CO)(dppm)1,5960 and [Rh(CO)(u-H)(dppm)],,6! and suggests that these or
related complexes might be capable of similar activity. In fact, studies have
shown that the complexes [Rh(CO)(u-H)(dppm)],,5! [Rhao(CO)(p-H)(u-CO)-
(dppm),]+ 6263 [Rhy(CO),(u-OH)(dppm),}+,646 trans-[Rh(CN)(CO)(dppm)],, %
[Rhy(CO)(u-C(dppm),)*,57-69 [Rh,Cly(u-CO)dppm),],70 [PACKdppm)1,"17
and [Pt,(H),(u-H)(dppm),]* 74 can act as catalysts or catalyst precursors in
one or more of such processes as the hydrogenation of alkynes,63,67.70
olefinsé3 or aldehydes,63 the water-gas shift reaction,83.6474 the hydro-
formylation of olefins,3 and the cyclotrimerization of alkynes;38,70,71
however, all of these cases suffer from slow turnover rates and low
product yields. Although the related iridium complexes [Iry(CO),(p-S)-
(dppm),]7>76 and [Iro(H)5(CO),(u-Cl)(dppm),]*+ 778 were also found to cata-
lyze the hydrogenation of alkynes and olefins, diiridium species appear on
the whole to be much less suitable catalytic agents than do their dirho-
dium counterparts, mainly due to the greater strengths of Ir-H and Ir-C
bonds compared to Rh-H and Rh-C bonds.” These properties would tend
to work in favor of the formation of adducts between the substrate and the
diiridium complex, but would discourage elimination processes leading to
the desired products. The stability of such adducts can tremendously aid in

the elucidation of catalytic mechanisms, as was done in several
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studies64,76-78,80-82 in which the catalytic activity of dirhodium complexes
was modelled through the preparation and characterization of series of
diiridium analogues of the presumed intermediates. These series were
built up through elementary chemical steps believed active in the catalytic
processes (e.g. loss or gain of halide ion, CO, H,, H*), and could be used to
determine the possible roles of both metals acting in concert to accomplish
a chemical transformation, as well as to predict which steps would be rate-
determining in the actual catalytic process.

Studies of oxidative additions to, and coordination of unsaturated
organic substrates by, dppm-bridged binuclear complexes of low-oxidation-
state late transition metals are presently less exhaustive than those for
similar mononuclear compounds. However, My(dppm), complexes have
been observed to oxidatively add a wide variety of substrates, including
dihydrogen,75.76.81 halogens,8.84 protonic acids,62-64.85.86 hydrogen
halides, 61,85 silanes,87.88 hydrogen sulfide,89-92 thiols,92-94 disulfides,%2.95 and
to coordinate oxygen% and alkynes.38,70.77,78,80,82,97-103 Both one-center and
two-center modes of substrate interaction were observed, indicating the
versatility of binuclear systems in the activation of small molecules, and
illustrating their potential to serve as catalysts or models thereof, since the
mechanisms by which catalysts activate and transform substrates involve
one and frequently both of these processes.

At the outset, there were two main goals of this thesis project. One
objective was to extend the already well-characterized series of homobi-
nuclear rhodium and iridium complexes, containing (apart from the

dppm bridges) only hydride and carbonyl ligands, to include heterobi-
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nuclear rhodium-iridium systems. This family of hydridocarbonyl
complexes can be seen as dimeric analogues of such species as [RhH(CO)-
(PPh,),], which is believed to be catalytically active in olefin hydrogenation
and hydroformylation reactions.51.53 It was anticipated that the rhodium-
iridium compounds would not only combine attractive characteristics due
to both types of metals (the catalytic activity of rhodium complexes, the
stability of adducts with iridium species) that would aid future inves-
tigations into modelling of catalytic cycles, but might also display modes of
structure and reactivity not previously seen in the homobimetallic
systems. A second goal was to study the reactivity of the formally
zerovalent complexes of formula [MM’(CO),(dppm),]. The dirhodium and
diiridium compounds (MM’ = Rh,,63104 Ir,80) had been previously
characterized, while synthesis of the rhodium-iridium analogue (MM’ =
RhIr) was to be accomplished in connection with the studies of mixed-
metal hydridocarbonyl complexes as described above. Despite the
possibility of a symmetrical formulation for the homobimetallic tricar-
bonyl complexes (i.e. [M5(CO),(u-CO)(dppm),)), the X-ray structure deter-
mination of [Rhy(CO)3(dppm),] indicated an asymmetric structure,104 as

illustrated below (with the dashed line indicating a weak semibridging
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interaction between the metal M and one of the CO ligands attached to

13



M’). The coordination geometries at the metal centers suggest a mixed-
valence dimetal core, with a dative metal-metal bond between the d1o
M’(-I) center to the d8 M(I) nucleus. Whatever the oxidation-state formu-
lation for the metals, it was believed that the low oxidation states of both
metals, the built-in coordinative unsaturation at one metal, and the
presumed lability of the metal-metal bond of these species would make
them susceptible to reaction with substrates containing bonds between
hydrogen and silicon, sulfur or selenium, and with unsaturated organic
substrates. Work towards both of these goals was to consist of synthesis
and characterization of new complexes and studies of their further
reactivity. To this end, multinuclear NMR spectroscopy, particularly 'H,
31P, and 13C studies, would be the most useful technique for elucidation of
the structures of the species observed, especially for unstable reactive
intermediates. X-ray structural determinations of some of the compounds
would also be undertaken, not only to provide definitive proof for the
structures proposed for the particular compounds under study, but also to
increase the bank of knowledge concerning the structures of dppm-bridged

diiridium and mixed rhodium-iridium complexes.
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Chapter 2

Diiridium and Mixed Rhodium-Iridium Hydridocarbonyl Complexes and

the Structure of [RhIx(CO)5(dppm),], a Complex Containing an
Ir(-D—Rh(D) Dative Bond®

Introduction

Much of the interest in hydride and carbonyl complexes of the
metals of groups 8, 9 and 10 (the iron, cobalt and nickel triads, respectively)
has stemmed from their proven or probable functions as intermediates in
numerous catalytic processes, notably hydroformylation,! olefin
hydrogenation,2 alcohol carbonylation? and the water-gas shift reaction.
However, to date most studies have concentrated on mononuclear
complexes. As part of an ongoing effort to determine the effects of adjacent
metal centers upon catalytic processes, the chemistry of binuclear
diphosphine-bridged complexes of rhodium5-8 and iridium?®-15 has been
investigated in this research group. In a previous study a series of
diiridium complexes was described that, aside from the diphosphine
bridges, contained only hydride and carbonyl ligands.16 A more limited
series of analogous dirhodium species has also been studied by other
workers.17.18 The preparation and study of similar heterobimetallic Rh/Ir

complexes thus appeared to be a logical extension to these studies. In

tA version of this chapter has been published. See: McDonald, R;
Cowie, M. Inorg. Chem. 1990, 29, 1564.



addition, previous work involving Hj!> and alkynel? addition to mixed
rhodium-iridium species had demonstrated some rather interesting
differences with respect to the chemistry of the homobimetallic analogues.
Thus, it was anticipated that the Rh/Ir hydridocarbonyls would
themselves show some unique behavior not previously shown by their

Rh, and Ir, counterparts.

Experimental Section

All solvents, including deuterated solvents used for NMR experi-
ments, were dried (using the appropriate drying agents listed in the
Appendix), degassed and distilled before use and were stored under N,.
Reactions were carried out using standard Schlenk procedures. Dinitrogen
was passed through columns of Ridox and 4A molecular sieves to remove
traces of oxygen and water, respectively. Carbon monoxide (Matheson) and
dihydrogen were used as received. Hydrated rhodium(III) chloride was
obtained from Johnson Matthey Ltd., hydrated iridium(Ill) chloride was
purchased from Engelhard Scientific and bis(diphenylphosphino)methane
(dppm) was purchased from Organometallics Inc. The compounds [Rhir-
Cl(CO),(dppm),],13 [Ir,(F)(CO),(u-H)5(dppm),l [BF ]« CH,Cl,, 1316 [Iry(CC - -
(u-H) (u-CO)(dppm),][BF4)° and [Ir,(CO)3(dppm),]® were prepared as previ-
ously reported. All other chemicals were used as received without further
purification.

NMR spectra were recorded on a Bruker AM-400 spectrometer
operating at 400 MHz for 'H and 'H{3!P} spectra and at 161.9 MHz for
31P(1H]} spectra; 13C{1H] spectra were obtained on a Bruker WH-200 instru-



ment operating at 50.32 MHz. In these cases an internal deuterated solvent
lock was employed. Phosphorus chemical shifts are reported with respect
to external 85% H;PO,, while carbon and proton shifts are with respect to
TMS with the solvent as internal standard. Reactions were frequently
monitored by use of 31P{!H} NMR, using a Bruker HFX-90 spectrometer
operating at 36.43 MHz and employing an external deuterium lock; here,
the sample (in non-deuterated solvent) was placed in a 10-mm sample
tube that contained a concentric 5-mm insert filled with acetone-dq. Infra-
red spectra were run on a Nicolet 7199 Fourier transform interferometer,
as either solids (Nujol mulls on KBr disks) or solutions (KCl cell windows,
0.5-mm path length). A Perkin-Elmer 883 infrared spectrophotometer was
also employed to check the progress of some reactions. Spectroscopic para-
meters for the compounds prepared are found in Table 2.1. Conductivity
measurements were carried out using a Yellow Springs Instruments
Model 31 conductivity bridge, with solutions of approximately 103 M
concentration. Elemental analyses were performed by the microanalytical
service within the department.

Preparation of Compounds. (a) [Ir,(CO),(u-H),(dppm),] (1). A solu-
tion of [Ir,(H)(CO),(u-H),(dppm),}[BF]«CH,Cl, (100 mg, 72.3 umol) in THF
(10 mL) was chilled to 0 °C; to this was added a THF solution of potassium
tert-butoxide (8.6 mg, 77 umo! in 1 mL). The solution color immediately
changed from golden yellow to deep red. Attempts to isolate this material
in the solid state led only to a number of decomposition products, so its

characterization was carried out in solution through use of IR and NMR

(1H, 31P(1H)) spectroscopy.
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(b) [Ir,(CO),(u-H)(dppm),JiBF,] (2). Method A. A solution of [Ir,-
(CO)2(u-H)(u-CO)(dppm)Z][BF4] was prepared by adding 1 equiv (11.6 uL,
13.1 mg, 80.8 umol) of HBF;-OEt; to a CH,CI, solution of [Ir,(CO)3(dppm),]
(100 mg, 80.8 umol in 5 mL) under Nj. An atmosphere of CO was then
placed over this solution, causing a change of color from deep red-purple
to medium red-orange. The solution was taken to dryness under a CO
stream, leaving a light red-brown residue. Recrystallization from
CH,Cl,/Et,0 produced a pale orange powder that immediately turned pink
when the CO atmosphere was removed, thus precluding its accurate
elemental analysis; however, this species has been characterized in solu-
tion using IR and NMR (1H, 3'P{1H}) spectroscopy. Furthermore, the
species giving rise to the pink color was identified by these spectroscopic
techniques as being the known compound [Iro(CO),(pu-H) (u-CO)(dppm),]-
[BF,).?

Method B. A solution of [Ir,(CO)4(dppm),] was prepared by bubbling
CO through a CH,Cl, solution of [Ir,(CO)3(dppm),] (100 mg, 80.8 pumol in 5
mL). One equivalent (11.6 uL, 13.1 mg 80.8 umol) of HBF,-OEt, was added,
causing a color change from bright yellow to red-orange. Isolation of the
product proceeded as in method A, and the material obtained was found
to be identical in its spectroscopic properties to that prepared above.

(¢) [RhIK(CO);(dppm),] (3). An atmosphere of CO was placed over a
mixture of [RhIrCl,(CO),(dppm),] (300 mg, 252 umol) and NaBH, (60 mg,
1.59 mmol) in THF (15 mL). Addition of methanol (5 mL) resulted in
much effervescence and caused a slight deepening of the orange solution

color. The mixture was allowed to stir for 2 h, after which degassed water
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(1 mL) was added to destroy the excess borohydride. The solution was
taken to dryness in vacuo, producing an orange-brown residue that was
redissolved in THF (15 mL) and filtered. The filtrate volume was reduced
to 5 mL and hexanes (40 mL) added, yielding 3 as an orange powder (258
mg, 89% yield). This complex proved to be a nonelectrolyte in CH,Cl,
(A(103M) = 1.44 Q1 cm2mol1).20 Anal. Caled for Cs3HgglrO3P4Rh: C, 55.45;
H, 3.86. Found: C, 54.99; H, 4.03.

(d) [RhIx(HX(CO),(u—~H)(dppm),] (5). A slurry of [RhIrCl(CO),-
(dppm),] (150 mg, 134 umol) and NaBH, (60 mg, 1.59 mmol) in THF (5 mL)
was placed under an atmosphere of H,. The reaction mixture changed
from cloudy orange to cloudy yellow in color after 1 h, then to cloudy
brown after 24 h. At this point the solvent was evaporated under an Hj
stream, the brown residue extracted with toluene (5 mL), filtered, and
hexanes (20 mL) added, resulting in isolation of 107 mg (76% yield) of
medium brown powdery solid. Complex 5 was essentially nonconducting
in CH,Cl, (A(10-3 M) = 3.36 @1 cm? mol).

(e) [RhIz(CO);(u-H)(dppm),l[BF] (6). To a solution of 3 (130 mg, 113
pmol) in CH,Cl, (5 mL) was added one equivalent of HBF4-OEt, (16.3 uL,
18.3 mg, 113 umol), resulting in a color change from deep orange to deep
red-purple. The solution volume was reduced to 2 mL and ether (15 mL)
added, causing the precipitation of a reddish solid. Recrystallization of this
material from THF/ether yielded 118 mg (85%) of rust-colored solid.
Compound 6 proved to be a 1:1 electrolyte in CHCl, (A(10-3 M) = 56.4 Q!
em?2 mol1). Anal. Caled for BCs3F4H,sIrOsP4Rh: C, 51.51; H, 3.67. Found: C,

50.87; H, 3.58.
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(H [RhIr(CO),;(u-H),(dppm),l[BEJ,-CH,Cl, (7). To a solution of 3 (100
mg, 87.1 umol) in CH,Cl, (5 mL) was added an excess of HBF4-OEt; (30 uL,
33.8 mg, 209 umol), resulting in a change in color from orange to deep red-
purple, then to pale yellow, accompanied by the precipitation of a light
yellow solid. Ether (10 mL) was added to complete the precipitation, the
supernatant liquid drawn off, the solid washed with ether then dried
under a stream of N,, affording 99 mg (84% yield) of light yellow product.
Compound 7 behaved as a weak electrolyte in CHyCly (A(103 M) =249 Q1
cm2 mol-1), whereas it was found to be a normal 2:1 electrolyte in nitro-
methane (A(103M) = 189.1 Q1 cm? mol!). Anal. Caled for B;CsCloFgHyglr-
O,PRh: C, 46.05; H, 3.50; Cl, 5.03. Found: C, 45.83; H, 3.44; Cl, 4.12 (although
this compound is prone to solvent loss yielding variable results for
chlorine analyses, the totally-desolvated compound could not be obtained,
and significant amounts [>1%] of Cl remained even after being stored
under vacuum).

(8) [RhIr(H)(CO),(u-H),(dppm),1[BF,] (8). A suspension of 6 (120 mg,
97.1 umol) in THF (5 ml) was stirred under an atmosphere of Hj for 3 h,
during which time the reaction mixture changed from cloudy and red-
orange to clear and golden-yellow. After reduction of the solution volume
to 2 mL the product was precipitated by addition of ether (15 mL). Recrys-
tallization of this material from THF/ether produced 98 mg (83%) of
golden-yellow powder. Compound 8 proved to be a 1:1 electrolyte in
CH,Cl, (A(103 M) = 57.0 @1 cm? mol ). Anal. Calcd for BCz,F4Hy7IrO,P4Rh:
C, 51.63; H, 3.92. Found: C, 51.51; H, 4.18.

Reaction of 1 with HBF,-OEt,. To a solution of 1 in THF (62 umol in
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5 mL; prepared in situ as described above) was added 1 equiv of HBF,-OEt,
(8.9 uL, 10.0 mg, 62 umol), causing an immediate color change from deep
red to golden yellow. The product was found to be (Ir,(H)(CO),(u-H),-
(dppm),][BF4]1316 on the basis of its infrared and 3!P{TH} NMR spectra.

Reaction of 1 with H,. Dihydrogen was bubbled through a THF
solution of 1 (62 umol in 5 mL; prepared in situ as described above), caus-
ing an immediate color change from deep red to light yellow. The product
was found to be [Ir,(H)4(CO),(dppm),]1316 on the basis of its TH and 31P('H]}
NMR spectra.

Reaction of 5 with CO. A solution of 5 in THF (50 mg, 41.3 umol in 2
mL) was stirred under an atmosphere of CO for 2 h, after which time 3 was
the only species observed in the IR and 3!P{1H} NMR spectra of the
solution.

Reaction of 5 with HBF,+ OEt,. To a solution of 5 in CH,Cl, (20 mg,
17.8 pmol in 2 mL) was added 1 equivalent of HBF,-OEt; (2.6 uL, 2.9 mg,
17.8 umol), causing a slight deepening of the yellow color of solution. The
product of the reaction was found by 31P{1H} NMR and solution IR
spectroscopy to be compound 7.

Reaction of 6 with HBF . OEt,. To a solution of 6 in CH,Cl, (40 mg,
32.4 ymol in 2 mL) was added 1 equivalent of HBF4-OEt, (4.6 uL, 5.2 mg,
32.4 umol), causing a color change from deep orange-red to light brown.
The 31P(1H} NMR and solution IR spectra showed 7 to be the only species
present after reaction.

Reactions of 6 with KOC(CH;); and NaBHj. Solid potassium tert-
butoxide (5 mg, 44.6 umol) was added to a solution of 6 in CH,Cl, (15 mg,
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12.1 pmol in 2 mL) and the mixture stirred for 1 h, during which time the
color changed from red-orange to light orange. The 31P(1H} NMR and IR
spectra of the solution showed complete conversion of the starting
material to species 3. Similarly, reaction of a THF solution of 6 (25 mg in 3
mL) with NaBH, (5 mg) resulted in the formation of the same product.

Reaction of 7 with NEt,. To a solution of 7 in CH,Cl; (40 mg, 30.2
pmol in 2 mL) was added NEt; (10 uL, 7.3 mg, 72.1 umol), causing an
immediate color change from light brown to deep red-orange. The 31P{1H}
NMR and solution IR spectra showed 6 to be the product formed.

Reaction of 8 with CO. A solution of 8 in CH,Cl, (50 mg, 41.3 umol
in 2 mL) was stirred under an atmosphere of CO for 18 h, resulting in a
color change from golden-yellow to red-orange. The 31P{1H} NMR and
solution IR spectra of the solution showed 6 to be the only species present.

Reactions of 8 with KOC(CH;); and NaBH,. To a solution of 8 in
THEF (20 mg, 16.5 umol in 2 mL) was added solid potassium tert-butoxide 5
mg, 44.6 umol). After stirring for 18 h the mixture was found by 31P{1H}
NMR and IR spectroscopy to contain only compound 5. The reaction of 8
(40 mg, 33.1 ymol in 4 mL THF) with NaBH, (5 mg, 132 umol) similarly
gave 5 as the sole product after 1 h reaction time.

X-ray Data Collection. Red-orange crystals of [RhIr(CO);(dppm),] (3)
were obtained by slow diffusion of ether into a concentrated CHyClp solu-
tion of the compound. Several suitable crystals were mounted and flame-
sealed in glass capillaries under N; and solvent vapor to minimize
decomposition. Data were collected on an Enraf-Nonius CAD4 diffracto-

meter using Mo Ka radiation. Unit-cell parameters were obtained from a
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least-squares refinement of the setting angles of 25 reflections in the range
20.0° < 26 < 24.0°. The monoclinic diffraction symmetry and the systematic
absences (h0l, I = odd; 0k0, k = odd) were consistent with the space group
P2, /c.

Intensity data were collected at 22 °C using the 8/26 scan technique
to a maximum 28 = 50.0°, collecting reflections with indices of the form +h
+k 1l. Backgrounds were scanned for 25% of the peak width on either side
of the peak scan. Three reflections were chosen as intensity standards,
being remeasured at 120-min intervals of X-ray exposure time. There was
no significant systematic decrease in the intensities of these standards thus
no decomposition correction was applied. A total of 8636 unique reflec-
tions were measured and processed in the usual way, using a value of 0.04
for p22 to downweight intense reflections; 5208 of these were considered to
be observed (F,2 2 30(F,2)) and were used in subsequent calculations.
Absorption corrections were applied to the data using the method of
Walker and Stuart.23.24 See Table 2.2 for crystal data and more information
on X-ray data collection.

Structure Solution and Refinement. The structure was solved in
the space group P2;/c using standard Patterson and Fourier techniques.
Full-matrix least-squares refinements proceeded so as to minimize the
function Sw(|F,|-|F.|)2 where w = 4F,2/ 0%(F,?). All non-hydrogen atoms
were ultimately located. Atomic scattering factors2526 and anomalous
dispersion terms?’ were taken from the usual tabulations. All hydrogen
atoms were included as fixed contributions but not refined. Their idealized

positions were calculated from the geometries about the attached carbon






Table 2.2. Crystallographic Data for [RhIr(CO)3(dppm),] (3)

formula Cs3HyIrOsP4Rh
formula weight 1147.95

crystal shape monoclinic prism
crystal dimensions, mm 2.49 x 0.15x 0.12
space group P. 'c(No. 14)
temperature, °C 22

radiation (1, A) graphite-monochromated Mo Ko

(0.71069)

unit cell parameters

a, A 20.296 (4)

b, A 12.190 (7)

c, A 19.064 (7)

B, deg 95.11 (2)

v, A3 4697.9

z 4
plcaled), g cm™? 1.623
linear absorption coeff (), cm1 33.403
range of transmission factors 0.791-1.354
detector aperture, mm (3.00 + tan 6) wide x 4.00 high
takeoff angle, deg 3.0
maximum 26, deg 50.0
crystal-detector distance, mm 173

(continued)



Table 2.2. (continued)

scan type

scan rate, deg/min

scan width, deg

total unique reflections

total observations (NO)

final no. parameters varied (NV)
error in obs. of unit wt. (GOF)?
RY

RS

sGOF = [Sw( IF,| - |Fc| )2/ NO-NW)]'/2 where w = 4F,2 / ¢*(F.?).

6/26

between 1.18 and 6.67
0.60 + 0.347 tan 6
8686 (hkxl )

5208 (F,2 2 30(F,4))
559

1.543

0.047

0.053

bR =S IF, |- IF|l /3 IFol. Ry = [Tw( Il - |Fl )2/ SwF2]1/2
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atoms, using a C-H bond length of 0.95 A, and they were assigned thermal
parameters 20% greater than the equivalent isotropic B's of their attached
C atoms.

The final model, with 559 parameters refined, converged to values
of R = 0.047 and R, = 0.053. In the final difference Fourier map the 10
highest residuals (1.3-0.7 e/ A3) were found to be in the vicinity of the Ir
and Rh atoms (a typical carbon atom in an earlier synthesis had an elec-
tron density of ca. 4.9 e/A3). The positional parameters of all non-
hydrogen atoms are given in Table 2.3, while selected bond distances and

angles are given in Tables 2.4 and 2.5, respectively.

Results and Discussion

(a) Description of Structure. The title complex, [RhIr(CO);(dppm)al,
has the structure shown in Figure 2.1 in which both diphosphine ligands
bridge the metal nuclei in an atypical, non-A-frame manner. This geom-
etry, having the phosphorus atoms on one metal mutually trans and on
the other metal mutually cis, is similar to those reported for the closely-
related, formally Rh(0) complexes, [Rhy(CO)3(dppm),1?8 and [Rhy(CO)5-
{(PhO),PN(Et)P(OPh),},], to that for the heterobimetallic rhodium-cobalt
species [RhCo(CO),(dppm),),3%2 and to that presumed for the diiridium
analogue [Ir,(CO)3(dppm),}.? Figure 2.2 shows a view approximately along
the metal-metal axis, in which all phenyl carbons except those bound to
phosphorus are omitted.

The coordination spheres about the two metals are quite different.

The Rh atom has a coordination number of 4 (excluding the weak inter-
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Table 2.3. Positional and Thermal Parameters for the Atoms of [RhIr(CO);-

(dppm),] (3)4

Atom x y z B, A2
Ir 0.22767(2) 0.18475(3) 0.20696(2)  2.43(1)
Rh 0.29649(4) 0.01816(6) 0.14660(4) 2.47(2)
P(1) 0.3071(1) 0.2972(2) 0.1655(1) 2.6(1)
P(2) 0.3935(1) 0.1003(2) 0.1928(1) 2.8(1)
P@3) 0.1413(1) 0.1843(2) 0.1186(1) 2.6(1)
P(4) 0.1993(1)  -0.0319(2) 0.0841(1) 2.7(1)
oD 0.2495(4)  -0.0071(6) 0.3079(4) 4.8(2)
0]} 0.1733(5) 0.3389(7) 0.3123(5) 8.2(3)
0/K)) 0.3699(4)  -0.1729(6) 0.0928(5) 5.6(2)
Cc@®) 0.2427(4) 0.0629(8) 0.2647(5) 3.2(2)
C@ 0.1927(6) 0.2849(09) 0.2716(6) 49(3)
C@3) 0.3419(5)  -0.0999(8) 0.1120(5) 3.9(2)
C@ 0.3891(5) 0.2505(8) 0.2027(5) 3.0(2)
C(5) 0.1549(5) 0.0894(8) 0.0468(5) 2.9(2)
c(11) 0.3164(4) 0.3118(8) 0.0701(5) 29(2)
C(12) 0.3121(5) 0.2197(9) 0.0276(5) 3.3(2)
C@13) 0.3180(5) 0.2299(9)  -0.0446(5) 3.9(3)
C(14) 0.3260(6) 0.329(1) -0.0746(5) 4.8(3)
C(15) 0.3311(6) 0.423(1) -0.0329(6) 5.2(3)
C(16) 0.3274(5) 0.4132(9) 0.0390(6) 4.2(3)
C(1) 0.3043(5) 0.4418(8) 0.1919(5) 3.5(2)
C(22) 0.2463(5) 0.4961(9) 0.1781(6) 3.8(2)
C(23) 0.2421(6) 0.6100(9) 0.1891(6) 4.9(3)
C(24) 0.2955(6) 0.6671(8) 0.2150(6) 4.6(3)
C(25) 0.3536(6) 0.6135(9) 0.2323(6) 5.0(3)
C(26) 0.3588(5) 0.5015(9) 0.2188(6) 4.3(3)
C@31) 0.4642(5) 0.0796(9) 0.1401(5) 3.3(2)

(continued)



Table 2.3. (continued)

C@32)
C(@33)
C34)
C(@35)
C(36)
C(41)
C@42)
C43)
C(44)
C(45)
C(46)
C(1
C(2)
C(53)
C(4)
C(55)
C(56)
C(61)
C(62)
C(63)
C(64)
C(65)
C(66)
C(71)
C(72)
C(73)
C(749)
C(75)
C(76)
C(81)

0.5013(5)
0.5528(6)
0.5691(5)
0.5327(6)
0.4786(5)
0.4282(5)
0.4089(6)
0.4384(6)
0.4860(6)
0.5059(6)
0.4764(5)
0.0603(5)
0.0571(5)
-0.0044(6)
-0.0608(6)
-0.0573(5)
0.0022(5)
0.1195(5)
0.1407(6)
0.1256(7)
0.0942(6)
0.0734(6)
0.0865(6)
0.1358(5)
0.1461(6)
0.0948(7)
0.0345(6)
0.0241(6)
0.0750(5)
0.2131(5)

-0.0167(9)
-0.035(1)
0.039(1)
0.133(1)
0.1531(8)
0.0512(8)
-0.0504(9)
-0.095(1)
-0.037(1)
0.065(1)
0.111(1)
0.1406(8)
0.0818(8)
0.0414(9)
0.061(1)
0.120(1)
0.157(1)
0.3130(8)
0.3371(9)
0.444(1)
0.521(1)
0.4968(9)
0.392(1)
-0.1091(8)
-0.1468(8)
-0.2025(9)
-0.222(1)
-0.185(1)
-0.131(1)
-0.1129(8)

0.1500(6)
0.1095(6)
0.0596(6)
0.0487(6)
0.0878(5)
0.2787(5)
0.3021(6)
0.3636(6)
0.4029(6)
0.3812(6)
0.3194(6)
0.1437(5)
0.2059(6)
0.2229(6)
0.1783(7)
0.1183(7)
0.1004(6)
0.0729(5)
0.0071(7)
-0.0213(7)
0.0128(8)
0.0782(8)
0.1072(6)
0.1233(5)
0.1918(6)
0.2208(7)
C.1818(8)
0.1145(8)
0.0845(6)
0.0058(5)

4.3(3)
5.6(3)
5.1(3)
5.3(3)
3.6(2)
3.3(2)
4.6(3)
5.7(3)
6.5(3)
5.6(3)
4.3(3)
3.0(2)
4.2(3)
4.9(3)
5.9(3)
5.2(3)
4.7(3)
3.3(2)
4.93)
6.7(4)
6.9(4)
5.9(3)
4.8(3)
3.6(2)
4.3(3)
6.1(3)
6.5(4)
6.3(3)
4.6(3)
3.4(2)

(continued)
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Table 2.3. (continued)

C(82)
C(83)
C(84)
C(85)
C(86)

aNumbers in parentheses are estimated standard deviations in the
least significant digits in this and all subsequent tables. Thermal
parameters for the anisotropically refined atoms are given in the form of
the equivalent isotropic Gaussian displacement parameter defined as

0.2313(5)
0.2462(6)
0.2455(6)
0.2300(7)
0.2129(5)

-0.0612(9)
-0.124(1)
-0.236(1)
-0.289(1)
-0.228(1)

4/3[ 2By, + b2Bpy + c2Pa3 + ac(cos P)fy3 ].

-0.0557(6)
-0.1126(6)
-0.1083(6)
-0.0476(7)

0.0090(6)

4.3(3)
5.1(3)
5.8(3)
5.8(3)
4.5(3)
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Table 2.4. Selected Distances (A) in [RhIr(CO);(dppm);] (3)

{a) Bonded
Ir-Rh 2.7722(7) P(2)-C(31) 1.840(8)
Ir-P(1) 2.309(2) P(2)-C(41) 1.825(8)
Ir-P(3) 2.321(2) P(3)-C(5) 1.833(8)
Ir-C(1) 1.857(9) P(3)-C(51) 1.833(8)
Ir-C(2) 1.916(9) P(3)-C(61) 1.829(9)
Rh-P(2) 2.312(2) P(4)-C(5) 1.842(8)
Rh-P(4) 2.295(2) P4)-C(71) 1.811(8)
Rh-C(3) 1.861(9) P(4)-C(81) 1.831(8)
P(1)-C(4) 1.841(8) Oo(1)-C(D 1.186(9)
P(1)-C(11) 1.853(8) 0(2)-C(2) 1.12(1)
P(1)-C(21) 1.835(8) 0(3)-C(3) 1.134(9)
P(2)-C(4) 1.843(8)

(b) Non-bonded
Rh-C(1) 2.644(7) P(3)-P(4) 2.983(4)

P(1)-P(2) 2.991(3)



Table 2.5. Selected Angles (deg) in [RhIr(CO);(dppm),] (3)

(a) Bond angles

Rh-Ir-P(1) 84.25(5) Rh-P(2)-C(31) 114.3(3)
Rh-Ir-P(3) 94.17(5) Rh-P(2)-C(41) 116.6(3)
Rh-Ir-C(1) 66.3(2) C(4)-P(2)-C(31) 103.9(4)
Rh-Ir-C(2) 164.5(3) C(4)-P(2)-C(41) 104.6(4)
P(1)-Ir-P(3) 104.95(7) C(31)-P(2-C(41)  100.8(4)
P(1)-Ir-C(1) 126.6(3) Ir-P(3)-C(5) 113.0(3)
P(1)-Ir-C(2) 98.7(3) Ir-P(3)-C(51) 116.7(3)
P(3)-Ir-C(1) 120.1(3) Ir-P(3)-C(61) 118.6(3)
P(3)-Ir-C(2) 99.8(3) C(5)-P(3)-C(51) 102.1(4)
C(1)-Ir-C(2) 100.3(4) C(5)-P(3)-C(61) 103.5(4)
Ir-Rh-P(2) 88.18(6) C(51)-P(3)-C(61)  100.9(4)
Ir-Rh-P(4) 88.22(6) Rh-P(4)-C(5) 110.9(3)
Ir-Rh-C(3) 175.7(3) Rh-P(4)-C(71) 122.4(3)
P(2)-Rh-P(4) 167.56(8) Rh-P(4)-C(81) 112.3(3)
P(2)-Rh-C(3) 92.2(3) C(5)-P(4)-C(71) 103.6(4)
P(4)-Rh-C(3) 92.3(3) C(5)-P(4)-C(81) 102.9(4)
Ir-P(1)-C(4) 108.6(3) C(71)-P(4)-C(81)  102.8(4)
Ir-P(D)-C(1D) 121.93) Ir-C(1)-0(1) 171.9(6)
Ir-P(1)-C(21) 115.9(3) Ir-C(2)-0(2) 176.0(9)
C(4)-P(1)-C(11) 103.9(4) Rh-C(3)-O(3) 178.2(8)
C(4)-P(1)-C(21) 103.9(4) P(1)-C(4)-P(2) 108.6(4)
C(11)-P(1)-C(21)  100.8(4) P(3)-C(5)-P(4) 108.7(4)
Rh-P(2)-C(4) 114.93)

(b) Torsion angles
P(1)-Ir-Rh-P(2) 43.05(9) P(3)-Ir-Rh-P(4; 20.41(9)



Figure 2.1.

Perspective view of [RhIr(CO);(dppm),] (3) showing the
numbering scheme. Thermal parameters are shown at the
20% level except for hydrogens, which are shown artificially
small for the dppm methylene groups but are not shown for
the phenyl groups.
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Figure 2.2. View of complex 3 approximately along the Rh-Ir bond,
omitting the phenyl carbon atoms except those bound to

phosphorus.
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action with C(1)), while the Ir atom is bound to five other atoms (includ-
ing Rh). This appears to be the general structural form for the complexes
[MM'(CO)3(dppm),] (MM' = Rh,, Irp, Rhlr, RhCo), even though the homo-
bimetallic species are potentially symmetrical. Instead of viewing these
complexes as containing formally zerovalent metal atoms, as would be
implied by a symmetrical formulation, it may be more appropriate to

regard them as mixed-valence M(D)/M(-I) species, in which the M(-I) atom

functions as a p=~ = 2 that bonds to the other metal via a dative
metal-metal bon.l. 1w is consistent with the asymmetric structure
observed and w . ...ation environments about each metal (vide

infra). The present compound ma; therefore be considered as containing
an Ir(-D—Rh(D) dative bond. This formulation is supported by the square-
planar geometry at Rh, an arrangement typical of d® systems. The dppm
phosphorus atoms P(2) and P(4) are approximately trans to each other
about Rh (P(2)-Rh-P(4) = 167.66(8)°) as are the carbonyl group C(3)O(3) and
the Ir center (Ir-Rh-C(3) = 175.7(3)°). The geometry about Ir, on the other
hand, may be described as roughly trigonal bipyramidal, with Rh and C(2)
in the axial sites and P(1), P(3) and C(1) in the equatorial positions.
However, it must be pointed out that the distortions from this geometry
are not negligible. In particular, the Rh-Ir-C(1) angle, at 66.3(2)°, is rather
acute and all three equatorial substituents are bent away from C(2) by
approximately 100°, such that the Ir center is raiced 0.355 A above the
plane defined by P(1), P(3), and C(1). Alternately, if the Ir—~Rh bond is not
included in the above description, the coordination geometry about Ir in

the isolated Ir(CO),P; unit may be described as approximately tetrahedral.
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Such a view is consistent with Ir being in the -1 oxidation state, having a
d10 configuration (cf. Ir(CO)4”) and suggests a pseudo-halide formulation
for this group. The largest distortions from an idealized tetrahedral geom-
etry again appear to result from the formation of the Ir»>Rh dative bond
and a possible weak interaction between the carbonyl group, C(1)O(1), and
Rh (vide infra). The Ir(-I) formulation is supported by the analogous coor-
dination geometries observed for the d10 Ni(0) centers in the closely related
complexes [Niy(CO),(u-CO)(dppm),]3! and [Niy(CO)z(u-CO)(CF3),PSP-
(CFa3),),1.32.3 The structure of 3 is also very similar to that determined for
the related species [(PEt3);RhCo(CO);]3* and to that proposed for [RhCo-
(CO),1,% and it is noteworthy that a mixed-valence formulation and a
labile Co(-)->Rh(I) dative bond were also proposed for the former. The
fact that facile cleavage of the Co»Rh bond in the closely-related species
[RhCo(CO)4(dppm),] (yielding [Rh(CO)(dppm),]*+ and [Co(CO)4I) has been
demonstrated30 offers further support for mixed-valence formulations for
these dppm-bridged species. Compound 3 and the related Rhy, Ir, and
RhCo analogues are thus members of a growing class of complexes
containing dative M—M' bonds.30,34,36

The Ir-Rh distance of 2.7722(7) A falls within the range typically ob-
served for Rh-Rh (2.52-2.84 A)5.717.2829,37 and Ir-Ir (2.77-2.89 A)1113.16,1938
single bonds in related systems. Compression along the Ir-Rh axis,
through mutual attraction of the metals, is borne out through comparison
of the Ir-Rh distance with the intraligand P---P separations (2.991(3) A,
2.983(3) A). The Ir—Rh dative bond is accompanied by what may be a
weakly semibridging carbonyl group, C(1)O(1), bonded primarily to Ir (Ir-
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C(1) = 1.857(1) A) and interacting weakly with Rh (Rh---C(1) = 2.644(7) A).
This group is nearly linear with respect to Ir (Ir-C(1)-O(1) = 171.9(6)°) and is
rather strongly bound to this metal, as evidenced by the short Ir-C(1)
distance. The C(1)-O(1) distance is longer than those for the other carbonyl
groups, possibly resulting from a slight decrease in the C-O bond order due
to donation of electron density from Rh into the n* orbital of C(1)-O(1), in
order to alleviate charge buildup at the Rh center due to the dative Ir-Rh
bond. The Rh-C(1) distance is longer than the corresponding metal-
semibridging carbonyl distance in the dirhodium analogue (2.533(3) A),
indicating a weaker interaction in the present case. The structural
parameters for this carbonyl group do not adequately fit the trends
described previously for known classes of semibridging carbonyls,3?
implying therefore that the interaction of C(1)O(1) with Rh may be rather
weak. This would seem to agree with the lack of coupling between
rhodium and either of the Ir-bound carbonyl ligands in the 13C NMR
spectrum.

Other parameters in the molecule are essentially as expected. The
Ir-P distances are very similar to the Rh-P distances, despite the dissimilar
coordination geometries about the metals.

(b) Preparation and Characterization of Compounds. Although the
chemistries of dirhodium and diiridium systems can differ appreciably,
they frequently do so in a complementary manner. As an example, this
research group has shown in several previous studies?10,13-15,19.40 that the
more stable and less kinetically labile iridium complexes can frequently

serve as models for unstable or labile intermediates in analogous rhodium
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chemistry. It therefore appeared an obvious extension to investigate the
related heterobimetallic rhodium-iridium compounds, with the hope that
some of these might combine the more desirable characteristics (in terms
of reactivity and stability) observed in the dirhodium and diiridium
chemistry.

The initial series of dppm-bridged dirhodium hydridocarbonyl
complexes was prepared by Eisenberg and coworkers.!7.18 Of the complexes
[Rh,(CO)5(dppm),], [Rhy(CO)y(u-H)(u-CO)(dppm),]*, [Rhy(CO),(u-H)-
(dppm),]J* and [Rn(CO)(u-H)(dppm)]y, the protonated tric.rbonyl and neu-
tral dihydride dicarbonyl species were found to act as catalyst precursors for
the water-gas shift reaction and the hydrogenation of unsaturated organic
substrates; however, little was known about the intermediates active in
these transformations. A wider series of diiridium hydridocarbonyl
complexes was later characterized by our research group.16 Although not
catalytically active, these species could be used to infer the structures of
possible intermediates involved for the dirhodium-catalyzed systems, an
approach that was used in one study to construct a model cycle for the
water-gas shift reaction.? The greater strength of Ir-H over Rh-H bonds also
contributed to the formation of several stable diiridium polyhydride
complexes not having dirhodium analogues. One of these was [Iry(H)4-
(CO),(dppm),], which was formed via borohydride reduction of trans-
[IrCI(CO)(dppm)], under hydrogen atmosphere; this tetrahydride species
served as a starting point for other polyhydride complexes.1é It was shown
that the trihydridic complex [Iry (H)(CO),(u-H) (dppm),][BF4] could be
obtained through reaction of the tetrahydride with either HBF4<OEt;
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(involving loss of H, from a presumed pentahydridic intermediate) or
[Ph,C*][BF,7] (a hydride abstraction). This trihydridic compound serves as
the precursor for the complexes [Ir(CO)(u-H)(dppm)], (1) and [Iry(CO),-
(u-H)(dppm),][BF,] (2), which are described below.

In the original study1é the diiridium dihydride cumplex analogous
to [Rh(CO)(u-H)(dppm)],!® was not synthesized. However, complex 1 has
now been successfully prepared through the deprotonation of [Ir,(H)(CO),-
(u-H),(dppm),]* using the strong base potassium tert-butoxide. Although
[Rh(CO)(u-H)(dppm)], can be prepared directly via reaction of trans-[RhCl-
(CO)(dppm)], with NaBH, under Hy, the corresponding reaction with ' e
diiridium system yields the tetrahydride, [Ir,(H)4(CO)2(dppm),] as ioted
above. Another difference between compound 1 and its dirhodium ana-
logue is that the former cannot be isolated in the solid state; attempted
crystallizations from the deep red solutions containing cor plex 1 led only
to isolation of grey products of uncertain composition. However, the
diiridium dihydride is stable in solution for several hours, enabling it tc
be characterized by spectroscopic means. The infrared spectrum shows one
strong band at 1909 cm-!, very close to that seen for the rhodium species
(1920 cm-! (Nujol)) and supporting a similar structural formulation, as
shown below. The 3!P(1H} NMR spectrum of a solution of 1 is temperature
invariant and shows a singlet resonarce at 8 12.9, while in the highfield
region of the 1TH NMR spectrum is seen a single quintet resonance at 6
-10.22 (?Jp.y = 6.6 Hz) corresponding to two hydrides bridging the metal
centers. Species 1 readily reacts with H* or Hy, leading to the immediate

formation of [Ir,(H)(CO),(u-H),(dppm),]* or [Ir,(H}4(CO)(dppm)2l,
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OC—I|r<H>I|r—-CO
P\/P

1
respectively, and with CO, through reductive elimination of Hy, to yield
[Ir,(CO)4(dppm),]. whizh has also been peviously characterized.?

Intercinversions between the mneutral tetrahydride and tetracar-
bow i complexes ([Ira(H)4(CO),(dppm),] + 2 CO 2 [Iry(CO)4(dppm),] + 2 Hy)
and between the cationic trihydride and protonated tricarbonyl species
L, (H)(CO),(u-H)y(dppm);l* + CO 2 [Iry(CO)y(u-H)(p-CO)dppm),)* + Hy)
had previously been observed, but an unexpected byproduct of the reaction
of [Ir,(H)(CO),(u-H),(dppm),l[BF,] with CO was the protonated tetracar-
bonyl, [Ir,(CO)4(u-H)(dppm),l[BF,] (2). This compound can also be prepared
by protonation of [Ir,(CO)4(dppm),] (see Experimental). No airhodium
analogues of either of the tetracarbonyl species 2 or [Ir,(CO)4(dppm),] have
been reported, consistent with the greater basicity of iridium, which allows
it to form complexes containing larger numbers of carbonyl ligands. Like
the neutral tetracarbonyl, 2 is quite prone to CO loss (forming [Iry(CO)2-
(u-H)(u-CO)(dppm),][BF,)), thus characterization of this product has been
confined to spectroscopic measurements in solutions that are kept under
CO atmosphere. The infrared spectrum is consistent with a structure
containing anly terminal carbonyl groups (V(CO): 1998, 1981, 1959 cml),
while a singlet at §-9.6 in the 31P{1H} NMR tpectrum confirms a symmet-

rical formulation, with all phosphorus nuclei being chemically equiv-
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alent. In the 'H spectrum a quintet at §-9.95 (}Jp.y = 9.4 Hz) is indicative of
a hydride bridge, while the single broad resonance for the dppm methyl-

ene protons, at & 5.02, suggests a fluxionality of the hydride, likely via a

mechanism as shown; the inequivalent protons (H, and Hp of each

P P
.co Oc. -
oC |f<‘lr—7H —— H<lr7|r co
oC” 1 | ~Co
P P
p>.r Hy H, P
Hl Hb

CH,Hy) on ciposite sides of the plane formed by the iridium and phos-
phorus nuclei would be made equivalent by “tunnelling” of the hydride
from one side of the Ir,P, plane to the other, as well as a “flipping” of the
orientations of the methylene bridges. Although both of these processes
are required to produce the observed signal for the methylene protons,
they need not be coupled. The tunnelling process can be visualized as

shown below, viewed in the equatorial plane of the complex with the

lré 5Ir i Ir@lr yad Irq 7"

diphosphine and carbonyl ligands omitted for clarity. The complex [Ptr-

(H),(u-H){(dppm),]* 4! is believed to undergo interchange in a similar
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manner (see Chapter 1). The slight increase in metal-metal distance in
going from a bent to a linear M-H-M linkage should not be difficult for the
bridging dppm ligands to accommodate.

With the preparation of an extensive series of diiridium hydrido-
carbonyl complexes accomplished, it was next desired to expand the scope
of interest to include species containing both rhodium and iridium
centers. For the preparation of the heterobimetallic complexes, a useful
precursor proved to be [RhIrCl,(CO),(dppm),], which was first prepared by
Shaw and coworkers;#2 the compounds derived from it are shown in
Scheme 2.1. The reaction of this mixed-metal starting material with
NaBH, under CO gives rise to the formally zerovalent binuciear species,
[RhIr(CO)3(dppm),] (3), which is the mixed-metal analogue of the
previously-observed dirhodium!7b.28 and diiridium® compounds. its
31P{1H) NMR spectrum (see Figure 2.3) is characteristic of those observed
for such a mixed-metal dppm-bridged complex, displaying a pattern
consistent with an AA'BB'X spin system. The Rin-bound phosphorus
resonance appears as a doublet of multiplets (§16.4), with each multiplet
resembling the Ir-P signal (6-16.3). No resonance is observed in the
highfield region of the TH NMR spectrum, indicating that 3 is not a
hydrido species. The infrared spectrum of 3 displays bands at 1958, 1940
and 1849 cm-! (Nujol) and is similar to those of the above-mentioned
homobimetallic tricarbonyls, suggesting a similar structure, in which one
metal is 5-coordinate and the other 4-coordinate. The X-ray structure
confirms the non-A-frame structure of the complex and indicates that the

“third” CO ligand and the related distortions at the metal center are
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Figure 2.3. The *'P{'H} NMR spectrum of complex 3 at 20 °C.
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associated with iridium. That the Ir atom should have the M(-) formula-
tion instead of Rh is consistent with the greater electronegativity of the
former.43

Like its homobimetallic counterparts, species 3 is fluxional in solu-
tion. The room-temperature 13C(1H) NMR spectrum shows resonances at &
188.7 (triplet, Jp.c = 18.1 Hz) and 185.1 (doublet of triplets, ghc = 67.9 Hz
and Yprmy.c = 13.7 Hz) with relative intensities of 2:1, whereas at -80 °C
three signals of equal intensity appear at § 191.9 (triplet, 2Jp.c = 41.7 Hz),
185.0 (broad singlet), and 183.8 (doublet of triplets, rh.c = 69.7 Hz and 2Jpc
= 13.4 Hz). The fluxionality at ambient temperature appears to involve
interchange between the terminal and semibridging carbonyls attached to
iridium, with the rhodium carbonyl remaining unaffected therefore
upinvoived in the process. It shoula also be noted that the 31P{1H} NMR
spectrum of 3 remains essentially invariant throughout the temperature
range studied (+25 to -80 °C), indicating that the mechanism for phos-
phorus equilibration is independent of that for carbonyl interchange.
Unlike the homobimetallic analogues [Rhy(CO)3(dppm),] and [Irp(CO);5-
(dppm)2), two different methylene proton signals are observed in the 'H
NMR spectrum of complex 3, ruling out an intermediate for either inter-
change process in which the dppm groups are oriented trans to each other
at both metal centers. The combination of fluxional processes may be
illustrated as shown below. These Newman projections are viewed down
the Ir-Rh bond, with the CO ligand coordinated to iridium (which lies
approximately along this bond) included to show its role in the inler-

change. Equilibration of the carbonyl groups bound to Ir is accomplished as
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shown by the structures separated by horizontal arrows, and passes
through a square pyramidal intermediate in which the Rh atom is at the
apex and the phosphine and carbonyl groups form the base. It can be seen
that interruption of this process leaves the carbonyl groups inequivalent
but still allows the sets of phosphorus atoms to equilibrate via a pivoting
of the IrP,(CO) unit about the Rh-Ir bond, as shown by the vertical arrows.
In either case the dppm methylene protons above the “planes” of the
RhIrP, units cannot become chemically equivalent to those below.

The above proposal for the fluxionality of compléx 3 assumes that
the structure in solution strongly resembles that in the solid state, i.e. the
diphosphine ligands are eclipsed in an asymmetric fashion. If the structure
observed were actually due to crystal packing effects, complex 3 might
assume a more symmetrical configuration in solution, as shown below.
Here, pivoting of the semibridging carbonyl and iridium-bound phos-
phines about the metal-metal bond would not be necessary to maintain

two sets of two chemically-equivalent phosphorus atoms, and would
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account for the independence of the 3/P{1H} NMR spectrum with respect to
temperature. Equilibration of the iridium-bound carbonyl groups at room
temperature could still occur via the intermediate shown in the scheme
above in which the iridium center adopts a square pyramidal coordination
geometry.

Although facile scrambling of the carbonyl ligands of complex 3
over both metals is not observed at ambient temperatures under Nj
atmosphere, ligand exchange under 13CO is facile, resulting in enrichment
of all three positions within 1/2 h. It would appear that a labile
tetracarbonyl species, [RhIr(CO)4(dppm),] (4), analogous to the labile
diiridium spedies, [Ir,(CO)4(dppm),],° may be involved as an intermediate
in the scrambling process. However, its identification is not unambiguous.
The infrared spectrum of a solution of 3 under an atmosphere of CO
shows two new carbonyl stretches at 1955 and 1926 cm'1, while the 31P{1H}
NMR spectrum shows the two signals due to 3, with no apparent evidence
of an additional species. However, as the temperature is lowered, two
additional resonances appear at 8 3.1 and -12.3. At -60 °C these resonances
appear as an unresolved multiplet and a pseudotriplet, respectively, and
account for ca. 40% of the total intensity. At the same temperature, the

13C(1H} NMR spectrum of a 13CO-enriched sample of 3 under an
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atmosphere of 13CO shows new broad resonances at 6188 and 197 as well as
one that falls under the § 192 resonance due to 3; unfortunately the very
poor signal-to-noise ratio for these signals does not allow their
unambiguous assignment. Flushing the solution with N results in the
disappearance of all new resonances, leaving only those due to 3. This
labile species is believed to be the tetracarbonyl, 4. Although the NMR
studies indicate that this species is fluxional it does not appear to be inter-
converting with 3 on the NMR time scale since the resonances due to 3
and 4 appear to behave independently as the temperature is varied.

The reaction of [RhIrCl,(CO),(dppm),] with sodium borohydride
under an atmosphere of H; gives rise to complex 5, [RhIr(H)(CO),(u-H)-
(dppm),]. Its solution infrared spectrum shows only one carbonyl stretch
(1937 cm-1), suggestive of a symmetrical structure similar to the homo-
bimetallic dihydrides [M(CO),(u-H),(dppm),] (M = Rh,18Ir (1)); however,
the presence of two carbonyl bands in the solid-state IR spectrum (1942,
1924 cm-1) suggests a less symmetrical structure, and a weak stretch at 2033
cm-! suggests at least one terminal hydride ligand in the complex.
Furthermore, the highfield region of the 1H NMR spectrum of 5 shows
two different resonances (6-11.00 and -12.73). Both of these are broad at
ambient temperatures, but at -40 °C the latter hydride peak (now at 0
-12.84) appears as a triplet. his highfield signal is due to a hydride ligand
terminally bound to iridium (Jpqy).y = 17.6 Hz), as selective heteronuclear
decoupling of the iridium-bound paosphorus resonance causes this signal
to collapse into a singlet. At this temperature it is also observed that the

lower-field hydride signal (now at &-11.15) also resolves into a broad
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doublet when either the iridium-bound or the rhodium-bound phos-
phorus resonance is selectively irradiated. Although the poor resolution
makes it impossible to determine the phosphorus-hydride couplings, the
rhodium-hydride coupling may be estimated as approximately 14 Hz.
Clearly this lower-field resonance is due to a hydride ligand that bridges
the two metals. The value of 1Jg,.y involving this hydride suggests that
the rhodium-hydride interaction is weaker than in similar dirhodium
complexes that contain symmetrically-bridging hydride ligands (}gp.q =20
Hz for [Rhy(CO),(u-H),(dppm),),18 and /gy = ca. 20 Hz for the series [Rhy-
Cl,X(u-H)(u-CO)(dppm),} (X = Cl, OSO,C¢H,CHj, FBF;)37f). This suggests
that compound 5 contains an unsymmetrical Rh-H-Ir bridge in which the
hydride interacts more strongly with Ir. Couplings of this magnitude have
been noted in other mixed binuclear and trinuclear Rh/% « mplexes
containi..g asymmetrically-bridging hydrides,1544 while a 1J;,.¢ coupling
of 24.4 Hz has been reported for [(7*-CgH)Rh(u-H)(u-CDIrHy(PPhy),)), a
species containing a more symmetrical hydride bridge.4> The structure
proposed for 5 (see Scheme 2.1) thus differs from that for the homobi-
metallic dihydrides, in which both hydrides bridge the metals symmetri-
cally. In Scheme 2.1, dashed lines between Rh and H are employed to
denote this weaker bonding. A trans arrangement of the hydride ligands
across the iridium center in 5 would explain the reluctance of this species
to reductively eliminate H,; however, a cis disposition of hydrides cannot
unambiguously be ruled out, since even for 7, for which two hydrides are
mutually cis, reductive elimination is slow (vide infra). Although it is

possibly not surprising that 5 is thermally more stable than the dirhodium
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analogue, it is surprisingly also more stable than the diiridium species;
both homobimetallic complexes decompose within several hours at 20 °C
whereas 5 is stable for several days at room temperature.

Compound 3 may be converted to 5 via reaction with Hj in THF at
room temperature over a 24 h period, whereas conversion of 5 to 3 by
reaction with CO in THF at room temperature is compiete within approx-
imately 2 h.

Compound 3 reacts with one equivalent of HBF;.OEt,, yielding
[RhIr(CO);(u-H)(dppm),l[BF,] (6). This compound has the same ligand
stoichiometry as the dirhodium!7 and diiridium®11 analogues, but
possesses a significantly different structure. Whereas the homobinuclear
species have A-frame structures in which a hydride and a carbonyl ligand
bridge the metals, compound 6 has no bridging carbonyl group. The lowest
CO stretch in the infrared spectrum (1899 cm?) is significantly higher than
those due to the bridging carbonyls in the homobimetallic analogues (1870
cm-! (Rh,);17 1850 cm! (Irp)?). The 13C{1H} NMR spectrum at room temper-
ature shows signals at § 186.2 (doublet of triplets, !Jghc = 73.9 Hz and
2Jprn)c = 15.0 Hz) and 179.5 (broad) with relative intensities of 1:2, indi-
cating that two carbonyls are located on the iridium center while one is
coordinated to rhodium; the 1H NMR spectrum (see Figure 2.4) shows one
highfield resonance, a complex multiplet at §-10.19 due to the bridging
hydride, and one resonance at & 4.38 (quintet) for the methylene protons of
the dppm groups. At -80 °C the carbon NMR spectrum shows that the Rh-
bound carbonyl resonance remains unchanged while the broad Ir-carbonyl

signal splits into two unresolved ones of equal intensity at 6 184.1 and
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Figure 2.4. The 31p(lH}, 'H and 'H{*'P} NMR spectra of complex 6 at 20 °C.



176.9. In the proton NMR spectrum the hydride resonance is broad at this
temperature while the methylene resonance has resolved into two signals
at 8 4.54 and 4.07 integrating as two protons each. It appears that a fluxional

process such as that shown below equilibrates the iridium-bound carbenyl

oc T /O'c\ p + T /H\ P I +
.:",,,Ilnh ""”'/I/, I _ co — Rh\\\\\“‘-“ -.nll/,,/ Ir— co
P\/P © P\o/ P

groups at higher temperatures. This interchange may be proposed to occur
via tunnelling of the hydride ligand between the metals resulting in a
twisting of the HIr(CO), unit about the P-Ir-P axis, bringing the hydride
from one face of the dimer to the other and interchanging the carbonyls
on Ir. Analogous structures and mechanisms of fluxionality have been
proposed for the isoelectronic species [RhM(u-H)(CO)s(dppin)y]™* (M = Co,
p = 1;302 M = Fe, n = 030b), Selective decoupling of the two phosphorus
environments during observation of the TH NMR spectrum at 22 °C
enables the magnitudes of the Rh-H and P-H couplings tc be determined
(Yrn = 19.0 Hz, Yprny-y = 9.3 Hz, 2pgy-y = 12.2 Hz). The values for the
phosphorus-hydrogen couplings might suggest that this hydride is more
strongly bound to iridium than rhodium; however the Rh-H coupling,
although somewhat smaller, is comparable to those quoted above for
hydrido-bridged dirhodium compounds and other symmetrically-bridged
species, thus is more in line with a close-to-symmetrical bridge.

Compound 6 may be converted back to 3 via reaction with the strong base






potassium tert-butoxide, but this transformation does not occur when a
weaker base such as triethylamine is used.

Complex 6 undergoes facile carbonyl exchange with free CO; in
CH,Cl, solution at room temperature under atmospheric pressure of 13CO,
6 is seen to be quantitatively enriched at all positions within 2 h (as
observed via solution infrared spectroscopy). This result may be seen as
evidence for the involvement of a species formulated s [RhIr(CO)4(u-H)-
(dppm),]* (a mixed-metal analogue of 2) in the exchange process. Such a
species, like the neutral tetracarbonyl 4, would be expected to be unstut.e.
as its formation would requiie the rhodium center to adopt an 18-electiunt
configuration, a situation found to be disfavor.1 within this series of
compounds. The 13C{'H} and S1P(*H) NMR spectra . [ a 13CO-enriched
sample of 6 under 13CO shows no resonances assignable to a protonated

tetracarbonyl species.

Reaction of 6 with one equivalent of HBF4+OEt; (oi reaction of the
neutral tricarbonyl, 3, with two equivalents of HBF,+OEt,) yieids the
dicationic species [RhIN(CO){i-H)o(dppm)](BF4l; (7). This product appears
to resemble the iridium ~arbonyl hydrides [Ir;(H),(CO)3(dppm)] [BF,], and
[Ir2(C0)4(y-I-I)2(dppm)2][BF4]2,9 in that movernent of the hydride ligands of
7 from bridging to terminal sites (one on each metal) would make this
complex structurally comparable to the diiridium tricarbonyl species,
while addition cf one CO ligand at the coordinatively unsaturated Rh
center would produce a form parallel to the diiridium tetracarbonyl. These
changes would involve the formatior of terminal Rh-H and Rh-CO

bonds, which are less favored than the equivalent Ir-H and Ir-CO bond,,
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providing a rationale for the nonobservance of the exact mixed-metal
analogues of these Ir, systems. Only one hydride signal is seen in the 'H
NMR spectrum of 7 (see Figure 2.5), appearing as a complex :nultiplet at §
-11.18 -ind integrating 2s two protons. Selective irradiation of the reso-
nancs .o the Rh-bound phosphorus nuclei causes the hydride signal
to collapss ‘o an overlapping doublet of triplets (/g = 17.3 Hz, pinH =
11 1 Hz). Irradiation of the Ir-P signa! resolves the hydride multiplet into a
bro.. iened doublet, from which 2Jpgy).y may be estimated as < 7 Hz (the
half-width at half-height o! either peak of the doublet); broadband phos-
phorus decoupling further sharpens this doublet, but the resonance is not
resolved to baselire and the peaks are still 7 Hz wide at half-height,
making the value of 2Jprp).g difficult to determine accurately. The Rh-H
coupling constant suggests a somewhat weaker interaction of the hydride
ligands with Rh, which is supported by the failure to resolve coupling to
the Rh-bound phosphines; however bonding appears to be more symmet-
rical than in species 5. The infrare- spectra of this compiex indicate that all
carbonyl groups are terminally bound. Species 7 may be deprotonated
easily by NEt; regenerating compound 6.

Reaction of 5 with one equivalent of HBF;+O&Et; leads to the cationic
trihydride 8, [RhIr(H)(CO),(u-H),(dppm),][BF,], similar to the result of the
protonation of complex 1 but guite unlike the product reported in the
rhodium chemistry, where H, loss apparently « _urs, yielding [Rhy(CO),-
(u-H)(dppm),]+.17.18 The TH NMR spectrum of ¢ sh. .7s three hydride reso-
nances (6 -10.58, -11.46 and -11.76), all of wi:..h are broadened at room

temperature. Cooling the sample to -40 °C results in the resolution of the
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middle signal into a triplet, which was shown by selective heteronuclear
decoupling of the phocphor: resonances to be a terminal hydride
attached to iridium (2Jpy). = 11.8 Hz). The other hydride resonances
rer:ained broad, even with sz2lec.ive M+ decoupling; broadtand irradiation
resolved these into doublets, with 'Jgh.y = 10.4 Hz for the former and
1 rhy = 23.2 Hz for the latter bridging hydride, with no apparent H-H
coupling observed. The magnitudes of the rhodium-hydride couplings
indicate that unlike complex 7, the bridging hydrides in 8 are disposed in
two different manners; the one with the larger coupling to Rh probably
approximates a symmetrical bridge, the other interacts much less strongly
with Rh (therefore is more strongly bound to Ir}. Although, based on the
spectroscopic study, it is not clear whic' bridging hydride ligand is more
symmetrically bound, it is assigned as the one opposite the ierminal
hydride, as shown in Sch~me 2.1. Such a proposal is consis:ent with the
higl: trans influence of the terminal hydride, resulting in a weakening of
the opposite Ir-H bond and a concomitant strengthening of the associated
Rh-H bond. The infrared spectra of 8 arz quite similar to those observed
for [Ir,(H)(CO),(u-H),(dppm),][BF,).13 Whereas exchange between the
terminal and one bridging hydride ligand was observed in the diiridium
species, none was observed for 8. This is not surprising since, according to
the mechanism previously proposed,!3.16 a species with a terminal hydride
on Rh (and none on Ir) would be one of the limiting forms, which should
be significantly less stable than that observed owing to the differences
between the Ir-H and Rh-H bond energies. Compound 8 may be converted

back to 5 by reaction with BH," or ButO-. Attempts to further protonaic 8 to
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yield a dicationic tetrahydride failed. In fact, no species containing more
than three hydrides was observed in this study, in contrast to the
diiridium chemistry where several tetrahydride complexes were found.
As described in the Experimental Section, conversion of the
protonated tricarbonyl complex 6 to 8 via reaction with H, is complete
within 3 h, and has been found to be a synthetic route to complex 8 super-
ior to the protonation of the neutral dihydride, 5. The reverse process (8 +

CO -» 6) requires 24 h.

Conclusions

The work presented in this chapter and in other closely related
studies!546 illustrates the access™lity of heterobimetallic Rhir compounds.
The preparative routes eripluyed, and the potential for new modes of
reactivity introduced by the presence of two different types of metal centers
in the same complex, have prompted inve:ligations within this resez: ..
group into the chemistry of other mixed-metal systems (e.g. RhMn,47
RhRe,47a,48 RhOs,472,49 IrOs50). Of particular interest are complexes
containing dative bonding interactions between metals of differing
oxidation states, as in [RhIr(CO)3(dppm)a] (3). The unusual non-A-frame
structure of 3 illustrates the low oxidation states of both metals, the dative
Ir—Rh interaction, and the coordinative unsaturation at the Rh center,
properties which suggest that compound 3 and its homobimetallic dirho-
dium and diiridium analogues may be susceptible to additions of small
molecules. Studies of the reactivity of these [MM’(CO)3(dppm),] species
(especially for MM’ = ry) are ihe focus 0f subsequent chapters of this thesis.
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At the outset of this thesis project, development of the chemistry of
the family of Ir, and RhlIr hydridic species was a parallel interest, but, due
to a shift in emphasis towards the low-valent tricarbonyl compounds, this
was not pursued. However, it is notable that, besides the bridging
diphosphines, only .arbonyl and hydrido ligands are present in the
coordination spheres of complexes 1-8, and that interconveision. involv-
ing these and related Ir, and RhlIr species may be accomplished via simple
reversible protonation, carbonylation and hydrogenation steps. Such
behavior favors the use of these species in the construction of model
catalytic cycles for such processes as hydrogenation and hydrcformylation
(as had becn previously done, using related diiridium compiexes
containing carbonyl, hydrido and hydroxo ligands to model the water-gas
shift reaction9). Investigations of this type are presently underway in this

research group.
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Chapter 3

Binuclear Oxidative Additions of Silanes to [Irz(CO)3(dppm)2]+

Introduction

The formation of transition-metal-to-silicon bonds is a fundamen-
tal step in several metal-catalyzed processes, including olefin hydrosil-
ation,! silane alcoholysis,? and the oligomerization of silanes.3 Among the
many approaches taken to promote Si-M bond formation4 the oxidative
addition of Si-H bonds to low-valent metal centers is of interest to this
research group in that it may offer insights into C-H bond activation
processes® promoted by adjacent metals, as well as into the activation of
other heteroatom-hydrogen bonds by multicenter complexes. As part of an
ongoing study of possible cooperative effects between adjacent metal
nuclei in the activation of H-H and heteroatom-hydrogen bonds,6 an
examination of the reactions of silanes with the low-valent complex [Ir,-
(CO)3(dppm),] was undertaken; closely-related studies involving the
dirhodium analogue, [Rhy(CO)3(dppm);], have recently been reported by
Eisenberg and coworkers.10 Although the metals in these complexes are
formally zerovalent, close inspection of the structures reported for [Rhy-
(CO)3(dppm),] and [RhIr(CO)3(dppm),] (see Chapter 2) suggests that these

complexes are more appropriately formulated as mixed-valence species, in

tA version of this chapter has been published. See: McDonald, R;
Cowie, M. Organometallics 1990, 9, 2468.
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which the metals are involved in a dative M(-)->M’(I) bond. Whatever
the oxidation-state formulation for these complexes, the metals are
certainly of low valence, thus should be susceptible to oxidation; in addi-
tion, the coordinative unsaturation at one of the metal centers offers the
possibility of initial substrate coordination as a prelude to oxidative addi-
tion to the complex. In an effort to utilize both metals in substrate activa-
tion, the reactivities of HyX-type molecules (X = S, Se, SiR,, SiHR), in
which both geminal X-H bonds are potentially reactive, have been inves-
tigated. It was of particL ar interest to establish how such substrates
interact with the two meta! nuclei during the proposed “double activa-
tion” process. Herein are reported the results involving studies of the

reactions between [T1,(CO)3(dppm);] and some primary and secondary

alkyl- and arylsilanes.

Experimental Section

General experimental conditions were as described in Chapter 2.
The silane reagents were purchased from Petrarch Systems Inc., while [Ir,-
(CO)5(dppm),] (1) was prepared as previously reported.6 All other chem-
icals were used as received without further purification. Spectroscopic
parameters for the compounds prepared are found in Table 3.1.

Preparatic of Compounds. (a) [Ir,(H),(CO),(u-SiMe, ) (dppm),] (2).
Dimethylsilane was slowly bubbled (~0.25 mL/s) through a solution of 1
(150 mg, 121 umol) in THF (10 mL) for ca. 30 s, producing an immediate
color change from orange to light yellow. The reaction mixture was

allowed to stir for 10 min, and the solution volume then reduced under
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an N, stream to 2 mL; addition of hexanes (20 mL) caused precipitation of
a golden-yellow solid. Recrystallization from THF/ether afforded 2 as a
bright yellow powder (131 mg, 86% isolated yield). Anal. Calcd for Cs4Hs)-
Ir,0,P,Si: C, 51.09, H, 4.13; Found: C, 50.93, H, 4.13.

(b) [Ir,(H),(CO),(u-SiEt,)(dppm),] (3). Diethylsilane (15.6 uL, 10.7 mg,
121 umol) was added to a solution of 1 (150 mg, 121 umol) in THF (10 mL).
Within 30 min the solution color had changed from orange to light
yellow. Reduction of solution volume to 2 mL followed by addition of
hexanes (20 mL) produced a golden-yellow solid. Complex 3 was recrys-
tallized from THF/ether to give 121 mg (77%) of yellow powder. Anal.
Caled for CsgHselr,04PSi: C, 51.84, H, 4.35; Found: C, 51.38, H, 4.10.

(¢) [Irp(H)5(CO),(u-SiPhy)(dppm),] (4). To a solution of 1 (150 mg, 121
pmol) in THF (10 mL) was added diphenylsilane (22.4 uL, 22.3 mg, 121
pmol). After 2 h the solution color had changed from orange to light
yellow, accompanied by formation of yellow solid. Precipitation was
completed via addition of hexanes (20 mL). The product was recrystallized
from THF/ether then dried in vacuo, affording 4 as a light yellow solid
(139 mg, 82%). Anal. Caled for Ce4Hselr,04P,Si: C, 55.16, H, 4.05; Found: C,
55.37, H, 4.47.

(d) [Ir,(H),(CO),(u-SiHPh)(dppm),] (5). Addition of phenylsilane
(20.2 uL, 17.5 mg, 162 umol) to a solution of 1 (200 mg, 162 umol) in THF (5
mL) produced an immediate change in color from orange to yellow;
within 1 h a yeilow precipitate formed. Diethyl ether (20 mL) was added to
complete precipitation; recrystallization from THF/ether and drying under

vacuum resulted in the isolation of 5 as a pale yellow solid (178 mg, 84%).



Anal. Caled for CggHgpIr,0,P4Si: C, 52.88, H, 3.98; Found: C, 53.12, H, 4.53.

Reaction of 1 with Me;SiH. Trimethylsilane was slowly bubbled
(~0.25 mL/s) through a rapidly-stirred solution of 1 (65 mg, 52.5 umol) in
THF (3 mL) for 1 min. After 10 min the solution color had changed from
orange to light yellow. The product was found by 1H and 31P{1H} NMR
spectroscopy to be the previously charac ‘ed [Iry(H)4(CO),(dppm),].11

Reaction of [Ir,(CO),(u-H),(dppm),] with Me;SiH. A solution of [Iry-
(CO),(u-H),(dppm),] was generated according to the procedure of Chapter
2, by reaction of [Ir,(H)(CO),(u-H)(dppm),][BF,] (70 mg, 53.9 umol) with
potassium tert-butoxide (6.0 mg, 53.9 umol) in THF (2 mL) at 0 °C.
Trimethylsilane was slowly bubbled (~0.25 mL/ s) through this solution for
1 min, during which time the color changed from deep red to medium
yellow. The product was found by IR and 31P{1H} NMR spectroscopy to be
[Iro(H) 4{(CO),(dppm);). 1!

Determination of Coalescence Temperatures. The Tc values for
complexes 2-4 were determined through use of variable-temperature
31p{1H) NMR spectroscopy. Typically 20 mg of the complex was dissolved
in 0.5 mL CD,Cl,, and the sample spectrum obtained at room temperature,
then at 0 °C; thereafter the temperature was lowered in 5° increments,
allowed to stabilize (to within £1° of the desired reading) and the spectrum
taken at each step. Coalescence temperature was taken to mean the lowest
temperature at which only one single (albeit broadened) resonance was
observed for both sets of exchanging nuclei, and was found to be -15+ 5 °C
for 2,-2515°C for 3, and -20 £ 10 °C for 4.

X-ray Data Collection. (a) [Ir,(H),(CO),(u-SiPhy)(dppm),]«2THF (4).
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Diffusion of ether into a concentrated THF solution of 4 produced color-
less crystals of the complex, several of which were mounted and flame-
sealed in glass capillaries under N; and solvent vapor to minimize
decomposition and/or solvent loss. Data were collected on an Enraf-
Nonius CAD4 diffractometer using Mo Ka radiation. Unit-cell parameters
were obtained from a least-squares refinement of the setting angles of 25
reflections in the range 20.0° < 26 < 24.0°. The systematic absences (00/, [ #
3n) and the 3m1 diffraction symmetry suggested one of the trigonal space
groups P3;21 or P3,21. The space group P3;21 was confirmed by the
successful solution and refinement of the structure. Refinement of the
structure in the enantiomeric space group P3,21 gave significantly poorer
residuals (R = 0.056 and R,, = 0.067 for the trial space group vs. R = 0.038
and R,, = 0.040 for the correct space group at the same stage of refinement).
Intensity data were collected at 22 °C by using the @ scan technique
to a maximum 28 = 50.0°, collecting reflections of the form +h +k +l. Of
the data collected 5803 reflections were unique after merging. Backgrounds
were scanned for 25% of the peak width on either side of the peak scan.
Three reflections were chosen as intensity standards, being remeasured
after every 120 min of X-ray exposure time. Each standard lost approxi-
mately 15% of its original intensity thus a linear decomposition correction
was applied to the data. The data were measured and processed in the
usual way, with a value of 0.04 for p!2 employed to downweight intense
reflections; 3288 reflections were considered observed (Fy2 2 30(F,2)) and
were used in subsequent calculations. Absorption corrections were applied

to the data according to Walker and Stuart’s method.13.14 See Table 3.2 for
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Table 3.2. Crystallographic Data for [Irz(H)z(CO)z(u-Sith)(dppm)zl-ZTHF @

and [Ir,(H),(CO),(u-SiHPh)(dppm),]:2THF (5)

compound

formula

formula weight

crystal shape

crystal dimensions, mm
space group
temperature, °C

radiation (4, A)

unit cell parameters

a, A

b, A

¢, A

B, deg

Vv, A3

z
plcaled), g cm3
linear absorpt. coeff (1), cm-1
range of transmission factors
detector aperture, mm

takeoff angle, deg

4
CrHpolryO4P4Si
1537.78
hexagonal prism
0.28 x 0.23 x 0.14
P3,21 (No. 152)

2

5
CeeHegIrrO4PSi
1461.68
monoclinic prism
0.27 x 0.22 x 0.18
P2,/c (No. 14)

graphite-monochromated Mo Ke

(0.71069)
13.295(3) 12.425(3)
— 20.282(4)
32.286(4) 26.505(3)
— 97.61(1)
4941(2) 6621(3)
3 4
1.550 1.466
41.799 41.550
0.852-1.095 0.660-1.286
(3.00 + tan ) wide x 4.00 high
3.0

(continued)
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Table 3.2. (continued)

maximum 26, deg
crystal-detector distance, min
scan type

scan rate, deg/min

scan width, deg

total unique reflections

total observations (NO)

final no. params. varied (NV)
error in obs. of unit wt. (GOF)?
RY

Ry¢

50.0
173

w

betw. 1.11 and 6.67

0.50 + 0.347 tan@

5803

3288 (F,2 2 30(F,2)

229

1.093

0.038

0.039

81

6/20

betw. 1.18 and 6.67
0.60 + 0.347 tan#@
11952 (h k £I)

4697 (F,2 2 30(F,2)
334

2.174

0.061

0.087

aGOF = [Sw( IF, |- |F. )2/ ®NO- NW)]!/2 where w = 4F,2 / *(Fc?).
iR =¥ 1|F | IEl| /3 1Rl Ry = [Sw( IF, ] - |F.| )2/ SwE2 ]2



crystal data and more information on X-ray data collection.

(b) [Ir,(H),(CO),(u-SiHPh)(dppm),]+2THF (5). Pale yellow crystals of 5
were obtained by diffusion of hexanes into a THF solution of the complex.
Crystals were mounted in glass capillaries under N, and solvent vapor.
Data collection and derivation of unit-cell parameters proceeded in a
manner similar to above. The monoclinic diffraction symmetry and
systematic absences (hol, I = odd; 0kO, k = odd) were consistent with the
space group P2;/c.

Intensity data were collected at 22 °C using the 6/26 scan technique
to a maximum 26 = 50.0°% reflections with indices of the form +h +k %l
were collected. The intensity standards were found to lose 20 to 30% of
their initial intensity, necessitating application of a linear decomposition
correction. Of 11952 unique reflections measured, 4697 were considered
observed for the purposes of subsequent calculations, with absorption
corrections applied as above.

Structure Solution and Refinement. Both structures were solved in
the respective space groups (P3;21 for 4, P2, /c for 5) using standard Patter-
son and Fourier techniques. Full-matrix least-squares refinements
proceeded so as to minimize the function 2w(|P°|-|1-'c |)2, where w =
4F 2/ 0*(F,2). Atomic scattering factors and anomalous dispersion terms
were taken from the usual tabulations.15-17 Positional parameters for the
hydrogens attached to the carbon atoms of the complexes (as well as to the
carbons of the solvent molecules in the structure of 4, and to the silicon
atom of 5) were calculated from the geometries about the attached carbon

(or silicon). These hydrogens were located 0.95 A from their attached C
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atoms (1.35 A in the case of Si-H), given thermal parameters 20% greater
than the equivalent isotropic B’s of their attached atoms, and included as
fixed contributions.

In addition to all non-hydrogen atoms of the complex and its
solvent moiecules, the hydrogen atoms attached to the Ir centers of 4 were
also located with aid of difference Fourier contour maps; these were
included in subsequent least-squares cycles and refined acceptably. Only
the non-hydrogen atoms of complex 5 were refined; contour maps of the
electron density in the vicinity of the solvent molecules indicated these
groups to be severely rotationally disordered, and attempts to assign and
refine carbon or oxygen atoms were unsuccessful. Instead, all solvent
atoms were input as carbon atoms in five-membered rings that most
appropriately described the electron density. These atoms were assigned
large thermal parameters and were not refined in subsequent least-squares
cycles. For this reason the solvent molecules’ hydrogen atoms were not
included. A difference Fourier map calculated with use of all data
displayed peaks in the expected positions of the hydride ligands. However,
when only low-angle data (sin 8/4 < 0.25) were used in the Fourier
synthesis, the peak corresponding to H(2) could no longer be unambig-
uously identified, although that due to H(1) was observed in its original
location. Owing to the uncertainty in the identification of H(2), neither
atom was refined; instead, both were included as fixed contributions in the
structure factor calculations, in their positions obtained from the full-data
Fourier map. Other hydrogens were included in their idealized positions

and handled as described for compound 4.



The final model for complex 4, with 229 parameters varied,
converged to values of R = 0.038 and R, = 0.039. In the final difference
Fourier map the 10 highest residuals (0.8-0.7 e/ A3) were found in the
vicinity of the dppm ligands (a typical carbon in an earlier synthesis had
an electron density of 3.4 e/A3). For compound 5 the final model, with 334
parameters varied, converged to values of R = 0.061 and R,, = 0.087. The 10
highest residuals in the final difference Fourier map (1.5-0.9 e/ A3) were
found in the area of the solvent molecules (a typical carbon in an earlier
synthesis had an electron density of 2.9 e/A3). The badly-disordered
solvent molecules prevented more satisfactory refinement of the struc-
ture; however the parameters within the complex molecule should not be
significantly affected. The positional and thermal parameters for the non-
hydrogen atoms of complex 4 are given in Table 3.3, and selected bond
lengths and angles are given in Tables 3.4 and 3.5, respectively. For

complex 5 the pertinent data are found in Tables 3.6-3.8.

Results and Discussion

(a) Description of Structures. (i) [Ir,(H),(CO),(1-SiPh,)(dppm),]«2THF
(4). Complex 4 has the structure shown in Figure 3.1, in which the mole-
cule contains a crystallographic twofold axis of symmetry passing through
the Si atom and the center of the Ir-Ir’ bond. The metal nuclei are bridged
by the two diphosphine ligands and the diphenylsilylene group, but the
most striking feature is the disposition of the dppm ligands about each
metal center. Figure 3.2 shows a slightly different spatial orientation, with

only the ipso carbons of each phenyl ring shown. The atoms P(1) and P(2')



Table 3.3. Positional and Thermal Parameters of the Atoms of
[Iro(H)5(CO)5(u-SiPh,)(dppm),]«2THF (4)*

Atom x y z B, A2
Ir 027192(3)  0.09855(3) -0.14031(1)  3.211(8)
P(1) 0.3883(2)  0.0423(2) -0.10499(9) 3.61(7)
PQ2) 0.1982(2) -0.1937(Q2)  -0.13619(9)  3.78(7)
Si 0.0797(3)  0.000 -0.167 3.9(1)
o) 02681(8)  0.2940(7) -0.0960(3)  9.003)
0oQ) 0.446(1) 0.726(1) 0.9579(4)  15.4(6)
C(1) 0.272(1) 0.2221(9) -0.1141(4)  6.0(4)
CQ) 03436(8) -0.1096(9) -0.1152(3)  4.2(3)
C@3) 0.473(2) 0.633(2) 0.957(1)  28(1)®
C@) 0.392(3) 0.545(2) 0.9669(9) 28(2)
C(5) 0.376(2) 0.587(2) 1.0085(7) 17(1)
C(6) 0.375(2) 0.692(2) 0.9950(7)  16.0(9)
c(11) 03738(8)  0.0425(8)  -0.0466(3)  4.4(3)
C(12) 0.3034(9)  0.0777(9)  -0.0290(4)  5.6(3)°
C(13) 0.295(1) 0.078(1) 0.01514)  6.6(3)®
C(14) 0.361(1) 0.048(1) 0.0380(4)  7.1(4¢
C(15) 0.435(1) 0.016(1) 0.0220(4)  7.2(4)®
C(16) 04416(9)  0.0161(9) -0.0221(4)  55(3)
C@21) 0.5477(8)  0.1149(8) -0.1093(3)  4.6(3)
C(22) 0.6044(9) 02347(9) -0.1055(4)  5.9(3)
C(23) 0.730(1) 0.300(1)  -0.1076(4)  7.3(4)
C(24) 0.786(1) 0.237(1)  -0.1128(5)  8.5(4)¢
C(25) 0.731(1) 0.120(1)  -0.1161(5)  8.3(4)
C(26) 0.610(1) 0.058(1)  -0.1153(4)  6.1(3®
C(31) 0.0999(9) -02315(9) -0.09203)  4.4(2)
C(32) 0.136(1)  -0226(1)  -0.0516(4)  6.3(3)
C(33) 0.048(1) 0268(1)  -0.01954)  7.1(4%
C(34) -0.063(1) 0315(1)  -0.0236(4)  7.8(4)®

(continued)



Table 3.3. (continued)

C(35) 0102(1)  -0328(1)  -0.0686(4) 874
C(36) -0.015(1) -0.282(1) -0.1009(4)  6.0(3)
C(41) 0.1825(8) -0.3374(9) -0.1457(3)  4.0(2F
C(42) 0.092(1)  -0415(1)  -0.1691(4)  7.9(4P
C(43) 0.078(1) -0.527(1) -0.1772(5)  10.1(5)%
C(44) 0.147(1)  -0560(1)  -0.1613(5) 854
C(45) 0.239(1) -0.485(1) -0.1391(4)  7.9(4)
C(46) 0.253(1) -0.368(1) -0.1312(4)  6.8(4)k
C(51) 0.0423(8) -0.0553(9) -0.1279(3)  4.5(2)
C(52) 01561(9) -0.127(1)  -0.1416(4)  53Q)
C(53) 0252(1)  -0.163(1)  -0.1156(4)  7.1(3)
C(54) 0235(1)  -0.134(1)  -00744(5)  7.8(4)
C(55) -0.126(1) .0.060(1)  -0.0601(4)  7.4(4)
C(56) 0028(1)  -0.021509) -0.0867(4)  6.0(3)
H(1) 0.194(7) 0.024(6)  -0.101(3) 2(2)b

sNumbers in parentheses are estimated standard deviations in the
least significant digits in this and all subsequent tables. Thermal
parameters for the anisotropically refined atoms are given in the form of
the equivalent isotropic Gaussian displacement parameter defined as
4/3[a2By; + b2Byy + 2Ps3 + ablcos PPy +aclcos P)Pys + be(cos BBy ]. tRefined
isotropically.



Table 3.4. Selected Distances (A) in [Ir;(H),(CO),(#-SiPhy)(dppm),]-2THF (4)

(a) Bonded
Ir-Ir’ 2.8361(9) P(1)-C(11) 1.87(1)
Ir-P(1) 2.340(3) P(1)-C(21} 1.85(1)
Ir-P(2") 2.344(3) P(2)-C(2) 1.81(1)
Ir-Si 2.371(4) P(2)-C(31) 1.83(1)
Ir-C(1) 1.85(1) P(2)-C(41) 1.85(1)
Ir-H(1) 1.63(9) Si-C(51) 1.88(1)
P(1)-C(2) 1.83(1) O(1)-C(1) 1.14(1)
(b) Non-bonded
P(1)---P(2 3.062(3) Si---H(1) 2.53(9)

Primed atoms are related to unprimed ones by the crystallographic
2-fold axis passing through Si and the center of the Ir-Ir’ bond.



Table 3.5. Selected Angles (deg) in [Irz(H)z(CO)z(u-Sith)(dppm)zl-ZTHF @

(a) Bond angles

L’-Ir-P(1) 94.51(7) Ir-P(1)-C(21) 12354
Ir-Ir-P(2") 84.50(7) C(2)-P(1)-C(11) 102.7(5)
Ir-Ir-Si 53.26(6) C(M-P(1)-C(21) 102.4(5)
Ir-Ir-C(1) 153.1(5) C(11)-P(1)-C(21)  100.5(5)
Ir-Ir-H(1) 92(3) Ir-P(2)-C(2) 110.8(4)
P(1)-Ir-P(2) 100.6(1) Ir-P(2)-C(31) 119.0(4)
P(1)-Ir-Si 134.82(8) Ir-P(2)-C(41) 117.2(4)
P(1)-Jr-C(1) 110.3(4) C(2)-P(2)-C(31) 105.8(5)
P(1)-Ir-H(1) 75(3) C(2)-P(2)-C(41) 103.6(5)
P(2)-Ir-Si 105.78(8) C(31)-P(2)-C(41) 98.7(5)
P(2')-Ir-C(1) 100.4(4) Ir-Si-Ir’ 73.5(1)
P(2')-Ir-H(1) 174(3) Ir-Si-C(51) 117.3(3)
Si-Ir-C(1) 100.3(5) Ir-Si-C(51') 127.7(4)
Si-Ir-H(1) 76(3) C(51)-Si-C(51) 96.4(7)
C(1)-Ir-H(1) 84(3) Ir-C(1)-O(1) 176(1)
Ir-P(1)-C(2) 110.7(4) P(1)-C(2)-P(2) 114.3(6)
Ir-P(1)-C(11) 114.3(4)

(b) Torsion angles
P(1)-Ir-Ir’-P(1") 31.1(D H(Q)-Ir-Ir'-H(1") 141(5)

Primed atoms are related to unprimed ones by the crystallographic
2-fold axis passing through Si and the center of the Ir-Ir’ bond.



Table 3.6. Positional and Thermal Parameters of the Atoms of
[Irz(H)Z(CO)Z(u-SiHPh)(dppm)z] «2THF (5)4

Atom x y z B, A2
Ir(1) 0.17446(8) -0.03226(5)  0.31990(4)  3.06(2)
Ir(2) 0.33528(8) 0.06018(5) 0.29519(4)  3.28(2)
P(1) 0.0997(5) -0.0471(3)  0.2347(3)  3.6(2)
P(Q2) 0.2982(6)  0.0266(4)  0.2109(3)  3.9(2)
PQ3) 0.0616(5)  0.0526(3)  0.3408(3)  3.4(2)
P(4) 0.2134(5)  0.1470(3)  0.2960(3)  3.4(2)
Si 0.2269(6)  0.0066(4)  0.3732(3)  3.6(2)
o) 0.0922)  -0.138(1) 0.3824(7)  7.1(6)
o) 0.523(1) 0.154(1) 0.3081(8)  7.3(6)
(1 0.123(2)  -0.100(1) 0.356(1) 5.3(7)
C(2) 0.456(2) 0.114(1) 0.305(1) 6.0(8)
C@) 0.154(2) 0.010(1) 0.1916(8)  3.4(6)
C@) 0.071(2) 0.125(1) 0.3008(8)  2.9(6)
C(11) -0.0492)  -0.041(1) 0.2149(9)  4.4(6)
C(12) -0.096(2) 0.002(1) 0.178(1) 5.6(7)
C(13) -0.213(3) 0.002(2) 0.164(1) 8.2(9)
C(14) -0271(2)  -0.042(2) 0.191(1) 7.1(8)b
C(15) -0229(2)  -0.081(1) 0.227(1) 5.8(7)
C(16) -0.116(2)  -0.081(1) 0.239(1) 5.2(7)
C(21) 0.123(2)  -0.128(1) 0.2081(9)  3.6(6)°
C(22) 0.175(2)  -0.178(1) 0.239(1) 6.7(8)
C(23) 0.195(3)  -0.238(2) 0.216(1) 8.2(9)
C(29) 0.163(2)  -0.250(1) 0.164(1) 6.8(8)°
C(25) 0.109(3)  -0.203(2) 0.136(1) 7.7(9)
C(26) 0.090(2) -0.140(1) 0.157(1) 5.5(7)
C(31) 0.365(2)  -0.051(1) 0.192909)  4.1(6)*
C(32) 0.352(2)  -0.067(2) 0.142(1) 6.9(8)
C(33) 0.402(3) -0.127(2) 0.129(1) 9(1)b

(continued)



Table 3.6. (continued)

C(34)
C(35)
C(36)
C@1)
C(42)
C(43)
C(44)
C(45)
C(46)
C(51)
C(52)
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)

0.461(3)
0.470(3)
0.424(2)
0.336(2)
0.446(2)
0.485(3)
0.410(3)
0.292(3)
0.263(2)
-0.086(2)
-0.127(2)
-0.242(2)
-0.313(2)
-0.276(2)
-0.162(2)
0.078(2)
0.106(2)
0.110(2)
0.092(2)
0.065(2)
0.052(2)
0.241(2)
0.316(2)
0.338(2)
0.282(2)
0.206(2)
0.186(2)
0.201(2)
0.107(2)
0.100(3)
0.192(2)
0.287(2)

-0.164(2)
-0.145(2)
-0.087(1)
0.084(1)
0.094(2)
0.133(2)
0.158(2)
0.151(2)
0.108(2)
0.039(1)
-0.013(1)
-0.024(1)
0.011(2)
0.056(1)
0.073(1)
0.083(1)
0.038(1)
0.060(1)
0.125(1)
0.170(1)
0.151(1)
0.209(1)
0.197(1)
0.242(1)
0.300(1)
0.312(1)
0.267(1)
0.201(1)
0.217(1)
0.259(2)
0.283(2)
0.272(1)

0.162(1)
0.211(1)
0.226(1)
0.161(1)
0.165(1)
0.127(1)
0.093(1)
0.085(1)
0.123(1)
0.3315(9)
0.362(1)
0.360(1)
0.325(1)
0.295(1)
0.299(1)
0.4085(9)
0.446(1)
0.496(1)
0.508(1)
0.469(1)
0.417(1)
0.3463(9)
0.388(1)
0.428(1)
0.426(1)
0.384(1)
0.344(1)
0.2406(9)
0.211(1)
0.166(1)
0.158(1)
0.187(1)

8.0(9)b
8.1(9)¢
59(7)
5.1(7)
7.2(8)
11(1)?
8(1)*
9(1)?
7.2(8)
4.2(6)
49(6)
6.3(7)
6.9(8)"
6.3(8)"
4.2(6)
3.4(5)
4.8(6)
5.5(7)
6.0(7)
6.5(8)
5.2(7)
3.5(5)
4.6(6)
6.0(7)
6.3(8)
5.5(7)
4.7(6)b
3.9(6)
6.2(8)
7.9(9)
6.6(8)
6.2(8)
(continued)
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Table 3.6. (continued)

C(86) 0.290(2) 0.231(1) 0.229(1) 5.3(7)
Co1 0.436(2) -0.053(1) 0.3971(9)  3.9(6)*
C(92) 0512(2)  -0.038(1) 0.4379(9)  4.4(6)b
C(93) 0.596(2) -0.076(1) 0.462(1) 5.4(7)
C94) 0.596(2) -0.137(1) 0.440(1) 6.0(7)
C(95) 0.531(3)  -0.158(2) 0.399(1) 7.2(8)b
C(96) 0.444(2)  -0.114(1) 0.379(1) 5.5(7)
C(100)s4  0.332 0.699 0.059 20.0
C(101)¢4  0.384 0.633 0.049 20.0
C(102)c4  0.296 0.582 0.033 20.0
C(103)<4  0.204 0.630 0.016 20.0
C(104)4  0.250 0.699 0.012 20.0
C(110)<4  0.993 0.568 0.487 20.0
C(111)¢4  1.001 0.533 0.535 20.0
C(112)<4  1.120 0.533 0.555 20.0
C(113)¢4  1.185 0.543 0.510 20.0
C(114)4  1.106 0.582 0.476 20.0
H(1)4 0.2727 -0.0867 0.3145 4.0
H(2)4 0.4021 -0.0126 0.2869 4.0

aSee footnote (a) of Table 3.3. bRefined isotropically. cAtoms of the
rotationally-disordered THF solvent molecules are numbered C(101)-
C(104) and C(110)-C(114) (see text). 9Fixed contribution; not refined.



Table 3.7. Selected Distances (A) in [Ir;(F),(CO),(u-SiHPh)(dppm),]-2THF

(5)
(a) Bonded
Ir(1)-Ir(2) 2.879(1) P(1)-C(21) 1.84(2)
Ir(1)-P(1) 2.344(5) P(2)-C(3) 1.83(2)
Ir(1)-P(3) 2.331(4) P(2)-C(31) 1.88(2)
Ir(1)-Si 2.343(5) P(2)-C(41) 1.87(2)
Ir(1)-C(1) 1.84(2) P(3)-C(4) 1.82(2)
Ir(1)-H(1) 1.67 P(3)-C(51) 1.85(2)
Ir(2)-P(2) 2.322(5) P(3)-C(61) 1.88(2)
Ir(2)-P(4) 2.324(5) P(4)-C4) 1.84(2)
Ir(2)-Si 2.349(5) P(4)-C(71) 1.83(2)
Ir(2)-C(2) 1.85(2) P(4)-C(81) 1.82(2)
Ir(2)-H(2) 1.72 Si-C(91) 1.87(2)
P(1)-C(3) 1.83(2) O(1)-C(1) 1.13(2)
P(1)-C(11) 1.86(2) 0(2)-C2) 1.16(2)
(b) Non-bonded
P(1)---P(2 3.02(1) Si---H(1) 248

PQ)---P@ 3.04(1) Si---H(2) 2.61



Table 3.8. Selected Angles (deg) in {Ir,(H),(CO),(u-SiHPh)(dppm),] - 2THF (5)

(a) Bond angles

Ir(2)-Ir(1)-P(1) 93.6(1) C(2)-Ir(2)-HQ) 97.6

Ir(2)-Ir(1)-P(3) 91.8(1) Ir(1)-P(1)-C(3) 112.9(5)
Ir(2)-Ir(1)-Si 52.3(1) I(1)-P)-CA1)  121.1(6)
Ir@)-Ir(1)-C(1)  154.7(6) I1)-P()-C(21)  115.0(6)
Ir(2)-Ir(1)-H(1) 82.8 C3)-P(1)-C(11)  102.9(8)
P(1)-Ir(1)-P(3) 98.6(2) C@3)-P()-C(21)  103.8(8)
P(1)-Ir(1)-Si 144.0(2) C(1)-P(1)-C21)  98.9(8)
P(1)-Ir(1)-C(1) 106.8(6) Ir(2)-P(2)-C(3) 112.7(5)
P(1)-Ir(1)-H(1) 92.1 Ir(2)-P2)-C31)  117.06)
P(3)-Ir(1)-Si 94.2(2) I2)-PQ)-C41)  1174(7)
P@)-Ir(1)-C(1) 99.5(7) C3)-P()-C31)  103.1(8)
PG)-Ir(1)-H(1) 1684 C3)-P(Q)-C(41)  104.2(8)
Si-Ir(1)-C(1) 104.0(6) C(31)-P(2)-C41)  100.5(8)
Si-Ir(1)-H(1) 74.4 1r(1)-P(3)-C(4) 111.5(5)
C(1)-Ir(1)-H(1) 81.9 Ir(1)-PG)-CG1)  118.7(6)
Ir(1)-Ir(2)-P(2) 88.4(1) Ir(1)-PG3)-C(61)  118.3(5)
Ir(1)-Ir(2)-P(4) 91.1(1) C4)-P(3)-C(51)  100.6(8)
Ir(1)-Ir(2)-Si 52.1(1) C@)-PG)-C61)  1065(7)
r(1)-kr(2-C2)  158.3(7) CG1)}-P(3)-C61) 927
P(2)-Ir(2)-Si 133.22) Ir(2)-P(4)-C(4) 116.45)
P@2)-Ir(2)-C(2) 111.4() Ir(2)-P@)-C71)  117.9(6)
P2)-Ir(2)-H(2) 70.3 Ir(2)-P@)-C@81)  115.6(6)
Ir(1)-Ir(2)-H2) 80.3 C@-P@-CT71)  102.0(7)
P(2)-Ir(2)-P(4) 100.7(2) C4)-P@)-C(81)  1028(8)
P(4)-Ir(2)-Si 103.8(2) C(71)-P(4)-C(81)  99.6(8)
P(4)-Ir(2)-C(2) 93.8(6) Ir(1)-Si-Ir(2) 75.7(2)
P@)-Ir2-HR)  167.5 Ir(1)-5i-C(91) 118.8(6)
Si-Ir(2)-C(2) 106.2(7) Ir(2)-Si-C(91) 118.9(6)
Si-Ir(2)-H(2) 78.1 I1)-CN)-O01)  174(2)

(continued)



Table 3.8. (continued)
Ir(2)-C(2)-O(2) 172(2)
P(1)-C(3)-P(2) 111.9(8)

(b) Torsion angles
P(1)-Ir(1)-Ir(2)-P(2)  14.7(2)
P(3)-Ir(1)-Ir(2)-P4) 12.7(2)

P(3)-C(4)-P(4)

H(1)-Ir(1)-Ir(2)-H(2)

112.1(8)

6.6
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C(13)

Figure 3.1.

Perspective view of [Irz(H)z(CO)z(u-Sith)(dppm)zl (4)
showing the numbering scheme. Thermal parameters are
shown at the 20% level for the non-hydrogen atoms and the
iridium-bound hydride groups; the dppm methylene hydro-
gens are shown artificially small, while the dppm phenyl
hydrogens are omitted. Primed atoms are related to
unprimed atoms by the crystallographic 2-fold axis passing
through Si and the center of the Ir-Ir’ bond.
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Figure 3.2.

View of complex 4 omitting the phenyl carbon atoms except
those bound to phosphorus and silicon.



are in an approximately cis arrangement about Ir (P(1)-Ir-P(2') = 100.6(2)°)
with P(1) cis to H(1) (P(1)-Ir-H(1) = 75(3)°) and P(2’) trans to H(1) (P(2)-Ir-
H(1) = 174(3)°). This cis-diphosphine arrangement is in contrast with the
trans-diphosphine geometry normally observed for binuclear bis-dppm-
bridged species, but is not without precedent. The complexes [Rhy(CO),-
(u-SiHR),(dppm),] (R = Ph,102 Eti0b), [Rhy(CO),(u-n2:m2 -PhCCPh)(dppm),],18
[Ir(CO;,(u-12:m% -MeO,C-C=C-CO,Me)(dppm),]'? and [Pt;Mey(dRpm),] (R =
Ph (dppm), Me (dmpm))2? all possess structures in which the phosphine-
metal-phosphine angles deviate significantly from linearity at both metal
centers, while [PtyMey(dppm),}+,2! [Rhy(CO)z(dppm),],22 [RhINCO)3(dppm), )’
(see Chapter 2) and the related [Rh,(CO)3{(PhO),PN(Et)P(OPh),},]23 and
[Rh,Cl,(CO){(PhO),PN(Et)P(OPh),},]124 have cis phosphines at one metal
center and trans phosphines at the other. The coordination geometry
about Ir in complex 4 appears to be roughly octahedral, with the six sites
occupied by C(1), Ir’, P(1), P(2’), H(1) and Si. The distortions from the ideal-
ized geometry result primarily from the constraints imposed by the bridg-
ing diphenylsilylene group (e.g. Ir-Ir’-Si = 53.26(6)°, P(1)-Ir-Si = 134.82(2)°,
Si-Ir-H(1) = 76(3)°).

The disposition of the silylene and hydride groups with respect to
each other is consistent with a concerted oxidative addition of a silicon-
hydrogen bond to each metal center, the Si and H atoms being approxi-
mately cis about Ir. The hydrides are disposed roughly trans to each other
on adjacent metals with a torsion angle about the Ir-Ir’ bond (H(1)-Ir-Ir'-
H(1")) of 141(5)°, thus are located on opposite faces of the plane defined by

the Ir, I’ and Si atoms. Unlike some other binuclear silylene-bridged
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hydride complexes, where three-center two-electron Gi-H-M bonding is
implicated,?> compound 4 does not appear to show significant Si-H inter-
actions. Although the Si-H(1) distance (2.53(9) A) is well within the sum of
the van der Waals’ radii of these atoms (3.30-3.55 A),%6 this arrangement
appears to be enforced by the pseudooctahedral geometry of the complex
and not by any silicon-hydrogen bonding. Schubert has proposed, as a
criterion for agostic Si-H bonding, an upper limit of 2.0 A for the silicon-
hydrogen distance.25 This limit is based on the longest accepted inter-
atomic distances for Si-Si and H-H bonds, and is supported by several
crystallographic studies in which the Si-H distances for agostic Si-H:--M
interactions fall within the range 1.56-1.80 A. The hydride ligand, H(D),
refined acceptably and the resulting Ir-H(1) distance (1.63(9) A) corresponds
to a normal covalent bond. Neither this hydride nor the silylene group
appears to be exerting a significant trans influence (the silylene might not
be expected to do so, not being oriented strictly trans to P(1) [P(1)-Ir-Si =
134.82(8)°]), as the iridium-phosphorus bond lengths (Ir-P(1) = 2.340(3) A;
Ir-P(2') = 2.344(3) A) are comparable to those observed in related bis(dppm)-
bridged diiridium complexes.6.9.11.27

The Ir-Si bond length of 2.371(4) A is slightly shorter than the range
reported for several related silane complexes (2.390(1)-2.454(6) A),28 but is
not unusual since it appears to be a general phenomenon that metal-
silicon distances are shorter in complexes containing bridging silylene
groups as compared to those featuring terminal silyl groups.* One excep-
tion is [(Me3P);Ir(SiMeCl,)Cly], for which the Ir-Si distance (2.299(5) A)? is

even shorter than in the present compound. However this is believed to
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be due to the high electron density on the Ir center of this species, coupled
with better m-acceptor ability of the SiMeCl, group.2? The acute Ir-Si-Ir’
angle of 73.5(1)° is within the expected range for such a unit that spans a
metal-metal bond. Overall the Ir,Si unit has structural parameters very
similar to those found for the Rh,Si units of the complexes [Rh(CO)-
(u-SiHR)(dppm)]; (R = Ph, Et).10

Complex 4 is twisted significantly about the Ir-Ir bond, resulting in a
staggered arrangement of P(1) and P(2), as shown by the P(1)-Ir-Ir’-P(2)
torsion angle of 31.1(1)°. Furthermore, the bridging silylene group is
twisted relative to the metals (Ir-Si-C(51) = 117.3(3)°; Ir-Si-C(51') = 127.7(4)°)
such that the phenyl group containing C(51) is rotated into the less
congested space in the vicinity of the small hydride ligand, H(1).

The Ir-Ir’ separation (2.8361(9) A) is consistent with a normal single
bond and is within the range observed for similar diiridium systems (2.77-
2.89 A);69.11.27 as a result, the metal-metal distance is compressed with
respect to the intraligand P-P separation (P(1)---P(2) = 3.062(3) A). The
carbonyl group, C(1)O(1), does not lie exactly along the metal-metal bond
axis (Ir-Ir-C(1) = 153.1(5)°), presumably reflecting the distortion of the
complex by the acute bite of the bridging diphenylsilylene group.

(i) [Ir,(H),(CO),(u-SiHPh)(dppm),]1+2THF (5). The structure of 5is
shown in Figure 3.3, while Figure 3.4 presents an alternate orientation, in
which only the ipso carbons of the dppm phenyls are shown. Similar to
the case for complex 4, the iridium centers are bridged by the phenyl-
silylene group, while the diphosphine groups have a cis disposition on

each metal (P(1)-Ir(1)-P(3) = 98.6(2)°; P(2)-Ir(2)-P(4) = 100.7(2)°). Although, as
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Figure 3.3.

Perspective view of [Irz(H)z(CO)z(p-SiHPh)(dppm)Z] (5)
showing the numbering scheme. Thermal parameters are
shown at the 20% level except for hydrogens, which are
shown artificially small for the hydride, silylene and dppm
methylene groups but are not shown for the phenyl groups.
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Figure 3.4. View of complex 5 omitting the dppm phenyl carbon atoms
except those bound to phosphorus. The positions shown for
H(1) and H(2) are approximate (see text).



noted earlier, the hydride positions in 5 were not unambiguously located
in the X-ray study, they are included in the positions derived from the
Fourier map. These positions are in complete agreement with the
spectroscopic data (vide infra) and with the locations of the other atoms in
the structure, which leave obvious coordination sites in the positions of
these hydrides. Their positions on each metal are also consistent with
those in complex 4, for which the hydride parameters were successfully
refined. Since the hydride positions in 5 are estimated, bond lengths and
angles involving these atoms are necessarily approximate, but are never-
theless in excellent agreement with the corresponding parameters for 4.
One hydride ligand on each metal is located cis to one phosphine (P(1)-
Ir(1)-H(1) = 92°; P(2)-Ir(2)-H(2) = 70°) and trans to another (P(3)-Ir(1)-H(1)
and P(4)-Ir(2)-H(2) = 168°) as in 4, and again the metal-phosphorus
distances are apparently unaffected by the presence of the hydrides (Ir(1)-
P(1) = 2.344(5) A; Ir(1)-P(3) = 2.331(4) A; Ir(2)-P(2) = 2.322(5) A; Ir(2)-P@4) =
2.324(5) A). The hydride ligands are also situated cis to the bridging
phenylsilylene group giving Si-Ir(1)-H(1) and Si-Ir(2)-H(2) angles of ca. 74°
and 78°, respectively, and silicon-hydride distances of Si---H(1) = 2.5 A and
Si---H(2) = 2.6 A. Again the relatively close proximity of the Si and H atoms
is not believed to indicate a significant interaction above that imposed by
the geometry of the complex. The geometry of the Ir(1)-Si-Ir(2) bridge is
rather similar to that of compound 4, having comparable Ir-5i bond
lengths (2.343(5) A, 2.349(5) A) and Ir(1)-5i-Ir(2) angle (75.7(2)°). Each metal
displays an approximately octahedral coordination geometry, with a CO
group, the other iridium center, two phosphines, the phenylsilylene group
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and a hydride acting as ligands. Deviations from this geometry, especially
the offset of the otherwise normal terminal CO’s from the Ir(1)-Ir(2) axis
(Ir(2)-Ir(1)-C(1) = 154.7(6)°; Ir(1)-Ir(2)-C(2) = 158.3(7)°), appear to again result
from the acute bite angle of the silylene bridge.

The phosphorus atoms belonging to the same dppm ligands in 5 are
much closer to being eclipsed (P(1)-Ir(1)-Ir(2)-P(2) torsion = 14.7(2)°; P(3)-
Ir(1)-Ir(2)-P(4) torsion = 12.7(2)°) than those of 4, and the hydrides are now
on the same side of the Ir(1)-Ir(2)-Si plane, with the Ir-H vectors approxi-
mately parallel. In addition, the silylene bridge of 5 appears not to show
twisting at the silicon atom (Ir(1)-5i-C(91) = 118.8(6)°; Ir(2)-Si- 91) =
118.9(6)°), indicating much less stenc interaction between the silylene
phenyl group and the dppm phenyls than was observed in 4. It can be seen
that while the phenylsilylene group is closer to one dppm group (P3)-
Ir(1)-Si = 94.2(2)°; P(4)-Ir(2)-Si = 103.8(2)°) than the other (P(1)-Ir(1)-Si =
144.0(2)°; P(2)-Ir(2)-Si = 133.2(2)°) its phenyl ring is held on the opposite
side of the Ir(1)-5i-Ir(2) plane from the proximal (P(3)-C(4)-P(4)) dppm
ligand, and is instead oriented towards the small hydride ligands.

The Ir(1)-Ir(2) distance of 2.879(1) A is very close to that of 4, and is
again shorter than the intraligand P---P separations (P(1)---P(2) = 3.02(1) A;
P(3)---P(4) = 3.04(1) A), indicating a mutual attraction of the two metals.

(b) Preparation and Characterization of Compounds. Although the
dialkyl-, diphenyl- and phenylsilylene-bridgec fimers 2-5 each possess
several unique features, it is helpful to first characterize them in terms of
their similarities. Each complex is formed via oxidative addition of an

Si-H bond of a primary or secondary silane to each of the metal centers of
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[Ir,(CO)5(dppm),], with concomitant loss of a CO ligand. The reactions are
facile under ambient conditions, yielding compounds containing terminal
carbonyl and hydride groups on each iridium and a silylene bridge
between the metals. Structurally these species are reminiscent of the
previously-reported series of compounds [ha(H)z(CO)z(u-SiRR’)(dppm)z]
(R = H, R’ = Et, Ph, n-hexyl; R = Me, R’ = Ph; R = R’ = Me, Et)10 and [Re;-
(CO)g(H)o(1-SiPhy)].30 However, they display some notable differences in
reactivity compared to their rhodium analogues. Unlike the Rh species,
complexes 2-5 cannot be induced to reductively substitute CO for Hy. These
diiridium species remain unchanged under carbon monoxide, even in
refluxing THF, and do not yield any carbonyl-bridged, hydride-free

products as observed for the dirhodium compounds. This inability to lose

H, is also in contrast to the behavior of the related A-frame Jihydride [Ir,-
(H),(CO),(u-S)(dppm),] (formed through oxidative addition of H,S to [Ir,-
(CO)5(dppm),] [see Chapter 4]), which, under reflux in THF or over time
under N, loses Hj to form [Ir,(CO),(1-5)(dppm),].3! The u-5iRy complexes
2-4 are thermally stable in the solid state and in solution, and, unlike their
dirhodium counterparts, do not react further by P-C bond cleavage and
P-Si bond formation to yield products analogous to [Rhy(CO)y(u-H)-
(dppm)(Ph,PCH,PPhSiRR")].10 In addition, complex 5 is not fluxional and
does not react with a second equivalent of PhSiH;, whereas the
compounds [Rh,(H),(CO),(u-SiHR)(dppm),] (R = Et, Ph) rapidly undergo
hydride exchange between the Rh and Si centers at room temperature, and
react with RSiHj to yield [Rh,(CO),(u-SiHR),(dppm),}.10

Complexes 2-4 are fluxional at room temperature, but in a different
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manner from their dirhodium analogues; furthermore the fluxional
process involved for compounds 2 and 3 is somewhat different from that
for 4 (vide infra). The signals observed at room temperature in the 31P{1H}
and highfield region of the 1TH NMR spectra of species 2 are shown in
Figure 3.5; the spectra for 3 are quite comparable. The phosphorus NMR
spectrum at ambient temperature shows a single broad resonance, imply-
ing one time-averaged phosphorus environment, and the proton NMR
spectrum shows two different dppm methylene resonances, integrating as
two protons each, and one signal in the highfield region, due to the
terminal hydrides upon iridium. This highfield resonance appears as a
second-order multiplet characteristic of an AA’XX'X"”X"’ spin system, with
intensity corresponding to two hydrogens. The silylene methyl protons of
2 appear as a single broadened resonance at 6 0.70, while the hydrogens of
the SiEt, group of 3 appear as a single triplet-quartet combination at § 1.13
and 0.88, respectively.

At -60 °C the NMR spectra of these complexes differ substantially
from those observed at room temperature. As shown in Figure 3.5, the
phosphorus spectrum of the dimethylsilylene-bridged complex 2 shows a
splitting of the high-temperature singlet into two broadened singlets at &
9.2 and -18.0 (a surprising feature of these resonances is the lack of
apparent phosphorus-phosphorus coupling). The corresponding proton
specirum shows four different dppm methylene resonances (at 6 6.33, 6.09,
2.85 and 2.69), integrating as one hydrogen each, and the highfield region
again shows a second-order, two-proton signal that now appears as a

broadened pattern arising from an AA’XX'YY’ spin system, and is centered
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at & -11.55. Selective heteronuclear decoupling of the highfield phosphorus
resonance produces a sharpening of the spectral lines of the hydride
multiplet, while irradiation of the lowfield phosphorus signal causes a
collapse of the hydride resonance, indicating a larger coupling of the
hydride to the lowfield than to the highfield phosphorus. Similar effects
were observed in the low-temperature NMR spectra of complex 3. The
structural features giving rise to these spectroscopic observations, as well
as the mechanism of ambient-temperature fluxionality of 2 and 3, can be
more easily explained in light of the spectra and solid-state structures
observed for 4 and 5 (vide infra).

At ambient temperature the NMR spectra for 4 are quite similar to
those of 2 and 3. As shown in Figure 3.6, the 31P(1H} spectrum shows a
broad singlet and in the highfield region of the 1H spectrum appears a
resonance due to a AA’XX'X”’X’"’ spin system. It is important to note that
this latter resonance is not a true first-order (1:4:6:4:1) quintet so does not
necessarily imply a structure in which the hydrides bridge the metals. This
resonance resembles that of 2 (Fig. 5), except that the broader lines adjacent
to the central peak in 4 are resolved into two lines each in 2. A rather
analogous spectrum was observed for the closely related species [Iry(H),-
(CO),(u-S)(dppm),),3! in which one hydride ligand is terminally bound to
each metal.

The low-temperature 31P{1H} NMR spectrum of 4 (see Figure 3.6)
also shows a splitting of the room-temperature singlet, but the pattern
observed is now an AA’BB’ multiplet, in which the two branches are

centered at & -10.4 and -23.2. Under these conditions, the proton NMR
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spectrum shows only two resonances attributable to methylene hydrogens
(at & 6.07 and 2.92); this is in agreement with the solid-state structure of 4,
in that the twofold symmetry of the molecule would still lead to two sets
of two equivalent methylene protons. The highfield region of the proton
NMR spectrum again shows a multiplet (centered at 8 -12.29) due to the
AA’ nuclei of an AA’XX'YY’ spin system, but one very different from
those seen for 2 and 3, here resembling two complex unresolved multi-
plets. Selective heteronuclear phosphorus decoupling again indicates a
larger coupling of the hydrides to the lowfield than to the highfield phos-
phorus atoms, as shown in Figure 3.6. The two different couplings are
consistent with the solid-state structure, which shows that each hydride is
trans to one phosphorus nucleus, and therefore more strongly coupled to
it, and cis to the other, to which it displays a smaller coupling.

The differences between the low-temperature NMR spectra of 2 and
3 and those of 4 imply that the limiting conformations of the dialkyl-
silylene-bridged species are different from that adopted by the diphenyl-
silylene complex. In this context, elucidation of the static structures of 2
and 3 is aided by comparison of their low-temperature proton and phos-
phorus NMR spectra with the corresponding ambient-temperature spectra
of the non-fluxional phenylsilylene-bridged compound, 5, shown in
Figure 3.7. The 31P{1H} NMR spectrum of complex 5 shows two slightly
broadened resonances (8 -8.4 and -19.1), while the TH spectrum shows four
different methylene hydrogens (& 6.39, 6.08, 3.22 and 2.82) and an AA’XX'-
YY’-spin-system multiplet for the hydrides (centered at & -11.43). Hetero-

nuclear decoupling of the highfield phosphorus resonance causes collapse
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of the hydride signal to a pattern characteristic of an AA’XX’ spin system,
while irradiation of the lowfield phosphorus resonance changes the
hydride peak to a narrow pseudotriplet; these results are in agreement
with the solid-state structure of complex 5, in that the hydrides would be
expected to be more strongly coupled to the phosphorus atoms located
trans to them at the iridium center than to the phosphorus in the cis
position, as was observed for 4. The ambient-temperature 31P(1H]}, H, and
1H{31P} NMR spectra of 5 are very similar to those observed at -60 °C for
species 2 and 3, but are quite different from the corresponding low-
temperature spectra of compound 4. Thus it appears that the dialkyl-
silylene-bridged complexes, 2 and 3, adopt static configurations directly
analogous to the crystallographically-determined structure of 5 (with SiR,
groups replacing the SiHPh unit). The fluxionality observed for the
dialkylsilylene-bridged complexes is proposed to occur via a process 2s

shown, in which the p-silylene group reversibly migrates from a position
R R
Y\ e Fx RY\ / )
Si Si
\ \./ _co - / N, /2 -cO
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Ir, — i
/ /
P P P P
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opposite the Pg nudlei to a site opposite the P, nuclei, while the hydride

ligands undergo an analogous but opposite interchange (i.e. from trans to

P, to trans to Pg). Rapid exchange between these two limiting forms

111



would result in equilibration of the P, and Pg phosphorus nuclei, and also
of the Ry and Ry alkyl groups. When Ry and Ry are the same (both Me or
both Et) the two conformations shown are energetically equivalent.
However, when Ry is a phenyl group and Ry is a hydrogen, as in complex
5, the structure shown on the left, in which the bulky silylene phenyl
group is held towards the small hydride ligands and away from the bulky
diphosphine bridges, would be more favored than that on the right. This
is the structure adopted by complex 5, which is not fluxional at room
temperature.

Simulations of the ambient-temperature 1H NMR spectra of
compounds 2 and 5 have been carried out. The results for 2 yield informa-
tion about the time-averaged structure in the fluxional process, while
those for 5 are characteristic of the static structure. Using the spin system
designations as illustrated below, a satisfactory simulation of the hydride

Me H Ph
sr/
_-cOo

N
oc/ PX \Px"- oc/ K \Px-

Px/ Px'-\/ Py \/P" Px \/

resonance of 2 was obtained employing the values Jaa- =12 Hz Clun) Jax
I = Jarxe = Jane = 496 Hz @pd, Jax: = Jax~ = Jax = Jax» = 1.0 Hz Clp.
1) Ixx: = Ixwx = 133 Hz (through-backbone 2o ), Jxxr = Jxexer =29 Hz

112



(through-metal 2Jp_p), and Jxx = Jxx» = -26 Hz (gauche 3/p.p). The hydride
resonance of 5 was simulated according to the above spin designations,
and yielded the following values: J55- = 4.3 Hz (¢J.n), Jax = Jarx- = 125.1 Hz
(trans 2Jp.gp), Jax: = Jax = 126 Hz Clp), Jay = Jary =72 Hz (cis Hpy), Jay =
Jary = 5.2 Hz Clp.p), Jxx = 123.9 Hz (through-backbone 2Jp.p), Jxy = Jx'y = 28.8
Hz (cis 2Jp.p), Jxy’ = Jx'y = -26.2 Hz (gauche 3]p_p), and Jyy: = 141.9 Hz
(through-backbone 2Jp.p). It should be pointed out that attempted fittings of
the spectra of 5 were more successful in the 'H{31P} cases than for the
undecoupled 'H spectrum, since the broadness of some of the observed
peaks prevented a closer fit of simulation to data. Simulation of the
hydride resonance of 2 at -60° was not attempted due the decreased reso-
lution of this signal; however, its close resemblance to the room-temper-
ature hydride resonance of 5 (see Figures 4.5 and 4.7) implies that the
couplings giving rise to the former pattern will be much the same as those
found for the latter. In this light, the fact that the nominally two-bond
phosphorus-hydrogen coupling for 2 at room temperature (49.6 Hz) is
approximately midway between the trans (125.1 Hz) and dis (7.2 Hz) 2Jp.y
values for 5 appears to reflect the site exchange taking place, resulting in
equivalence of the phosphorus nuclei and averaging of these P-H coup-
lings. According to the mechanism above, the fluxional process occurs via
movement of the hydride and silylene groups with respect to the “fixed”
Ir,P, core; thus, the values for the through-backbone, through-metal, and
gauche P-P couplings should remain relatively constant upon going from
the static to the fluxional species, which is indeed the case. Overall the

values obtained are in line with previous results for iridium-phosphorus
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and diphosphine-bridged systems.1032

A slightly different mode of interchange, in which the complex
oscillates between enantiomeric forms of the crystallographically-deter-
mined structure, would appear to be at work for species 4, and is shown

below. Dashed lines are used to indicate bonds within the “rear” half of

.
»*
o
.
o
'c

Phy Phy

the molecule. This mechanism involves a twisting of the P-Ir-P units with
respect to each other, an oscillation of the SiPh, bridge about the
molecule’s twofold axis of symmetry, and movement (while remaining
attached to the same metal) of the hydride ligands from positions trans to
the P, phosphorus atoms to opposite the Pg atoms. This is a somewhat
more complex mode of interchange than that proposed for 2 ana 3,
presumably because of the more severe steric interactions invclving the
large phenyl substituents on Si and the dppm ligands in 4, which result in
the differing structures as noted previously. In complex 4 interchange of
the hydride and silylene positions, in which the hydride ligands migrate to
different sides of the Ir,Si plane, is also accompanied by twisting of the
Ir,P, core and a concomitant pivoting of the silylene group in order to

allow the silylene phenyl substituents to occupy the least sterically
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hindered positions. An alternate mechanism that cannot be ruled out
would involve the same types of motions of the diphosphine and silylene
bridges, but with the hydride ligands exchanging between the metal
centers via an intermediate containing two p-H groups. This would be
supported by the slight downfield shift of the hydride resonance (from &
-12.29 to -11.99) upon warming of 4 from -60 °C to room temperature. In
previous studies of similar compounds, resonances for bridging hydrides
have been found to occur downfield of those for terminal hydrides when
both types are contained in the same complex,$:11 so a mechanism in
which rapid hydride exchange occurs via a hydride-bridged intermediate
should display a downfield shift for this resonance. In contrast, the
hydride resonance for complex 2 remains in essentially the same position
over a broad range of temperature (§-11.49 at 23°, -11.56 at -60°), supporting
the mechanism proposed in which both hydrides remain terminal
throughout the fluxional process. It would appear that like species 2 and 3,
but unlike 5, the symmetry of the silylene bridge of 4 means that both
limiting conformations shown above are energetically equivalent.

The mechanisms proposed for the room-temperature fluxionality
of 2,3 and 4 differ from that proposed in the case of [Rhy(H),(CO),-
(u-SiHR)(dppm),] (R = Et, Ph),10 where reversible Si-H/Rh-H exchange is
believed responsible. For the rhodium dimers, variable-temperature 'H
NMR spectra revealed a scrambling between the rhodium hydrides and
the silylene proton under ambient conditions. In the iridium silylene
compounds of this study the very slight chemical shift difference for the

hydride resonances at ambient and low temperature is not consistent with
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a mechanism which involves migration of the hydride from the metal to
the silyl moiety during the interchange process. Nor is any resonance
observed in compounds 2, 3 or 4 for an Si-H unit. In contrast, an SiHPh-
bridged dirhodium analogue displayed a hydride signal at ca. §-4.1 at room
te:nperature which resolved into two resonances at ca. §-9.2and 6.3 in a
2:1 intensity ratio at low temperature.10 Furthermore, if the fluxionality of
the diiridium p-SiR, complexes were similar to that for their dirhodium
analogues, the coordinatively-unsaturated Ir(0) center, generated in the
reductive elimination of a silicon-hydrogen bond, might be susceptible to
oxidative addition by free PhSiHj; in fact, no such reaction is observed (by
1H and 31P{1H} NMR spectroscopy) when PhSiHj is added to THF-dg solu-
tions containing equimolar amounts of 2,3 or 4, even after stirring the
mixtures for 24 h at room temperature. As mentioned earlier, the iridium
analogue of the above dirhodium complexes, species 5, is not found to be
fluxional, and no evidence of exchange between the iridium- and silicon-
bound hydrogens is observed.

As noted in the Experimental section, variable-temperature 31P{1H}
NMR spectroscopy can be employed to determine coalescence temper-
atures for the interconverting phosphorus nuclei in each of complexes 2, 3
and 4. Coupled with the frequency differences between the resonances for
the different environments in the totally decoalesced spectra (obtained in
each case at -60 °C), these results may be used in the approximation to the
Eyring equation to provide estimates of the free energy of activation of the
various fluxional processes. These values are summarized in Table 3.9.

Somewhat surprisingly, the AGY values are, within experimental error,
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Table 3.9. Free Energies of Activation for the Fluxional Silylene-
Bridged Complexes [Ir,(H),(CO),(#-SiRy)(dppm),] (2-4)4

R Av (Hz) T. (K AG? (k] /mol)
Me (2) 1432.4 2585 45.6 +£0.9
Et (3) 1258.5 248%5 44009
Ph (4) 2063.6 253110 439118

aCalculated using the approximation to the Eyring relation-
ship (AGt = RT, In(\2kT, / nhAv) where R = the gas constant, T, =
coalescence temperature, k = the Boltzmann constant, h = Planck’s
constant and Av = frequency separation between inequivalent

environments of exchanging nuclei).

approximately the same; a clear delineation between activation energies
for the dialkylsilylene- and diphenylsilylene-bridged species’ interchange
processes might have been expected. The corresponding values for the
related rhodium dimers ([Rhy(H),(CO);(u-SiHR)(dppm),)) are also similar
(AGt = 46 £ 4 kJ/mol (R = Et), 50 £ 4 kJ/mol (R = Ph)); however, as
explained above, an analogous process for equilibration of phosphorus
environments is not believed to be at work for the diiridium systems.
Information about the mechanism by which primary or secondary
silanes undergo oxidative addition to (Ir,(CO);(dppm),] can be obtained by
monitoring the reaction of 1 with Ph,SiH; at low temperature, where two

intermediates can be observed before formation of the ultimate product, 4.
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At -30 °C an unsymmetrical species is observed, which has been formu-
lated as [Irz(H)(CO)3(SiHPh2)(dppm)zl (6), the result of a single Si-H bond
addition at one Ir center. This intermediate appears as two multiplets in
the 31P{1H} NMR spectrum, at 6 -13.6 and -26.7, indicating two inequivalent
phosphorus environments, and the 13C{1H} NMR spectrum shows two
equally-intense signals at 5193.1 and 182.8. The question of whether 6 is a
di- or tricarbonyl complex is complicated by the broad carbonyl resonance
(at 5 186.7) due to 1, which is present in at least a tenfold excess compared
to 6 under these conditions, and may be obscuring a third resonance due to
6. In spite of observing only two 13CO resonances it is likely that 6 contains
three CO ligands, since related studies on the reactions of H,S and thiols
with the mixed-metal dimer [RhRe(CO)4(dpp=v)z], which is isoelectronic
with 1, show that oxidative addition of an S-H bond to the coordinatively-
unsaturated Rh center takes place to yield the initial products [RhRe(H)-
(SR)(CO),4(dppm);] (R = H, Et, Ph), with retention of all carbonyl groups,
although subsequent CO loss can occur.8 The TH NMR spectrum of 6
shows a triplet in the highfield region at 6 -9.40 (3Jp.y = 13.8 Hz), charac-
teristic of a terminal hydride bound to iridium, and also shows a singlet at
8 5.60 of equal intensity, which may be attributed to a proton attached to
silicon. Irradiation of only the lower-field phosphorus signal leads to
collapse of the hydride signal to a singlet. Decoupling of the highfield
phosphorus resonance causes no change in these two 1H signals.

If the sample is warmed to -20 °C, another asymmetric species, 7, is
observed, appearing at § -6.0 and -7.6 in the phosphorus NMR spectrum.
The highfield region of the 1TH NMR spectrum shows, in addition to the
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resonance at §-9.40 due to 6, new triplet signals for 7 at -3.84 (JJp.y4 = 6.8 Hz)
and -11.86 (3Jp.g = 11.2 Hz). The latter signal appears to be due to a hydride
that is terminally bound to iridium, as it collapses to a singlet when the
higher-field phosphorus signal due to 7 is decoupled. The lower-field
hydride signal collapses to a singlet when the lower-field phosphorus
resonance of 7 is irradiated, indicating that it is interacting with a different
metal center than the terminal hydride. The lowfield resonance is
assigned as due to the proton of a three-centered Ir-H-Si moiety, which
may be visualized as an agostic interaction of the Si-H bond with Ir. Such a
proposal is supported by the chemical shift value for this hydrogen, which
is intermediate between the values expected for a classical hydride and a
silicon-bound hydrogen, and also by the low value of 2Jp.y relative to
typical values observed for terminal iridium hydrides; a three-centered
Ir-H-Si interaction would be expected to yield smaller phosphorus-
hydrogen coupling values owing to the weaker metal-hydride interaction.
In the complexes [Cp,Ti(u-H)(u-n2-HSi(H)Ph)TiCp,]*? and [(dppm)Mn;-
(CO)g(u-mP-H,SiPh,)]34 the 1H NMR resonances for the agostic M-H-Si units
were also found to be intermediate between those for normal Si-H and
M-H groups, whereas the signal for the agostic Ir-H-Si interaction in
cis,cis, trans-[Ir(PPhs),(n2-HSiEty),(H),]* 3 is actually upfield of that for the
terminal hydrides, and appears to be an exception. Signals due to
intermediate 7 in the 13C{1H} NMR spectrum could not be unambiguously
assigned, since under these conditions significant amounts of species 1, 4,
and 6, as well as [Ir,(CO),(dppm),]}¢ (formed by CO addition to 1), were

found to be present in solution. (The absence of the tetracarbony! species
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earlier in the reaction, when 6 was the only observed intermediate, is
further evidence that carbonyl loss has not occurred in the transformation
of 1 to 6.) Thus complex 7 is proposed to have the formulation [Iry(H)-
(CO)y(u-n?-SiHPhy)(dppm),l, in which both the terminal hydride ligand
and the diphenylsilyl group are attached to the same metal, with an agostic
Gi-H interaction with the adjacent metal center. Compound 7 can arise

readily from species 6 as shown below, via replacement of a carbonyl

P/\P P/\P
P~ =P l p—|” =P
oc Ir/ Ir/ -Co lr/ Ir/
— ~ -20° NG
Ph,HSI | C Si--H Co
H OC H 2
6 7

group by an Si-H interaction. Compound 7 then would represent the
immediate precursor to the final product, 4, via Si-H oxidative addition to
Ir. When the sample is warmed to room temperature, 4 is the only species
observed in the 31P{1H} and TH NMR spectra. Compounds 6 and 7 are
shown with cis diphosphine arrangements, as suggested by the structure
determinations of 4 and 5, as well as that proposed for the precursor, 1.7
Although the above structures for 6 and 7 are not entirely consistent with
the hydride resonances observed, which suggest that the hydride ligands
are coupled to two equivalent phosphorus nuclei in each compound, it is
likely that these intermediates, like the final product (4), are fluxional.

Attempts to prepare isolable adducts modelling tuie first oxidative-
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addition step through reactions of 1 with tertiary silanes were unsuccess-
ful. Triethylsilane does not react with 1 even under reflux in THF, and the
reaction of 1 with Me;SiH leads to the immediate formation of [Iry(H)4-
(CO),(dppm),).11 It is likely that this reaction proceeds via initial Si-H bond
addition at Ir, with subsequent S-hydride elimination from the trimethyl-
silyl fragment. Although B-hydride elimination from a metal-silyl
fragment is rare, it has recently been reported for related mononuclear
systems.29.3 The first so-formed hydrogenated product would then be (Irp-
(CO)Z(uQH)z(dppm)Z],11 which has been shown to react with Me3SiH to yield
the same ultimate product, conceivably through formation of a diiridium
trimethylsilyl trihydride that would again undergo p-hydride elimination

to give the final tetrahydride.

Conclusions

The reactivity of complex 1, [Ir,(CO)3;(dppm),] towards silane
substrates illustrates its susceptibility to oxidative addition, as might be
expected considering the low oxidation states of the metals. The “built-in”
coordinative unsaturation at the Ir(I) center is conducive to precoordina-
tion of the substrate as a prelude to addition; having the Ir(-I) center in
close proximity allows the activation of both silicon-hydrogen bonds of
H,SiRR’-type molecules to occur readily and in a stepwise fashion, one
Si-H bond at a time. The differences between these complexes and their
rhodium analogues appear to be mainly due to the greater strength of Ir-H
vs. Rh-H bonds; as a result, complexes 2-5 are inert towards reductive sub-
stitution of H, by CO, and species 2-4 do not undergo reversible Si-H

elimination from the Ir centers during their fluxional processes.
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Chapter 4

Oxidative Additions of S-H and Se-H Bonds to [MM'(CO);(dppm),] (MM’ =
ha, Il'z, RhlIr)

Introduction

Much effort has been directed towards understanding the inter-
actions between sulfur-containing substrates and metal catalysts, much of
it concerned with establishing how catalyst surfaces are poisoned by these
compounds.! Other studies have focussed upon chemical transformations
of the sulfur-bearing species, including the mechanisms of hydrodesulfur-
ization of sulfur-containing organic compounds present in hydrocarbon
feedstock mixtures,2 and the utilization of hydrogen sulfide as an alternate
source of hydrogen.3# In some cases, the presence of sulfur-containing
residues in a homogeneous catalyst precursor has beer found to actually
enhance activity of the catalyst.5

A fundamental step in the interaction between a catalyst and sulfur-
containing substrates, such as hydrogen sulfide or thiols, is the oxidative
addition of S-H bonds to metal centers. In the chemistry of mononuclear
model complexes it has been found that sulfur tends to promote the
formation of multinuclear complexes such that in the resultant products
sulfur atoms (as HS-, RS- or S2- residues) often bridge two or three metal
nuclei.367 Complexes in which the sulfur-containing ligands are present
as purely terminal groups are far less common.’2 8

Studies of oxidative additions of hydrogen sulfide, thiols and



disulfides to low-valent complexes of rhodium and iridium have focussed
mainly on mononuclear species;é:7.8b9 fewer studies have involved the
interactions of sulfur-containing substrates with binuclear Rh or Ir
complexes.10.11 The reactions of bis(diphenylphosphino)methane-bridged
low-oxidation-state di- and triplatinum complexes with H,S, H,Se, thiols,
selenols, disulfides and diselenides have been the subject of several recent
reports from the research group of Puddephatt,!2 while James and
coworkers have investigated the kinetics and thermodynamics of the
addition of H,S to [Pd,Cl(dppm),], where [Pd,Cl,(u-S)(dppm),] and H, are
obtained spontaneously and quantitatively under ambient conditions.4
Our interest in the binuclear oxidative-addition reactions of the [MM'-
(CO)3(dppm),] (MM’ = Rhy,13 Ir,,14 RhIr'%) compounds, which contain
thodium and iridium centers of low oxidation state, prompted investiga-
tions into the interactions of these complexes with hydrogen sulfide,
hydrogen selenide, thiols and selenols. A primary goal in these studies
was to discover how adjacent metals could be involved in the activation

of S-H and Se-H bonds.

Experimental Section
General experimental conditions were as described in Chapter 2.
The thiol, disulfide, selenol and diselenide reagents were obtained from
Aldrich and used as received. The complexes [Rhy(CO)3(dppm),] (1),13 [Irp-
(CO)3(dppm),] (2)14 and [RhIr(CO)3(dppm),] (3)15 (see Chapter 1) were
prepared as previously reported. All other chemicals were used as received

without further purification. Infrared and NMR spectroscopic parameters
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for the compounds prepared are found in Tables 4.1 and 4.2, respectively.

Preparation of Compounds. () [RhIr(H)(SH)(CO),(dppm),]-CH,Cl,
(7). An atmosphere of H,S was placed over a solution of 3 (150 mg, 131
pmol) in THF (5 mL), causing a color change from red-orange to deep red-
brown. The soluticn was allowed to stir for 2 h, then was evaporated to
dryness under an N stream. The brown residue was extracted with CHyCl,
and the resultant solution filtered and reduced in volume, at which point
addition of ether (15 mL) caused precipitation of a medium red-brown
powdery solid (91 mg, 56%). Anal. Calced for Cs3ClHgIrOoP4RhS: C, 51.38;
H, 3.91. Found: C, 51.42; H, 3.88.

(b) [RhIr(H)(SeH)(CO),(dppm),] (8). Hydrogen selenide was placed
over a solution of 3 in THF (150 mg, 131 umol in 5 mL) causing a color
change from deep orange to red-brown within 10 min. The solution was
stirred for 1 h then evaporated under a stream of N, to ca. 2 mL; addition
of ether (15 mL) caused precipitation of a dark brown solid. This material
was recrystallized from THF/ether, resulting in isolation of 105 mg (67%)
of the product as a medium-brown powder. Anal. Caled for CyoHyIrOoP4-
RhSe: C, 52.01; H, 3.86. Found: C, 46.68; H, 3.74.16

(0) [Ir,(SE1)5(CO),(u-CO)dppm),] (11). To a solution of 2 (100 mg, 80.8
pmol) in THF (5 mL) was added ethanethiol (12.0 umol, 10.0 mg, 162
pmol), causing initially a slight lightening of the orange solution, then a
change in color to light yellow within 20 min. The reaction mixture was
left to stir for a further 2 h, during which time formation of a light yellow
precipitate occurred. The solution volume was reduced to ca. 2 mL,

causing a darkening of the supernatant liquid to red-orange. Placing the
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mixture under a CO atmosphere resulted in regeneration of the light
yellow color. Addition of hexanes (20 mL) under CO completed precipita-
tion of the light yellow product, which was dried under an N stream,
then briefly under vacuum, to give 79 mg (72% yield) of lemon-yellow
powder. Anal. Calcd for Cs7H;54Ir,03P4S;: C, 50.36; H, 4.00. Found: C, 50.10;
H, 4.38. (This compound has been found to be susceptible to decompo-
sition via CO loss, more so in solution than in the solid state.)

(d) [Ir,(SPh),(CO),(u-CO)dppm),] (16). Thiophenol (16.6 yL, 17.8 mg,
162 umol) was added to a solution of 2 in THF (100 mg, 80.8 umol in 5
mL), causing an immediate color change from orange to golden yellow.
The reaction was stirred for a further 2 h, allowing formation of a yellow
precipitate. Addition of hexanes (20 mL) completed precipitation, and the
product was washed with hexanes then dried under a stream of Ny,
resulting in isolation of 83 mg (71%) of golden-yellow powder. Anal. Calcd
for CggHs,Ir,04P,S;: C, 53.64; H, 3.74. Found: C, 52.47; H, 4.18.16

(e) [Ir,(SePh),(CO),(-CO)(dppm),] (20). A THF solution of diphenyl
diselenide (25.2 mg, 80.8 umol in 1 mL) was added to a solution of 2 (100
mg, 80.8 umol) in THF (5 mL). The reaction mixture immediately changed
from clear and orange to cloudy and lighter orange. The mixture was
stirred for 1 h, after which precipitation of the product was completed via
addition of ether (15 mL). Yield was 87 mg (69%) of light orange-yellow
powder. Anal. Calcd for CgsHsyIr,03P,Sey: C, 50.39; H, 3.51. Found: C, 49.55;
H, 3.81.16

Reaction of 1 with H,S. Hydrogen sulfide was placed over a solution
of 1 (150 mg, 142 umol) in CH,Cl, (15 mL), resulting in an immediate
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change in the solution color from red-orange to brown. The mixture was
stirred for a further 2 h, then evaporated to 5 mL, and the product precipi-
tated via addition of hexanes (20 mL). The brown solid isolated was shown
by 3'P{'H} and infrared spectroscopy to be the previously-characterized
complex [Rhy(CO),(u-S)(dppm),].172

Reaction of 2 with H,S at Room Temperature. Hydrogen sulfide was
placed over a solution of 2 (30 mg, 242 umol) in THF-dg (0.6 mL) in an
NMR tube, and the sample shaken vigorously. The solution immediately
underwent a color change from orange to light yellow; 31p{1H]}, 1H and
1H(31P} experiments showed the sample to contain a mixture of isomers of
[Ir,(H),(CO)»(u-S)(dppm),}17>18 (as confirmed by comparison of these
spectra with those obtained from a study of H, addition to [Iry(CO),(1-5)-
(dppm),]'9), [Ir,(CO),(-S)(dppm),]17® and [Iro(CO)(u-S)(u-CO)dppmy);]. 170

X-ray Data Collection. Diffusion of ether into a concentrated CH,Cl,
solution containing a mixture of complexes 16 and 17 produced red-orange
crystals of 17, several of which were mounted and flame-sealed in glass
capillaries under N, and solvent vapor to minimize decomposition
and/or solvent loss. Data were collected on an Enraf-Nonius CAD4
diffractometer using Mo Ka radiation. Unit-cell parameters were obtained
from a least-squares refinement of the setting angles of 25 reflections in
the range 20.0° < 26 < 24.0°. The monoclinic diffraction symmetry and the
systematic absences (hkl, h +k # 2n; hol, 1 # 2n) were consistent with the
space groups Cc or C2/c (the latter was confirmed as the correct space group
by the successful solution and refinement of the structure).

Intensity data were collected at 22 °C by using the /26 scan tech-
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nique, covering reflections with indices of the form +h +k %l to a maxi-
mum 26 = 50.0°. Of the data collected 6718 reflections were unique after
merging. Backgrounds were scanned for 25% of the peak width on either
side of the peak scan. Three reflections were chosen as intensity standards,
being remeasured after every 120 min of X-ray exposure time. The inten-
sities of these standards remained approximately constant over the
duration of data collection thus no decomposition correction was applied.
The data were measured and processed in the usual way, with a value of
0.04 for p!9 employed to downweight intense reflections; 3319 reflections
were considered observed (F,2 2 30(F,2)) and were used in subsequent
calculations. Absorption corrections were applied to the data according to
the method of Walker and Stuart.20.21 See Table 4.3 for crystal data and
more information on X-ray data collection.

Structure Solution and Refinement. The structure of compound 17
was solved in the space group C2/c using standard Patterson and Fourier
techniques. Full-matrix least-squares refinements proceeded so as to
minimize the function Sw(|F,|-1F.|)2, where w = 4F 2/ 6%(F,?). Atomic
scattering factors and anomalous dispersion terms were taken from the
usual tabulations.22-2¢ Positional parameters for the hydrogens attached to
the cartun atoms of the complex were calculated from the geometries
about the attached carbon. These hydrogens were located 0.95 A from their
attached C atoms, given thermal parameters 20% greater than the
equivalent isotropic B’s of their associated carbons, and included as fixed
contributions. Peaks due to the Cl atoms of the solvent molecule were

found to be symmetrically disposed about the crystallographic twofold axis
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Table 4.3. Crystallographic Data for [Irz(SPh)z(CO)z(u-CO)(dppm)2] «1/2CH,Cl,

(17)

formula

formula weight

crystal shape

crystal dimensions, mm
space group
temperature, °C

radiation (4, A)

unit cell parameters

a, A

b, A

¢, A

P, deg

v, A3

z
plcalcd), g cm3
linear absorption coeff (u), cm?
range of transmission factors
detector aperture, mm
takeoff angle, deg

maximum 26, deg

Cgs.5CIH551r03P4S)

1498.06

irregular monoclinic prism
0.41 x 0.31 x 0.22

C2/c (No. 15)

22
graphite-monochromated Mo Ka

(0.71069)

19.532(7)
22.030 (6)
14.333 (6)
102.82 (4)
6014 (7)

4

1.654
46.650
0.854-1.174
(3.00 + tan 6) wide x 4.00 high
3.0

50.0

(continued)



Table 4.3. (continued)

crystal-detector distance, mm
scan type

scan rate, deg/min

scan width, deg

total unique reflections

total observations (NO)

final no. parameters varied (NV)
error in obs. of unit wt. (GOF)?
RY

ch

aGOF = [Sw( IF,| - |F.1 )2/ NO- NV)]1/2 where w = 4F,2 / 6(F,2).

173

6/26

between 1.18 and 6.67
0.60 + 0.347 tan 6
6718 (h k£l )

3319 (F,22 30(F,2)
349

1.643

0.040

0.053

bR =3 |IFy| - IFll /3 |Fyl. Ry = [Tw( |Fol - IFl )2/ SwF2}1/2.
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of symmetry 1/2,y,1/4, and were found to have electron density roughly
half of that expected (being comparable to the typical value for a carbon
atom). This suggested one-half molecule of dichloromethane per complex
molecule, thus Cl was input at half occupancy, and refined satisfactorily.
The central carbon atom of the CH,Cl, molecule was located on the
twofold axis at a distance and angle appropriate for a C1-C-Cl unit, as found
through use of difference-Fourier electron density maps; however, this
carbon atom did not refine well, so was included as a fixed contribution.
For this reason the solvent molecule’s hydrogen atoms were not included.
There was no evidence for secondary extinction therefore no extinction
correction was applied.

The final model for complex 17, with 349 parameters varied, con-
verged to values of R = 0.040 and R,, = 0.053. In the final difference Fourier
map the 10 highest residuals (1.6-0.9 e/A3) were found in the area of the
solvent molecule and the thiophenolate group (a typical carbon in an
earlier synthesis had an electron density of 3.5 e/A3). The positional and
thermal parameters for the nbn-hydrogen atoms of complex 17 are given
in Table 4.4, and selected bond lengths and angles are given in Tables 4.5
and 4.6, respectively.

Results and Discussion
(a) Description of Structure. The structure of complex 17 is shown in
Figure 4.1; the molecule possesses a twofold axis of symmetry passing
through the center of the metal-metal bond and the atoms C(2) and O(2).
The metal nuclei are bridged by the dppm ligands and a carbonyl group,
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Table 4.4. Positional and Thermal Parameters of the Atoms of [Iry(SPh),-
(CO),(u-CO)(dppm),]e1/2CH,Cl, (17)8

Atom x y z B, A2
Ir 0.06143(2) 0.20069(2)  0.32402(3)  2.642(7)
Cl 04817(7) -0.0186(7)  0.160(1)  14.8(4)
S 0.0756(1)  0.0889(1)  0.3345(2)  3.66(7)
P(1) -0.0017(1)  0.1875(1)  0.4435(2)  3.09(6)
P(2) -0.1322(1)  0.1972(1)  0.2874(2)  3.01(6)
Oo(1) 0.1726(4)  0.2694(4)  0.4635(6)  5.8(2)
o) 0.000 0.3212(4)  0.250 4.0(3)
C(1) 0.1318(5)  0.2415(5)  0.4110(7)  3.6(3)
Cc@ 0.000 0.2680(6)  0.250 2.6(3)
C@®3) -0.0893(5)  0.1562(5)  0.3936(7)  3.4(2)
C(11) 0.0391(6)  0.1379(5)  0.5407(8)  4.0(3)
C(12) 0.0971(7)  0.1576(6)  0.6057(9)  5.7(3)
C(13) 0.1286(7)  0.1263(6)  0.6836(9)  6.5(4)
C(14) 0.1027(7)  0.0699(7)  0.6976(8)  6.6(4)
C(15) 0.0439(7)  0.0452(6)  0.6338(9)  6.0(3)
C(16) 0.0127(6)  0.0802(6)  0.5536(8)  4.9(3)
C(21) -0.02005)  0.2530(5)  0.5120(8)  3.7(3)
C(22) -0.0489(6)  0.2444(6)  0.5917(8)  5.1(3)
C(23) -0.0670(7)  0.2910(7)  0.64159)  6.5(4)
C(24) -0.0564(7)  0.3483(7)  0.6174(9)  7.3(4)
C(25) -0.0290(7)  0.3594(6)  0.541(1) 6.3(4)
C(26) -0.0090(6)  0.3101(5)  0.4850(8) 4.1(3)
C(31) -02160(5)  0.1581(5)  0.2485(7)  3.5(2)
C(32) -02725(6)  0.1893(5)  0.2013(9)  4.4(3)
C(33) -0.3369(6)  0.1604(€  0.1669(9)  5.2(3)
C(34) -0.3420(6)  0.0994(7)  0.1815(9)  6.1(3)
C(35) -0.2849(7) 0.0660(6) 0.230(1) 6.9(4)
C(36) -0.2208(6)  0.0951(6)  0.2638(9)  5.3(3)

(continued)



Table 4.4. (continued)

C@41)
C(42)
C(43)
C44)
C(45)
C(46)
CG1
C(52)
C(53)
C(54)
C(55)
C(56)
C(101)

aNumbers in parentheses are estimated standard deviations in the
least significant digits in this and all subsequent tables. Thermal
parameters for the anisotropically refined atoms are given in the form of
the equivalent isotropic Gaussian displacement parameter defined as
4/3[a2B,; + b2Byy + c2P33 + ac(cos PHPy3 ]. Refined isotropically. *Fixed contri-

-0.1599(5)
-0.1531(6)
-0.1775(6)
-0.2063(6)
-0.2131(7)
-0.1899(6)
0.1523(8)
0.1643(8)
0.2076(7)
0.2710(9)
0.2685(8)
0.2102(8)
0.500

bution; not refined.

0.2684(5)
0.3204(5)
0.3768(6)
0.3805(6)
0.3291(7)
0.2710(6)
0.0645(7)
0.0013(6)
-0.0185(5)
0.0216(7)
0.0776(7)
0.0998(8)
-0.052

0.3272(7)
0.2779(8)
0.3051(9)
0.3838(9)
0.4335(9)
0.4054(9)
0.427(1)
0.463(1)
0.5125(9)
0.555(1)
0.5364(9)
0.472(1)
0.250

3.2(2)
3.9(3)
5.3(3)
5.9(3)
6.6(4)
5.1(3)
7.1(4)
8.3(4)
5.9(3)
10.7(5)
7.4(4)
8.5(5)
14.0¢
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Table 4.5. Selected Distances (A) in [Ir,(SPh)5(CO),(u-CO)(dppm),]-1/2CH,Cl,

17

(a) Bonded
Ir-Ir’ 2.8286(6) P(1)-C(11) 1.810(9)
Ir-S 2.480(2) P(1)-C(21) 1.825(9)
Ir-P(1) 2.339(2) P(2)-C(3) 1.809(9)
Ir-P(2) 2.333(2) P(2)-C(31) 1.825(9)
Ir-C(1) 1.868(9) P(2)-C(41) 1.792(9)
Ir-C(2) 2.049(9) Oo(1)-C(1) 1.15(1)
S-C(51) 1.84(1) 0()-C(2) 1.17(1)
P(1)-C(3) 1.837(8)

(b) Non-bonded
P(1)---P(2) 3.003(3) S-S 3.378(4)

Primed atoms are related to unprimed ones via the crystallographic
2-fold axis passing through C(2)O(2) and the center of the Ir-Ir’ bond.
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Table 4.6. Selected Angles (deg) in [Ir(SPh),(CO);(4-CO)(dppm),]-1 /2CH;Cl
(17)

(a) Bond angles

Ir'-Ir-S 96.32(5) Ir-P(1)-C(3) 111.0(3)
Ir'-Ir-P(1) 92.97(6) Ir-P(1)-C(11) 115.1(3)
Ir-Ir-P(2') 91.12(5) Ir-P(1)-C(21) 119.5(3)
Ir-Ir-C(1) 151.2(3) C(3)-P(1)-C(11) 106.6(4)
Ir-Ir-C(2) 46.3(2) C(3)-P(1)-C(21) 103-3(4)
S-Ir-P(1) 84.35(8) C(11)-P(1)-C(21) 99.7(4)
S-Ir-P(2') 86.24(8) Ir-P(2)-C(3) 111.1(3)
S-Ir-C(1) 112.5(3) Ir'-P(2)-C(31) 115.7(3)
S-Ir-C(2) 142.6(2) Ir-P(2)-C(41) 117.2(3)
P()-Ir-P(2') 170.10(8) C(3)-P(2)-C(31) 103.7(4)
P(1)-Ix-C(1) 90.0(3) C(3)-P(2)-C(41) 106.6(4)
P(1)-i.-C(2) 97.22(6) C(31)-P(2)-C(41) 101.3(4)
P(2')-Ir-C(1) 90.7(3) Ir-C(1)-0O(1) 176.2(9)
P(2')-Ir-C(2) 92.12(6) Ir-C(2)-Ir 87.4

C(D-Ir-C(2) 104.9(4) Ir-C(2)-0(2) 136.32)
Ir-S-C(51) 113.3(4) P(1)-C(3)-P(2) 110.9(5)

(b) Torsion angles
S-Ir-Ir’-S' 3.59(9) P(1)-Ir-Ir’-P(2) 5.3(1)

Primed atoms are related to unprimed ones via the crystallographic
2-fold axis passing through C(2)O(2) and the center of the Ir-Ir’ bond.



Figure 4.1.

Perspective view of [Ir,(SPh),(CO),(u-CO)(dppm),] (17)
showing the numbering scheme. Thermal parameters are
shown at the 20% level except for hydrogens, which are
shown artificially small for the dppm methylene groups but
are not shown for the phenyl groups. Primed atoms are
related to unprimed atoms by the crystallographic 2-fold axis
passing through C(2)O(2) and the center of the Ir-Ir’ bond.
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and one carbonyl and one thiophenolate ligand are coordinated terminally
to each metal. As is typical of most other binuclear dppm-bridged systems,
the diphosphine groups are oriented trans to each other about the iridium
centers (P(1)-Ir-P(2") = 170.10(8)°), and are both cis to the other atoms coor-
dinated to Ir. The coordination geometry about Ir can be described as dis-
torted trigonal bipyramidal (neglecﬁng the Ir-Ir’ bond), with P(1) and P(2))
occupying axial sites and 5, C(1) and C(2) in equatorial positions. Distor-
tions from this model arise from the presence of the metal-metal bond,
the bridging nature of the carbonyl group C(2)O(2), and the mutual repul-
sion between the sulfur atoms S and §'. The latter feature appears to be
exerting the largest effect, and is reflected in the large S---S’ distance
(3.378(4) A), which, although less than the sum of the van der Waals radii
of these atoms (3.60 A),28 is substantially larger than the intraligand
P(1)---P(2) separation (3.003(3) A). This interaction results in an expanded
S-Ir-C(2) angle (142.6(2)°); the compressed C(1)-Ir-C(2) angle (104.9(4)°)
appears to be due to greater repulsion between the thiophenolate group
and the terminal carbonyl C(1)O(1) (S-Ir-C(1) = 112.5(3)°) than between the
terminal and bridging CO ligands. The geometry about the bridging
carbonyl group is comparable in Ir-C(2) distance (2.049(9) A) and Ir-C(2)-Ir’
angle (87.4(5)°) to that of other dppm-bridged diiridium compounds
containing the same unit.17b:25-27 Despite the interactions between the
sulfur atoms, no significant twisting of the complex about the Ir-I’ bond
occurs, as seen from the small S-Ir-Ir’-S" and P(1)-Ir-Ir’-P(2) torsion angles
(3.59(9)° and 5.3(1)°, respectively).

This complex is very similar, in appearance and parameters, to the
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syn isomer of [Ir,Cly(CO),(u-CO)dppm),}¥ (which cocrystallized with the
major [anti] isomer in 1:3 ratio), in which the SPh units of 17 have been
replaced by Cl ligands. One interesting difference is the shortness of the
Ir-S bond (2.480(2) A) with respect to the Ir-Cl bonds (2.504 A [average]) in
the former species, despite the fact that sulfur has a larger covalent radius
than chlorine.252 The same trend has also been noted by Cotton and
coworkers in their determinations of the structures of [Ir(u-C1)(COD)],%°
and [Ir(u-SPh)(COD)],,!! and has been ascribed to the higher degree of #-
overlap in Ir-S bonds compared to Ir-Cl bonds; another contributor might
be the more favorable interaction between the soft-acid Ir center and the
soft-base PhS ligand than between Ir and the harder base C1.28> The
difference between the Ir-S and Ir-Cl bond lengths was found to be three
times as great for the [Ir(u-X)(COD)], dimers as for the [IryX2(CO) o (u-CO)-
(dppm),] systems, which would be consistent with the relative electron
deficiency of the 16-electron iridium centers of the former vs. the 18-
electron nuclei in the dppm-containing complexes. The iridium-sulfur
distance in 17 is within the rather broad range observed for other sulfur-
containing iridium complexes (2.33-2.53 A);7.8b,11,30,31 however, a more
meaningful comparison may be made to the range of distances between
iridium and sulfur atoms not bridging metal centers (2.41-2.51 A).72,8b,31
Other parameters in this compound appear normal. The Ir-Ir’
distance (2.8286(6) A) is well within the range observed in similar systems
containing an Ir-Ir bond (2.77-2.89 A).17v.25-27,32.33,3 This distance is signifi-
cantly longer than that observed in the dichloro analogue (2.779(1) A7
possibly reflecting the greater steric requirements of the SPh vs. Cl ligands
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in forcing the metal centers apart; however it is still less than the intra-
ligand P(.)--P(2) separation (vide supra). The Ir-P distances (2.339(2) A,
2.333(2) A) are also typical for these systems.

(b) Description of Chemistry. When hydrogen sulfide is passed
through a THF solution of [Rhy(CO);3(dppm),] (1) at room temperature, the
previously-synthesized [Rh,(CO),(u-S)(dppm),]t72 is the only product
observed. Oxidative addition of both S-H bonds of H,S to 1 has apparently
taken place, with concomitant loss of CO and Hj to give the final species. A
similar transformation, the reaction of [Pd,Cl,(dppm),] with HyS to yield
[Pd,Cly(u-S)(dppm),] and Hy, has been thoroughly i /estigated by James
and coworkers.4 Both of these systems are important in illustrating how
adjacent metal centers can work in concert to activate two H-X bonds
belonging to the same ¢ ubstrate, and it is of interest to obtain information
pertaining to the involvement of each r etal in the overall process. Moni-
toring the reaction of 1 with HpS by using variable-temperature 31p{1H)
NMR spectroscopy has failed to uncover evidence of other reactive inter-
mediates; as the mixture is warmed in 10° increments from -80 °C to room
temperature, signals due to 1 decrease in intensity while those due to
[Rh,(CO),(u-S)(Gppm),] increase, with conversion being complete by the
time the temperature reaches -50 °C. The lack of observable intermediates
is not totally surprising, as previous studies of attempted addition of H; to
[Rhy(CO),(u-S)(dppm),] revealed no new hydridic species;172 furthermore,
dppm-bridged dirhodium complexes containing hydride ligands are found
to be fewer in number znd generally less stable132:37 than similar diiridium

species.14.15a17,18,25,524,33,3536 Qwing to our failure to observe intermediates
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in the reaction between H,S and 1, we turned to the analogous diiridium
system in attempts to obtain models for possible intermediates in the
“double oxidative addition” of H,S and the subsequent reductive elimi-
nation of H,.

The complex [Ir(CO)5(dppm),] (2) reacts with hydrogen sulfide in an
analogous fashion, but the course of the reaction can be followed spectro-
scopically and several 'ntermediates can be identified before formation of
the ultimate product, the previously-synthesized sulfide-bridged A-frame
complex [Ir,(CO),(p-S)(dppm),] 17> When H,S is bubbled through a THF
solution of 2 at room temperature, several species may be identified in the
31P{1H} and 'H NMR spectra of the mixture, including the sulfide-bridged
dicarbonyl dihydride adducts 4a-c shown in Scheme 4.1. Identification of
species 4a-c was facilitated by comparison of the spectra obtained in this
study with those obtained during an earlier investigation of H, addition to
[Ir,(CO),(u-S)(dppm),}.18 Intermediate 4a can be seen to be the result of the
oxidative addition of two $-H bonds to complex 2, one to each metal, with
concomitant loss of CO, while structures 4b and 4c are the products of a
series of hydride migrations about the bimetallic core, a process for which
the mechanism, shown in Scheme 4.2, has been elsewhere described.35 The
complexes [It,(CO),(u-S)(dppm),] and [Ir(CO),(u-S)(u-CO)dppm),] are also
present in minor amounts, the former evolving via H, elimination from
4c, with the latter the result of CO uptake by the sulfide A-frame complex
(the CO being present in solution as a byproduct of the initial reaction of 2
with H,S to produce 5). If this THF solution is refluxed for 2 h under a

slow N, stream, or if it is allowed to stir under N, at room temperature for
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two days, conversion of all species to [Ir(CO),(u-S)(dppm),] results. As
mentioned earlier, the reduciive elimination of Hj is reversible, as
addition of H, to [Ir,(CO),(u-S)(appm),] has been shown to regenerate the
dihydride complexes 4a-c.18

Monitoring the reaction of 2 with HS using variable-temperature
multinuclear NMR spectrosccpy provides insight into the initial steps of
activation of the S-H bonds, and an intermediate that has been fc.rmulated
as [Ir,(H)(CO),(u-SH)(dppm),] (5) may be observed and ch=racterized.
When H,S is bubbled through a solution of 2 in THF-dg 2t -60 °C, 5 is seen
in the 31P{1H} NMR spectrum as the major species; the pseudotriplet

resonances at & -16.5 and -27.1 indicate that 5 possesses two different sets of



chemical environments for the phosphorus nuclei, indicative of an asym-
metric structure. The highfield region of the 1TH NMR spectrum shows two
signals, a broad singlet at 5-1.07 and a triplet at 6-13.03 (YJpy =98 H2). In
the spectra obtained using selective heteronuclear 'H{31P} decoupling, the
latter resonance collapses to a singlet ouly upon irradiation of the lower-
field phosphorus resonance, confirming it to be a terminally-bound
iridium hydride. Although the & -1.07 resonance is unaffected when either
of the phosphorus resonances is irradiated, implying no discernible
coupling to either set of phosphorus nuclei, it is likely due to a sulfhydryl
group bridgirg the two metals. Resonances similar in appearance and
chemical shift to this one have been observed in the 'TH NMR spectra of
the series of complexes [Irz(H)z(u-SH)(u-SR)(u-H)(PPh3)4]“+ (R=H, Prin=1;
R = vacant: n = 0),7® which have been shown by X-ray crystallography to
contain bridging SH units. The 13C{1H} NMR spectrum at -60° of a sample
of 5 prepared in the same manner as above (except using 13CO-enriched
compound 2) shows, in addition to less-intense signals due to 2 and the
hydridic products 4a-c, two resonances of ecual intensity (broadened
singlets at & 173.2 and 164.8) attributable to this intermediate. Comparison
of these low-temperature spectra with those obtained after the sample has
been warmed to room temperature shows that all of the signals due to
intermediate 5 disappear, being replaced by those due to the same species
produced when the reaction is performed under -mbient conditions.

On the basis of the spectra and products observed, the reaction of
[Ir,(CO)3(dppm),] (2) with H,S to give [Ir,(CO),(u-S)(dppm),], Hy and CO

may be proposed to proceed as shown in Scheme 4.1. Intermediate 6,
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unlike the other species illustrated, was not characterized in this study;
however, the structural formulation shown is supported by related inves-
tigations of the oxidative additions of H,S and thiols to the isoelectronic
heterobimetallic complex [RhRe(CO),(dppm),],®* with the initial adduct

observed at low-temperature assigned the structure shown below. An

|

Oc\ Oc\

st/nlh-— oc/l-‘ir——co
P

\/P

analogous interriiediate is likely involved in the present case, as the
vacant coordination site on one of the metals of [Ir,(CO)3;(dppm),] (see
Chapter 2) would be susceptible to uptake of a o-donor H,S ligand as a
prelude to oxidative addition of the first S-H bond. It does not appear
likely that this reaction takes place via acid /base dissociation of hydrogen
sulfide, i.e. invo'ving initial protonation of the tricaibonyl 1 or 2 followod
by reaction of the so-formed protonated ccmplex with SH- to give the
dihydride species. Hydrogen sulfide is a weak acid in aqueous solution
(first dissociation constani = 9.1 x 10-8) and would be expected to be even
weaker in THF. Furthermore, although the reaction of {Ir,(CO),(u-H)-
(u-CO)(dppm),][BF,]1* with NaSH at room temperature does proceed to
give a mixture of [Iro(H),(CO)(u-S)(dppm),] isomers and [Iry(CO),(u-S)-
(dppm),], the reaction time required is 24 h, which is cle::'y inconsistent
with the rapid rate observed for the reaction of 2 with H,S.

It was believed that further insight into the reactivity of hydrogen
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sulfide towards compounds 1 and 2 would be gained by studies of the
reaction of H,S with the heterobimetallic [RhIr(CO)3(dppm),] (3). Unlike
the transformation observed for the homouimetallic tricarbonyls, this
reaction does not ultimately yield the sulfide-bridged, hydride-free
dicarbonyl derivative; instead, the only product observed is [RhIr(H)-
(u-SH)(CO),(dppm),] (7). The infrared and 13C{1H} NMR spectra of this
complex indicate that two terminal CO groups are present. The highfield
region of the TH NMR spectrum shows two triplet resonances, at 6 -2.91
@Jp.y = 6.4 Hz) and -10.74 (}Jp.yy = 12.8 Hz). Decoupling of the iridium-
bound phosphorus nuclei causes the latter signal to collapse to a singlet,
leaving the other unaffected; decoupling of the rhodium-bound
phosphorus nuclei causes the lower-field triplet to collapse to a singlet
without altering ihe appearance of the higher-field triplet. Thus the latter
signai is consistent with a hydride ligand that is terminally bound to
iridium, whereas the former resonance appears to be due to a sulfhydryl
ligand interacting with the rhodium center. The question of whether this
SH unit is terminally coordinated to Rh or bridging the metal centers
arises; despite the lack of observable coupling between the sulfhydryl and
the iridium-bound phosphorus atoms, we believe the latter mode of
coordination to be present. Although the magnitude of the 2Jp(rn)-H
coupling and the chemical shift of the sulfhydryl resonance are
reminiscent of those observed for other complexes containing terminal
SH groups, a structure such as VII below, containing a hydride bound to
iridium and sulfhydride coordinated solely to rhodium, would give both

metals 16-electron configurations; in related studies involving other
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heterobimetallic RhIr complexes33.35.38,39 it has been found that, whenever
possible, the rhodium and iridium centers respectively adopt 16- and 18-
electron configurations. In this case the bridging S-H group would
compensate for the loss of a donor electron pair upon removal of CO from
iridium. A selenium-containing analogue of 7, [RhiIr(H)(u-SeH)(CO),-
(dppm),] (8), has been prepared in much the same manner, and is found to
possess spectroscopic parameters very similar to those for the sulfur-
containing species (see Table 4.2).

As noted above, complex 7 does not undergo any further hydride
rearrangements and does not reductively eliminate H,. The fact that only
one S-H bond of H,S is activated by 3 is in distinct contrast not only to the
reactions of hydrogen sulfide wis» the homobimetallic Rh; and I,
analogues, 1 and 2, but also to H,S addition to the abovementioned
[RhRe(CO)4(dppm),], in which the hydrido sulfhydryl intermediate
[RhRe(CO),4(SH)(u-H)(dppm),] underwent facile H; loss to yield [RhRe-
(CO)4(u-S)(dppm),]. 3 It is of interest to note that although [RhIr(CO);(1-5)-
(dppm),] (theoretically the result of dehydrogenation of 7), does react
reversibly with H, to form [RhIr(H),(CO),(u-S)(dppm),],* this product does

not undergo a hydride migration process as observed for its diiridium
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analogue; instead, both hydrides remain attached to iridium and oriented
cis to each other. For the homobimetallic complex, the mechanism
proposed for rearrangement of the hydride ligands involves a swinging of
the sulfido group in and out of the bridging position on and off of each
metal, as well as formation of isomeric forms containing ter;:.inal
hydrides on both metals and alternation of each metal center between 16-
and 18-electron configurations.35 These transformations appear to be
disfavored for compound 7, as previous studies!®3> of heterobimetallic
Rhir complexes have demonstrated a tendency for rhodium and iridium
to retain their respective 16- and 18-electron configurations and for irid-
ium to more readily accept purely terminal hydride ligands.

Hydrogen selenide was also found to react with complexes 1 and 2.
The addition of HySe to [Rhy(CO)s(dppm),] (1) yields several products, but
their characterization via NMR techniqu=s is difficult due to the
broadened and overlapping nature of the resonances. The previ-
ously-described selenide A-frame, [Rh,(CO),(u-Se)(dppm),],17> was not
obtained, even after refluxing the mixture, purging it with N, or leaving
it under N, for several days. Such a product might have been expected
based on the ease of formation of [Rhy(CO),(-S)(dppm),] from 1 and H,S.

Similar to its behavior towards H,S, treatment of [Iry(CO)3(dppm),]
(2) with HySe yields several species in the iniiial reaction mixture that can
be identified and characterized using 31P{1H}, 1H and 1H{31P} NMR
spectroscopy. The spectroscopic results, and tentative structures (with the
bridging diphosphine ligands omitted for clarity) for the species giving rise

to the resonances listed, are shown in Table 4.7. Complexes 9a-e and 10 are
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Table 4.7. NMR Spectroscopic Parameters for the Species Observed in the
Reaction of [Ir,(CO),;(dppm),] (2) with H,Se

5C'P('H) &'H)
Oc__ _cP :
9a H—Ir<;.7lr—H -7.33 (s) -9.86 (pseudoquintet)
Oc_ _H -8.62 (m), 979 (t, 2Jp.yy = 12.0 Ha),
% H Ir<-——/-lr —cCo 2
Se -14.35 (m) -12.70 (t, ,P-H =13.8 Hz)
(o)
c H H
9¢ S ol -7.06 (s) -11.04 (pseudoquintet)
Se Co
-9.48 (dt, %Jp.5y =138 Hz,
%._ % _- 4.81 (m), 21y =56 H),
9d Ir\ /Ir\ 2
Se H -12.04 (m) -12.03 (dt, “Jp.yy = 18.0 Hz,
2\ ="56Hz)
)
7% 2
\ -12. X -5. =5.5 Hz),
9 ! " co 58 (m) 534 (t, ,';'“ )
| / -21.83 (m) 1122 (t, 21y = 134 H2)
Se H
H
o O%_ % -17.45 (m), -3.61 (o),
lr\ /Ir—H 2
S -28.65 (m) -12.59 (t, *Jp.y = 11.2 H2)
)
c co
~ Ve
10 Ir\s. /lf -6.83 (s)

The bridging dppm groups above and below the equatorial plane

have beon omitted for clarity.
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observed wher the reaction is carried out at room temperature, while
complex 9f, like 5 above, is observed only at temperatures below -30 °C.
Species 9a, 9b, 9¢ and 9f are assigned structures similar to complexes 4a, 4b,
4c and 5, respectively, based upon the similarities in chemical shifts and
appearances of their phosphorus and proton resonances to those seen in
the reaction of H,S with 2. The magnitude of the H-H coupling (5.6 Hz)
between the hydride ligands of species 9d is consistent with their being
located cis to each other on the same metal. Confirmation was provided
upon heteronuclear decoupling of the phosphorus signal at § -4.81, which
caused both hydride resonances to collapse to doublets, while irradiation at
the frequency of the phosphorus signal at 8 -12.04 did not affect the
appearance of these hydride peaks. The chemical shifts of the highfield TH
resonances belonging to species 9e suggest that a terminal hydride and a
terminal selenohydryl group are presen’; tfiv’t behavior upon selective
heteronuclear decoupling of each phospnorus resonance suggests that
these ligands are coordinated to different iridium centers. Species 10 was
found by 'H(31P} experiments to possess no associated hydridic signals.
Although it was difficult to assign resonances in the 13C{1H} NMR spec-
trum of the reaction mixture to individual species (due to the large
number of peaks observed), no peaks characteristic of bridging CO ligands
were observed; this result, coupled with the symmetrical nature of 10 as
established by its singlet 31P(1H]) resonance, suggests the formulation for 10
to be the dicarbonyl A-frame, [Ir,(CO),(u-Se)(dppm);], rather than [Ir,(CO),-
(4-Se)(u-CO)(dppm),]. Despite formation of a small amount of the nonhy-

dridic species, 10, H, loss from the other intermediates is not particularly
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facile; with heating, or over longer periods of time, decomposition of the
above species occurs.

As can be seen above, the reactions of 1 and 2 with both S-H bonds
of H,S (and of 2 with the Se-H bonds of HjSe) are quite facile under
ambient conditions. Although intermediate 5 could be assigned the struc-
ture indicated with a fair degree of confidence, the isolation of complexes
modelling this first-bond addition product that would be stable at room
temperature was still a goal. The instability of 5 is presumably due to the
availability of the second S-H bond for oxidative addition to the second
low-valent metal center; thus thiols and selenols, possessing only one
S(e)-H bond, were considered to be well suited for the preparation of stable
first-bond-addition analogues.

The reaction of compound 2 with ethanethiol under an atmosphere

of N, yields [Iry(SEt),(CO),(u-CO)(dppm),] (11, below), the net result of

11

addition of two equivalents of thiol followed by loss of H,. One bridging
and two terminal carbonyl groups are indicated by the infrared and 13C(1H]}
NMR spectra of 11, in distinct contrast to the dicarbonyl products formed
in the reactions of 2 with H,S, H,Se and H,SiRR’' (R = R’ = Me, Et, Ph;R =
H, R' = Ph; see Chapter 3).33 The TH NMR spectrum of 1° \hs MO



resonances due to hydride ligands, indicating that i contrast to the
reaction of 2 with H,S, Hj loss from any hydridic intermediates formed as
precursors to 11 is quite facile. Unlike the results for the reactions of
[RhRe(CO)4(dppm),] with thiols, where products of the form [RhRe(CO)3-
(u-H)(u-SR)(dppm),} (R = Et, Ph) have been characterized,34 adducts
formed by addition of only one equivalent of EtSH to 2 cannot be isolated
at room temperature. Complex 11 is the only product observed at ambient
temperature even if conditions of high dilution of reaction mixture or
slow addition of thiol are employed. However, such 1:1 adducts may be
characterized at lower temperatures using NMR spectroscopy (vide infra).

Compound 11 is susceptible to decomposition, presumably via CcO
loss. Therefore, solutious of this complex under N, turn from yellow to
deep red-orange within a few hours, with concomitant loss of intensity of
the infrared band due to the bridging carbonyl group of 11. Although a
deep red solid can be isolated from such solutions, the 31P{1H} NMR
spectrum of this material is inconclusive, showing only broad unresolved
resonances and implying a mixture of products. Attempts to obtain species
containing hydride and ethanethiolate ligands that are stable under
ambient conditions were equally unsuccessful, as mixtures of products are
again observed when the reaction between 2 and EtSH is performed © 1~
a hydrogen atmosphere, or if a solution of 11 is stirred under Hy.

The reaction of ethanethiol with 2 has also been studied using
variable-temperature multinuclear NMR spectroscopy: the intermediates
observed and the likely course of the reaction are summarized in Scheme

4.3. Starting at -80 °C, the 31p{1H) spectrum of a mixture of 2 and EtSH in
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CD,Cl, does not show signals for species other than 2 until the solution
temperature has been raised to -20 °C. At this point, besides signals due to
2, [Ir,(CO)4(dppm),] (formed by CO uptake by 2) and a small amount of 11,
phosphorus resonances at 6 -6.1 (singlet) and & -8.4, -12.8 (multiplets) due
to one symmetric (12) and one asymmetric species (13), respectively, are
observed. The 13C{1H} and 1§71 NMR spectroscopic data (see Table 4.2)
indicate that both 12 and 13 are dicarbonyl dihydrid- species. The presence
of two resonances, at 8 5.42 and 4.20, for the dppm methylene protons of 12
rules out a formulation such as structure XII, ir. which both sides of the
Ir,P4 plane are equivalent (although, as noted later, such a species cannot
be ruled out as a short-lived intermediate). It is also less likely that the
hydride ligands of 12 are disposed along the Ir-Ir bond, sir ~ the elimina-
tion of Hj from such a structure would be much more  .ic. . further-
more, this orientation would cause reater steric interactions betweex e
ethanethiolate groups than is seen between the thiophenolate residues of
the structurally-characterized complex 17 (vide supra). Species 12 is
believed to possess a structure similar to those assigned to complexes 18
»ad 22 (vide infra), despite its instability at elevated temperatures relative
to the thiophenolate- and “enzeneseleno.ate-containing analogues.
Selective heteronuclear 13C{31P} and H{3!P} decoupling experimerits
for species 13 establish that one hydride and one carbonyl ligand are
attached to each of the iridium centers of this intermediate. The structure
proposed for 13 is similar tc that for [Ir,(H),Cl,(CO),(dppm),},36 and differs
from that for 12 in that the ethanethiolate and carbonyl groups on one

iridium have been transposed. Formation of such a structure, containing
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an EtS group trans to a hydride. may not be entirely straightforward, and
may involve the intermediacy of a species such as XII. Rearrangement oi
XII to 13 may occuf via a tunnelling of a hydride ligand through the Ir-Ir
bond, from one side of the Ir,P4 plane to the other, as has been previously
proposed in related species.1>18,34,35,38d,40

Species 12 and 13 are also observed by 3'P{'H} NMR spectroscopy
when the reaction of 2 with EtSH is carried out at low temperature in
THF-dg; in addition, intermediates 14 and 15 are also seen in this solvent.
Selective heteronuclear 1H(?1P} decoupling experiments show that species
14 also gives risa t0 one highfield resonance at & -10.20 (triplet, YJpy = 14.0
Hz), corresponding ic a terminal hydride attached to iridiu1. Although
13C{1H} NMR data for this reaction mixture were not acquired, 14 is
assigned the structure shown based on the similarities between its S1P(1H]}
and 1H spectroscopic parameters and those for the analogous
thiophenolate-containing species, 19, for which 13C{1H} and 13C{31P} data
have been chtiined (vide infra). The nonhydridic intermediate 15 _hows
31P{1H]} specirsscopic parameters similar to the more fully characterized
thiophenolate analogue, 16, thus is believed to possess a similar structure.
When the reaction mixture is warmed to room temperature, signals due
to all of these intermediates disappear, being replaced by those due to the
final product, 11,

It is notable that alf .gh both the starting material, 2, and the final
product, 11, are tricacbo  y! - mplexes, intermediates 12 and 13 possess
only two CO groups ea.:: implying that, like the addition of the second
S-H bond of H,S to 2, the reaction of 14 with another equivalent of Et5H is
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accompanied by CO loss. It is likely that the CO evolved in this stcp, which
would then be present in solution either uncoordinated or bound to the
labile [Ir,(CO)4(dppm),], is readily scavenged by the products of Hj loss
from 12 and 13, leading to formation of 11 and 15. The isomerization of
the asymmetric 15 to the symmetrical 1% may ocur via reversible CO loss
and recoordination, which is consistent with the tendency of 11 to
decumpose via loss of CO (vide supra).

Under ambient conditions, thiophenol also reacts with complex 2 in
2:1 ratio viciding a species that conains three carbonyl groups and two
thiolate r.«ivie.. L.ke those of 11, the infrared spectra of 16 are consistent
with u structure containing one bricjing ard two terminal carbonyl
groups, and no resonances are seen in the highfield region (& < 0) of the 'H
NMR spectrum, showing that net Hj loss has taken place. Unlike species
11, the 31P{1H} spectrum of 16, with multiplet resunances at §-13.39 and
-26.96, shows the presence of two inequivalent phosphorus environments,
indicating that this compiex possesses an 2. ymmetric structure. The
13C{1H) NMR s, :ctrum shows resonances due to three inequivalent
carbonyl ligands, one bridgirg (5 227.4 [multiplet]) and two terminal (&
182.3 [doublet of tripiets, 2Jc.c = 24.9 Hz, 2Jp.c = 12.4 Hz] and 177.3 [triplet,
2jp.c = 19.3 Hz)). Selective 13C{31P} heteronuclear decoupling experiments
show that the terminal CO groups are bound to different iridium centers.
Broadband 13C{3!P} heteronuclear decoupling shows a Jc.c coupling of 24.9
1z between the higher-field terminal carbonyl and ihe bridging CO, which
is comparable to values previously observed for similar systems

containing carbonyl groups oriented trans across a metal center.38 On the
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basis of the spectroscopic data the two structures shown below are possible.

P/(;\P P/o ------ 1, u,””
) l )
cv. ) o | sen e |/
Pne” |\co PhS” |\s/' \\co
l!’ P P Ph \\\\\\P
\/ \ o
16 XVI

Complex 16 is also obtained as the immediate and sole product of the
reaction of 2 with diphenyl disulfide, which, based on a concerted
oxidative-addition mechanism, would appear to favor formulation XVI
(contzaining one bridging and one terminal thiophenolate group and a
mixed-valence Ir(II"-Ir(I) metal core). However, it is suggested that the
formulation shown for 16 is actually corrz:t. The infrared spectra of
similar dppm-bridged compounds show that carbonyls that bridge metals
in the absence of a metal-metal bond possess significantly lower stretching
frequencies than those in the presence of such a bond. Besides wwing an
isomeric form of the structurally-characterized compound 17 (vide supra),
complex 16 is reminiscent of the anti isomer of [Ir,Cl,(CO),(u-CO)-
(dppm),),%7 and shows a similar bridging CO streiching frequency (1720
cm-! vs. 1728 cm-! for the dichloro analogue). In addition, transannular
oxidative addition of trifluoromethyl disulfide to [Rh,(CNMe),(dppm),]2*
has been noted by Balch and coworkers, 10 so the structure proposed for 16,
in which the thiolate groups are not mutually dis, is not unprecedented.

If compound 16 is allowed to stir in CH;Cl; solution for several

hours, a new symmetrical product, [Iry(SPh)(CO)(u-C<7 dp pre;,) (87), can
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be obsarved spectroscopically. The IR spectrum shows new bands at 1963,
1951 and 1700 cm'], indicative of retention of the three carbonyl ligands.
The 3'P{*H} NMR spectrum shows a singlet resonance at 6 -15.06, while in
the 13C{1H} NMR spectrum two signals are observed (8 216.7 (multiplet),
177.9 (triplet, 2Jp.c = 6.8 Hz)) in 1:2 ratio, respectively. The TH NMR
spectrum shows the expected distribution of phenyl and methylene
protons, with no highfield resonances present. The isomerization process
is not . antitative; equilibrium mixtures are usually forme” ‘n which 16
is present in :ignificant quantities (~40% of - “wucenuation). From
such mixtures have been isolated single crystals of complex 17, enabling
the characterization of the compound by X-ray crystallography (vide
supra). The structure established in the solid state is consistent with the
spectroscopic properties of this species in solution and is in agreement
with the formulation for the ethancthiolate-containing analogue, 11.
Reaction of hydrogen with 16 or 17 leads to loss of CO and uptake of
one equivalent of H, to form [Irz(H)z(SPh)z(CO)z(dppm)2] (18). Loss of the
bridging carbonyl ligand is indicated by the infrared spectrum (WCO): 2044,
1932 cm-1), specifically by the disappearance of bands near 1700 cm-l. The

highfield region of the TH NMR spectrum shows an apparent quintet
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resonance at & -11.58 corresponding to two hydrides. Although the appear-
ance of this resonance suggests that complex 18 contains hydrides that are
bridging the metal centers, this species is believed to have the structure

shown below, in which terminal Ir-H groups are present. The five-line

e T e
- Py
PhSH/ /llr . /Ilr SPh
P P
18

multiplet could be produced by the second-orde~ coupling effects inherent
in an AA’XX’X”X’ ' spin system, or by rapid exchange of these hydrides
between the metal centers, producing a time-averaged A;X, spin system.
‘The latter view is supported by the broadening of the resonance that
occurs as the tewperature is lowered, possibly due to slowing of the
exchange process. ifowever, a totally decoalesced spectrum could not be
observed, even at -80 °C. Complex 18 appeais to be a thiophenolate-
containing analogue of species 12, the symmetrical dihydridic inter-
" mediate in the reaction of 2 with EtSH, but differs from 12 in being stable
at room temperature and unreactive towards CO.

The reaction of thiophenol with 2 in CD,Cl, was also monitored
using variable-temperature NMR spectroscopy. At -20 °C an asymmetric
species, 19, is observed at 6 0.5, -11.4 in the 31P{1H} spectrum of the reaction
mixture; associated with this species is a highfield triplet in the TH

spectrum at & -9.98 (}Jp.yy = 10.0 Hz). The 13C{1H} spectrum shows one



bridging and two terminal carbonyl groups to be associated with 19, a~d
selective heteronuclear 13C{3!P} decoupling experiments indicate that bati:
terminal carbonyls are coordinated to the same metal center. Intermedia’e

19 is assigned a structure directly analogous to that of species 14, thz

P/\P p— p
Ph l 2 I Co cO I /co
S /c\ ~ <
Ir Ir RS—Rh Re-—CO
"/l i\°° W oc” |
P\/P P\/P
19

monohydridic intermediate observed in the reaction ~f ethanethiol with
2. The presence of a bridging carbonyl group in the structure of 19 is in
~ontrast to the case for [RhRe(H)(SR)(CO)4(dppm),] (shown above; R = H,
Et, Ph), the postulated initial result of oxidative addition of RSH to {RhRe-
(CO),(dppm),), in which all carbonyls appear to remain terminal.3¢ A small
amount of the dicarbonyl dihydride, 18, is also observed under thex?
conditicns, but, unlike the reaction between ethanethiol and 2, it is likely
present as a pyproduct, not an intermediate, since no conversion of 18 to
either of the tricarbonyls, 16 or 17, is observed when a solution of the
dihydride ic stirred under CO. Furthermore, when a dilute solution of 2 in
THEF is stirred under a rapid stream of N; and a THF solution containing
one equivalent of thiophenol is slowly added, infrared spectroscopy shows
that (he only product is 16. These results taken together suggest that
complex 18 is stable in the presence of excess CO, and is not the observed

product under conditions that would minimize the amount of free
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(dissoaraied) CO present in soludon. A bis(thiophenolate) analogue of
species 13 is not observed in the course of iuis reaction, but, given the
preference for the formation of the asymmetric 16 over the symmetrical
17, it is likely that such an intermediate is involved. When the sample is
warmed to room temperature, the monohydridic intermediate disappears,
with the major species produced being 16 and 17. Roughly the same
amount of 18 as was earlier observed remains in the final mixture.

The reaction of compound 2 with benzeneselenol also follows a 2:1
stoichiometry. Spectroscopic evidence, particularly the infrared and 1BBC(1H}
NMK data, suggests that the major product, [Iry(SePh),(CO),(u-CO)(dppm),]

(20), has the same structure as the structurally-characterized species 17,

P/O\P
oc\ ||I’ /c___\_.||r /Co
PhSe” | |\Seph
PP

20

with selenium atoms taking the place of sulfurs. This symmetrical
complex has been more directly prepared via the reaction of diphenyl
diselenide with 2, a result in marked contrast to the reaction of 2 with
(PhS),, where the product is the asymmetric species, 16.

Complex 20 is not the sole product of the reaction between
benzeneselenol and 2, as a dihydridic product of formula [Ir,(H),(SePh),-
(CO),(dppm),] (21) is also observed. The 31p(1H} NMR spectrum of this

dihydride shows a singlet resonance at 5 -6.77, while in the 1H spectrum is



seen a multiplet at § -11.58 characteristic of an AA’XX’X”X"" spin system, <
intensity appropriate to two hydride ligands (compared with the signals
for the dppm methylene protons). The 1H, 31P(1H} and 13C{'H} NMR
spectroscopic parameters for this compound are quite similar to those

observed for species 18, and suggest that complex 21 is also a dicarbonyl

dihydride. Ray 1 exchange between the metal centers ma’ . - be
p~ p o
PhS | |/ y )
e /Ir /Ir——-Sa- n
Wl
P »
\/
21

implicated, as broadening of the hydride resonance occurs as the temper-
ature is lowered, possibly due to slowing of the exchange process; again, as
for 18, a totally decoalesced spectrum could not be observed, even at -80 °C.
Species 21 can also be formed when a solution of 20 is allowed to react
with H,, but attempts to prepare this material in pure form were

unsuccessful, as complex 21 is prone to decomposition over time at room

temperature.

Conclusions
The reactivity of [Iry(CO);(dppm);] towards substrates containing
sulfur-hydrogen and selenium-hydrogen bonds is characterized by the
marked preference of this ~omplex to react with two S-H or Se-H bonds.

For the reactions with H,S and H,Se this is not surprising, since, as was the
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case for primary and secondary silanes (see Chapter 3) the close proximity
and low oxidation sta:cs of the metals favors the facile stepwise “double
activation” process. *nother common thread between the H,S& and
H,SiRR’ reactions with the [M,(CO)3(dppm);] complexes is that the
hydridic adducts formed are more stable for M = Ir than for M = Rh, again
pointing up the effects of the greater strength of Ir-H vs. Rh-H bonds. A
difference is that no sulfur-bridged dirhodium hydride species can be
observed; however, given the wealth of sulfur- and selenium-bridged
hydridic diiridium species seen, the rapid elimination of H; from the Rhp
system can be explained via a series of rearrangement steps. These appear
to depend on the ability of the sulfur atom to swing in and out of its
bridging position, which may explain the reluctance of the H,S and H;Se
adducts of [RhIr(CO);(dppm),] to eliminate H,. The reactivity of (Iry(CO);-
(dppm),] towards thiols and selenols is consistent with the tendency
dem:~ s*rated in . - reactions with HyS and HjSe towards reaction with
two & T ¢r Se-H bonds. This is somewbat of a departure from the
behavior of [RhRe(CO)4(dppm),], which alsc contains a dative metal-metal
interaction; the rhodium-rhenium tetracarbonyl was found to react with
only one equivalent of thiol, and oniy the Rh center appeared to be
involved in the oxidative-addition process. The results observed in this
study may be dve ‘o the groater electron-richness of the d8-d10 Ir(D)-Ir(-I)
system compared to a d8-d8 Rh(I)-Re(-I) core, and the greater ease of CO loss
(to generate coordinative unsaturation) from an Ir(-I) than from an Re(-i)
center. These characteristics make the diiridium species receptive to a fwo

oxidative additions, one at each Ir center.
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Chapter 5

Interconversion Between Isomeric Alkyne-Bridged Diiridium Complexes

and the Structure of [Ir,(CO),(u-n2n?-DMAD)(dppm),]-2CH,Cl,

Introduction

The ability of homogeneous and heterogeneous transition metal
catalysts to facilitate the functionalization, hydrogenation, oligomeriza-
tion, or polymerization of unsaturated organic substrates has provoked
much interest in complexes containing coordinated alkynes.! Such
complexes can not only serve to support proposed intermediates in cata-
lytic cycles, but are also of great importance in deriving bonding models
for the interactions between metals and small molecules containing
multiple bonds.2 The bonding of alkyne ligands to single metal centers has
been explained in terms of the Dewar-Chatt-Duncanson model,3 in which
the RCCR unit is viewed as a two-electron donor to the metal, with the
limiting forms, as shown below, being an n2-coordinated alkyne or a

metallacyclopropene ring. These modes of coordination are also possible

R R

|

C
u=—]] .

C

.L ;
nz-alkyne metallacyclopropene

for alkynes as ligands in binuclear systems, but the additional possibility of



interaction with both metal centers allows the alkyne to orient itself
parallel to the metal-metal axis (u-n1:n1"-coordination, the RCCR unit now
being referred to as a cis-dimetallated olefin), or perpendicular (u-nzn?-

coordination). As was pointed out in the landmark review by Hoffmann
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and coworkers4 the preference for one mode of orientation or the other is
a function of the electronic requirements of the metal centers. The
parallel-bound alkyne can be considered to be a dianionic four-electron
donor, while in the perpendicular disposition it is viewed as functioning
as a neutral four-electron donor to the complex.

Reactions of alkynes with diphosphine-bridged homobinuclear
complexes of rhodium and iridium have been of long-standing and
continuing interest to this research group;3-12 more recently, heterobi-
metallic (Rhir,11 RhOs,13 RhRel4) systems have been investigated. Much of
this work has been directed towards the preparation and characterization
of stable complexes modelling presumed intermediates involved in the
activation and further functionalization of the alkyne substrates. Structure
determinations of alkyne-containing complexes have aided understanding
of the proposed intermediates and the effects of complexation upon the

geometry of the alkyne. The vast majority of these diphosphine-bridged
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complexes characterized have been found to contain the alkyne as a cis-
dimetallated olefin unit. As part of the study of interactions of the low-
valent complex [Ir,(CO);(dppm),] with small molecules, the reactions of
this compound with alkynes were investigated; previous studies
involving the rhodium analogue!5.16 had revealed that some of the

adducts formed were catalyst precursors for alkyne hydrogenation.

Experimental Section

General experimenta! conditions were as described in Chapter 2.
Dimethyl acetylenedicarboxylate (DMAD) was obtained from Aldrich and
stored under N, over molecular sieves in the dark. The complex [Ir(CO)3-
(dppm),] (1) was prepared as previously reported.!’? All other chemicals
were used as received without further purification.

Preparation of [Ir,(CO),(u-1:n*-DMAD)(dppm),] (3). To a solution of
1 (100 mg, 80.8 umol) in toluene (10 mL) was added one equivalent of
DMAD (9.9 uL, 11.5 mg, 80.8 umol). An immediate darkening of the
orange reaction mixture occurred, with a change to dark green within 5
min. The solution was then refluxed for 10 min, during which time the
color changed to dark blue then to lighter green. Upon slow cooling of the
mixture to room temperature the green color faded to light yellow,
accompanied by formation of a pale yellow microcrystalline solid. Ether
(20 mL) was added to complete precipitation, and the yellow solid obtained
was recrystallized from CH,Cl,/Et;O. The pale yellow powder was dried
under an N, stream then under vacuum, yielding 69 mg (64% isolated

yield) of product. NMR (CD,Cl,, 22 °C): 3'P{'H}: §-12.6 (singlet); 1H: 6 7.45-

7
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6.87 (multiplet, 40 H, phenyl hydrogens), 5.70, 3.39 (multiplets, each 2 H,
dppm methylenes), 3.61 (singlet, 6 H, DMAD methyls); 13C{1H}: 6 173.8
(singlet, Ir-CO). IR: (Nujol mull) 1938 (vs, Ir-CO), 1682 (s, ester CO) cm’!;
(CH,Cl, solutiony 1943 (vs), 1690 (s) cm-1. Anal. Caled for CsgHsolrsOgP4: C,
51.55; H, 3.73. Found: C, 51.78; H, 3.94.

X-ray Data Collection. Diffusion of ether into a concentrated CH,Cl,
solution of complex 3 produced crystals in the form of yellow plates,
several of which were mounted and flame-sealed in glass capillaries under
N, and solvent vapor to minimize decomposition and/or solvent loss.
Data were collected on an Enraf-Nonius CAD4 diffractometer using Mo
Ka radiation. Unit-cell parameters were obtained from a least-squares
refinement of the setting angles of 25 reflections in the range 20.0° £20<
24.0°. The monodlinic diffraction symmetry and the systematic absences
(hOl, I # 2n) were consistent with the space groups Pc or P2/c (the latter was
confirmed as the correct space group by the successful solution and refine-
ment of the structure).

Intensity data were collected at 22 °C by using the /26 scan tech-
nique to a maximum 26 = 50.0°, collecting reflections of the form +h +k .
Of the data obtained, 10849 reflections were unique after merging. Back-
grounds were scanned for 25% of the peak width on either side of the peak
scan. Three reflections were chosen as intensity standards, being remea-
sured after every 120 min of X-ray exposure time. Although one of these
standards lost 10% of its original intensity, the other two remained
constant; recentering the crystal did not lead to a significant change in

intensities. Since this intensity loss was not uniform a decomposition
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correction was not applied to the data. The data were measured and
processed in the usual way, with a value of 0.04 for p'8 empleyed to down-
weight intense reflections; 6752 reflections were considered observed (F 22
30(F,2) and were used in subsequent calculations. Absorption corrections
were applied to the data according to Walker and Stuart’s method.19.20 See
Table 5.1 for crystal data and more information on X-ray data collection.

Structure Solution and Refinement. The structure of 3 was solved
in the space group P2/c using standard Patterson and Fourier techniques.
The unit cell was found to contain two independent molecules of 3, each
located on a crystallographic twofold axis (vide infra). Full-matrix least-
squares refinements proceeded in order to minimize the function
sw(|F,|-1F.|)2, where w = 4F 2/ 6%(F,2). Atomic scattering factors and
anomalous dispersion terms were taken from the usual tabulations.21-23
Positional parameters for the hydrogens attached to the carbon atoms of
the complex and solvent molecules were calculated from the geometries
about the attached carbon. These hydrogens were assigned positions 0.95 A
from their attached C atoms, given thermal parameters 20% greater than
the equivalent isotropic B’s of their attached atoms, and included as fixed
contributions.

The final model for complex 3, with 675 parameters varied, con-
verged to values of R = 0.037 and R, = 0.043. In the final difference Fourier
map the 10 highest residuals (0.9-0.6 e/A3) were found in the area of the
iridium atoms and solvent molecules (a typical carbon atom in an earlier
synthesis had an electron density of 2.5 e/A3). The positional and thermal

parameters for the non-hydrogen atoms of complex are given in Table 5.2,
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Table 5.1. Crystallographic Data for [Ir,(CO),(u-12:1*-DMAD) (dppm),}-

«2CH,Cl, (3)

formula

formula weight

crystal shape

crystal dimensions, mm
space group
temperature, °C

radiation (4, A)

unit cell parameters
a, A
b, A
c, A
B, deg
v, A3
z
plcaled), g cm3

linear absorption coeff (i), cm1

range of transmission factors
detector aperture, mm
takeoff angle, deg

maximum 26, deg

CeClyHsqIr;O6Py

1521.23

monoclinic plate

0.82 x 0.22 x 0.05

P2/c (No. 13)

22

graphite-monochromated Mo Ka

(0.71069)

26.088 (5)
9.896 (4)
23.954 (3)
109.27 (1)
5838 (5)

4

1.731
48.783
0.858-1.341
(3.00 + tan 6) wide x 4.00 high
3.0

50.0

(continued)



Table 5.1. (continued)

crystal-detector distance, mm
scan type

scan rate, deg/min

scan width, deg

total unique reflections

total observations (NO)

final no. parameters varied (NV)
error in obs. of unit wt. (GOF)4
RP

R.*

2GOF = [Sw( IF,| - |F.| )2/ ®NO -NW)]'/2 where w = 4F,2 / oX(F,2).

173

6/20

between 1.18 and 6.67
0.60 + 0.347 tan 6
10849 (h k£l )

6752 (F,2 2 30(F,2))
675

1.283

0.037

0.043

iR =3 N1Fyl = Fll /3 IF ) Ry = [Tl 1F1 - |Fcl )2/ SwF 2] /2
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Table 5.2. Positicnal and Thermal Parameters of the Atoms of [Ir;(CO),-

(ﬂ-ﬂz! nz'-DMAD)(dppm)zl '2CH2C12 (3)‘

{a) Molecule A

Atom x y z B, A2
Ir(1) -0.04273(1) 0.10107(4) -0.23109(1) 2.260(7)
P(1) -0.00013(9) 0.2376(2) -0.14986(9) 2.56(5)
P(2) 0.08991(9) 0.2678(2) -0.20455(9) 2.54(5)
o(1) -0.1355(3) -0.0157(8) -0.1972(3) 6.4(2)
0/K)] -0.0101(3) -0.2519(8) -0.3246(4) 6.7(2)
0O®4) -0.0904(3) -0.1555(7) -0.3477(3) 5.5(2)
C(1) -0.1003(3) 0.0282(9) -0.2130(4) 3.3(2)
C@3) 0.0478(2) 0.3543(9) -0.1678(3) 2.6(2)
C(5) -0.0190(3) -0.0428(8) -0.2801(3) 2.4(2)
C(6) -0.0376(3) -0.1615(9) -0.3182(4) 3.1(2)
C -0.1128(6) -0.263(1) -0.3897(6) 8.0(4)
C(11) -0.0368(3) 0.350(1) -0.1153(4) 3.1(2)
C(12) -0.0252(4) 0.484(1) -0.1029(5) 7.3(3)
C(13) -0.0542(5) 0.562(1) -0.0738(6) 9.1(4)
C(14) -0.0944(4) 0.502(1) -0.0583(4) 5.6(3)
C(15) -0.1073(4) 0.368(1) -0.0717(5) 5.9(3)
C(16) -0.0792(4) 0.298(1) -0.1011(5) 5.0(3)
C(@21) 0.0404(3) 0.1468(9) -0.0833(4) 2.9(2)
C(22) 0.0261(4) 0.018(1) -0.0738(4) 3.9(2)
C(23) 0.0546(5) -0.048(1) -0.0218(5) 5.5(3)
C(249) 0.0976(4) 0.009(1) 0.0196(4) 5.3(3)
C(25) 0.1135(4) 0.138(1) 0.0105(5) 5.5(3)
C(26) 0.0838(4) 0.205(1) -0.0410(4) 4.4(3)
C(31) 0.1500(3) 0.224(1) -0.1412(4) 3.2(2)
C(32) 0.1678(4) 0.092(1) -0.1317(4) 4.3(3)
C(33) 0.2132(4) 0.056(1) -0.0807(5) 5.7(3)
C(34) 0.2388(4) 0.159(1) -0.0422(5) 5.6(3)

(continued)
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Table 5.2. (continued)

C(35) 0.2210(4) 0.292(1) -0.0525(5) 4.7(3)
C(36) 0.1773(4) 0.325(1) -0.1024(4) 4.3(3)
C41) 0.1173(3) 0.4083(9) -0.2346(4) 2.8(2)
C(42) 0.0962(4) 0.537(1) -0.2424(5) 5.3(3)
C43) 0.1202(5) 0.640(1) -0.2658(5) 6.2(3)
C(44) 0.1649(4) 0.616(1) -0.2819(5) 5.0(3)
C(45) 0.1849(4) 0.488(1) -0.2759(5) 6.4(3)
C(46) 0.1625(4) 0.384(1) -0.2519(5) 4.7(3)
(b) Molecule B

Atom x y z B, A2
Ir(2) 0.50242(1) 0.21756(3) 0.30636(1) 1.981(6)
P(3) 0.56096(8) 0.0477(2) 0.20410(9) 2.19(5)
r@) 0.58085(8) 0.0858(2) 0.33674(9) 2.31(5)
0(2) 0.4971(3) 0.3364(8) 0.4206(3) 6.1(2)
o(5) 0.4374(3) 0.5734(6) 0.1960(3) 4.9(2)
O(6) 0.3936(2) 0.4679(7) 0.2486(3) 4.1(2)
C( 0.4999(4) 0.2897(9) 0.3770(4) 3.1(2)
C@4 0.5803(3) -0.0324(8) 0.2776(3) 2.4(2)
C(®) 0.4709(3) 0.3652(8) 0.2418(3) 2.1(2)
c) 0.4335(3) 0.4767(9) 0.2256(3) 2.7(2)
Cc(10) 0.3529(4) 0.572(1) 0.2323(5) 5.2(3)
C(51) 0.6270(3) 0.0868(9) 0.1962(4) 2.9(2)
C(52) 0.6643(3) -0.019(1) 0.1982(4) 3.8(2)
C(53) 0.7153(4) 0.010(1) 0.1949(5) 5.4(3)
C(54) 0.7294(4) 0.141(1) 0.1892(5) 5.2(3)
C(55) 0.6929(4) 0.246(1) 0.1865(5) 6.0(3)
C(56) 0.6419(3) 0.216(1) 0.1897(4) 4.3(2)
C(61) 0.5416(3) -0.0956(9) 0.1535(3) 2.3(2)
C(63) 0.5190(4) -0.169(1) 0.0524(4) 3.7(2)
C(64) 0.5110(4) -0.300(1) 0.0688(4) 4.5(3)

(continued)
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Table 5.2. (continued)

C(62) 0.5347(4) -0.0683(9) 0.0947(4) 3.3(2)
C(65) 0.5179(4) -0.326(1) 0.1271(4) 4.2(2)
C(66) 0.5326(4) -0.224(1) 0.1693(4) 3.5(2)
C(1) 0.6439(3) 0.180(1) 0.3534(4) 3.1?)
C(72) 0.6899(4) 0.130(1) 0.3438(4) 4.1(3)
C(73) 0.7377(4) 0.204(1) 0.3607(5) 5.6(3)
C(74) 0.7395(4) 0.329(1) 0.3878(5) 5.8(3)
C(75) 0.6953(4) 0.379(1) 0.3973(5) 5.0(3)
C(76) 0.6479(4) 0.308(1) 0.3802(4) 3.8(2)
c(@81 0.5993(3) -0.0215(9) 0.4024(3) 2.6(2)
C(82) 0.6099(4) C.038(1) 0.4575(4) 3.8(2)
C(83) 0.6272(4) -0.035(1) 0.5092(4) 4.6(3)
C(84) 0.6323(4) -0.170(1) 0.5067(4) 5.0(3)
C(85) 0.6208(4) -0.236(1) 0.4526(4) 4.9(3)
C(86) 0.6045(4) -0.161(1) 0.4016(4) 3.6(2)

(¢) Solvent molecules

Atom x y z B, A2
CI(1) 0.7667(2) -0.3035(6) 0.4817(2) 11.6(2)
Cl(2) 0.7571(2) -0.1967(6) 0.3671(3) 13.6(2)
Cl(3) 0.7035(2) 0.3707(6) 0.6474(2) 12.2(2)
Cl(4) 0.6313(3) 0.4311(6) 0.5299(3) 15.5(2)
C(101) 0.7549(7) -0.159(2) 0.4374(7) 10.6(5)
C(102) 0.6483(9) 0.348(3) 0.594(1) 16.7(9)°

aNumbers in parentheses in this and subsequent tables are
estimated standard deviations in the least significant digits. Thermal
parameters for the anisotropically refined atoms are given in the form of
the equivalent isotropic Gaussian displacement parameter defined as
8/3[a2B,y + b2Byp + c2Py3 + ac(cos PPy3 |- PRefined isotropically.
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and selected bond lengths and angles are given in Tables 5.3 and 5.4,

respectively.

Results and Discussion

(a) Description of Structure. Along with two dichloromethane
molecules of crystallization, the asymmetric unit in the structure of
complex 3 contains half of each of two crystallographically independent
molecules; the molecules are essentially mirror images of each other.
Molecule A is generated by rotation of the unique moiety containing Ir(1)
about the twofold axis at 0, y, 1/4, while rotation of the corresponding unit
containing Ir(2) about the twofold axis at 1/2,y, 1/4 generates molecule B.
The tables of bond lengths and angles list parameters for molecule A side-
by-side with the corresponding values for molecule B; it can be seen that
there are no significant differences between the geometries of the two
enantiomers, thus what is said in describing molecule A is consistent with
the structure of molecule B.

The structure of complex 3, molecule A is shown in Figure 5.1; a
view of the complex in an alternate orientation, in which only the ipso
phenyl carbons of the dppm ligands are shown, is presented in Figure 5.3
(Figures 5.2 and 5.4 show similar views for molecule B). The molecule
contains a twofold axis of symmetry passing through the centers of the
metal-metal and acetylenic carbon-carbon bonds, and is structurally remi-
niscent of the previously-characterized compounds [Rh,(CO),(u-n%n?-
PhCCPh)(dppm),],16 [Co,(CO)y(u-n2:1%-MeCCMe)(dppm),],24 [Cox(CO)y-
(u-n2:n?-PhCCPh)(dpam),]% (dpam = bis(diphenylarsino)methane), [Coy-
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Table 5.3. Selected Distances (A) in [Ir,(CO),(p-12:n?-DMAD)(dppm)a]-

«2CH,Cl, (3)

(a) Bonded

Molecule A Molecule B

Ir(1)-Ir(1’) 2.6694(6) Ir(2)-Ir(2") 2.6613(6)
Ir(1)-P(1) 2.329(2) Ir(2)-P(4) 2.332(2)
Ir(1)-P(2') 2.316(2) Ir(2)-P(3") 2.313(2)
Ir(1)-C(1) 1.875(9) Ir(2)-C(2) 1.859(9)
Ir(1)-C(5) 2.066(7) Ir(2)-C(8) 2.089(7)
Ir(1)-C(5") 2.099%7) Ir(2)-C(8') 2.115(7)
P(1)-C(3) 1.854(8) P(4)-C(4) 1.833(8)
P(1)-C(11) 1.834(8) P(4)-C(81) 1.827(8)
P(1)-C(21) 1.832(8) P(4)-C(71) 1.819(8)
P(2)-C(3) 1.832(8) P(3)-C(4) 1.843(7)
P(2)-C(31) 1.839(8) P(3)-C(51) 1.835(8)
P(2)-C(41) 1.818(8) P(3)-C(61) 1.826(8)
O(D-C(1) 1.151(9) 0(2)-C(2) 1.165(9)
0(3)-C(6) 1.19(1) O(5)-C(9) 1.216(9)
O(4)-C(6) 1.33(1) 0O(6)-C(9) 1.332(9)
04)-C(7) 1.46(1) O(6)-C(10) 1.44(1)
C(5)-C(" 1.45(1) C(8)C(8) 1.44(1)
C(5)-C(6) 1.47(1) C(8)-C(9) 1.44(1)

(b) Non-bonded
P(1)---P(2 3.058(3) P@3)---P(4) 3.069(3)

Some distances for Molecule B are listed out of order in order to
more clearly correspond to the related parameters for Molecule A. Primed
atoms are related to unprimed atoms by the crystallographic 2-fold axis
passing through the centers of the C(5)-C(5') and Ir(1)-Ir(1") bonds for
molecule A, and about the axis passing through the centers of the
C(8)-C(8") and Ir(2)-Ir(2') bonds for molecule B.



«2CH,Cl, (3)

(a) Bond angles
Molecule A

Ir(1")-Ir(1)-P(1)
Ir(1’)-Ir/1)-P(2')
Ir(1')-Ir(1)-C(1)
Ir(1')-Ir(1)-C(5)
Ir(1")-Ir(1)-C(5)
P(1)-Ir(1)-P(2)
P(1)-Ir(1)-C(1)
P(1)-Ir(1)-C(5)
P(1)-Ir(1)-C(5")
P(2')-Ir(1)-C(1)
P(2')-Ir(1)-C(5)
P(2')-Ir(1)-C(5")
C(1)-Ir(1)-C(5)
C()-Ir(1)-C(5")
C{5)-Ir(1)-C(5")
Ir(1)-P(1)-C(3)
Ir(1)-P(1)-C(11)
Ir(1)-P(1)-C(21)
C(3)-P(1)-C(11)
C(3)-P(1)-C(21)
C(11)-P(1)-C(21)
Ir(1')-P(2)-C(3)
Ir(1")-P(2)-C(31)
Ir(1)-P(2)-C(41)
C(3)-P(2)-C(31)
C(3)-P(2)-C(41)
C(31)-P(2)-C(41)
C(6)-O(4)-C(7)

93.54(5)
95.39(5)
157.2(3)
50.7(2)
49.7(2)
98.34(8)
101.9(3)
136.4(2)
98.8(2)
98.9(3)
107.8(2)
141.7(2)
107.7(3)
110.7(3)
40.9(4)
109.9(3)
123.6(3)
115.0(3)
102.7(4)
105.5(4)
98.1(4)
112.5(3)
120.1(3)
118.3(3)
101.4(4)
102.1(4)
99.6(4)
116.6(8)

Molecule B

Ir(2')-Ir(2)-P(4)
Ir(2')-Ir(2)-P(3)
Ir(2)-Ir(2)-C(2)
Ir(2')-Ir(2)-C(8)
Ir(2')-Ir(2)-C(8")
P(3')-Ir(2)-P(4)
P(4)-Ir(2)-C(2)
P(4)-Ir(2)-C(8)
P(4)-1r(2)-C(8")
P(3")-Ir(2)-C(2)
P(3')-Ir(2)-C(8)
P(3')-Ir(2)-C(8")
C(2)-Ir(2)-C(8)
C(2)-Ir(2)-C(8")
C(8)-Ir(2)-C(8")
Ir(2)-P(4)-C(4)
Ir(2)-P(4)-C(81)
Ir(2)-P(4)-C(71)
C(4)-P(4)-C(81)
C(4)-P(4)-C(71)
C(71)-P{4)-C(8D)
Ir(2')-P(3)-C(4)
Ir(2)-P(3)-C(51)
Ir(2')-P(3)-C(61)
C(4)-P(3)-C(51)
C(4)-P(3)-C(61)
C(51)-P(3)-C(61)
C(9)-0(6)-C(10)

Table 5.4. Selected Angles (deg) in [Iry(CO),(u-n2:n?-DMAD)(dppm),]-

93.42(5)
95.58(5)
157.0(2)
51.2(2)
50.3(2)
98.60(7)
102.9(3)
135.4(2)
98.3(2)
98.1(3)
109.6(2)
142.6(2)
106.4(3)
110.3(3)
39.9(4)
109.5(2)
123.3(2)
114.7(3)
103.2(4)
105.8(4)
98.6(4)
112.1(2)
119.8(3)
117.5(2)
102.6(4)
103.2(4)
99.1(3)
116.7(7)

(continued)
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Table 5.4. (continued)

Molecule A
Ir(1)-C(1)-O(1)
P(1)-C(3)-P(2)
Ir(1)-C(5)-Ir(1’)
Ir(1)-C(5)-C(5")
Ir(1)-C(5)-C(6)
Ir(1)-C(5)-C(5)
Ir(1')-C(5)-C(6)
C(5")-C(5)-C(6)
0(3)-C(6)-O(4)
O(3)-C(6)-C(5)
O(4)-C(6)-C(5)

(b) Torsion angles

P(1)-Ir(1)-Ir(1")-P(2) 10.16(8)

179.5(7)
112.2(4)

79.7(3)

70.8(4)
143.6(6)

68.4(4)
134.8(6)
126.4(5)
122.1(8)
126.3(8)
111.6(8)

C(5)-Ir(1)-Ir(1')-C(5") 13(1)

Some angles for Molecule B are listed out of order in order to more

Molecule B
Ir(2)-C(2)-0(2) 178.2(8)
P(3)-C(4)-P(4) 113.2(4)
Ir(2)-C(8)-Ir(2") 78.5(2)
Ir(2)-C(8)-C(8") 71.0(4)
Ir(2)-C(8)-C(9) 143.2(6)
Ir(2')-C(8)-C(8") 69.1(4)
Ir(2")-C(8)-C(9) 134.3(5)
C(8")-C(8)-C(9) 129.4(4)
O(5)-C(9)-0O(6) 121.3(7)
O(5)-C(9)-O(8) 125.6(7)
0O(6)-C(9)-C(8) 113.1(7)

P3)-Ir(2')-Ir(2)-P(4) 12.82(8)
C(8)-Ir(2)-Ir(2)-C(8") 14(1)

clearly correspond to the analogous quantities for Molecule A. Primed
atoms are related to unprimed atoms by the crystallographic 2-fold axis
passing through the centers of the C(5)-C(5") and Ir(1)-Ir(1’) bonds for
molecule A, and about the axis passing through the centers of the
C(8)-C(8") and Ir(2)-Ir(2’) bonds for molecule B.
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Figure 5.1. Perspective view of [Ir,(CO),(u-n%:n?-DMAD)(dppm),] G,
molecule A) showing the numbering scheme. Thermal
parameters are shown at the 20% level except for hydrogens,
which are shown artificially small for the DMAD methyl and
dppm methylene groups but are not shown for the phenyl
groups. Primed atoms are related to unprimed atoms by the
crystallographic 2-fold axis passing through the centers of the

C(5)-C(5") and Ir(1)-Ir(1’) bonds.
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(CO)4(p-n2n?-PhCCPh)(dppm)]% and [Cox(CO)g(u-n2:n2-RCCR)] (R = Ph, 22
Bu! 26b), Like these complexes, the metal nuclei of 3 are bridged by the
dppm and alkyne ligands, with the central C-C bond of the latter oriented
in a direction perpendicular to the metal-metal bond (the C(5)-C(5') and
Ir(1)-Ir(1’) bond vectors are rotated 88.0(4)° with respect to each other); in
addition, one carbonyl group is terminally bound to each metal. The
binding mode of the DMAD ligand is accommodated by a bending-back of
the diphosphine ligands (P(1)-Ir-P(2") = 98.34(8)°); this cis disposition of the
diphosphines at both metals has been observed in several of the above
alkyne-bridged species, as well as in the complexes [Ir,(H:(CO)(u-SiRPh)-
(dppm),]¥ (R = H, Ph), [Rh,(CO),(1-SiHR),(dppm),]?8 (R = Et, Ph), [RhyCly-
(u-X)2(dppm),] (X = Cl, CH;CO,, Ph,P(C¢Hy)),2® [(RR(PNP)),(u-nt:nt'-
DMAD)(u-PNP),] (PNP = (MeO),PN(Me)P(OMe),)* and [Pt;Me,(dRpm),]
(dRpm = dppm, dmpm [bis(dimethylphosphino)methane]).3! Before
determination of this structure no examples of dppm-bridged diiridium
complexes containing cis phosphines at both metal centers had been
known (although two examples were subsequently reported?’), and the
disposition of the dppm groups about the metals in 3 could not be assigned
based solely on spectroscopic data.

The coordination geometry about Ir(1) can be best described as dis-
torted trigonal bipyramidal, with C(1) and Ir(1’) acting as axial ligands
while P(1), P(2’) and the C(5)-C(5’) unit (the latter being viewed as a neutral
two-electron z-donor to each of Ir and Ir’) occupy the equatorial sites. Dis-
tortions from this model, especially the severely acute Ir(1)-Ir(1)-C(5) and
Ir(1")-Ir(1)-C(5') angles (50.7(2)° and 49.7(2)°, respectively} and the offset of
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the terminal carbonyl group C(1)O(1) from the Ir-Ir axis (Ir(1’)-Ir(1)-C(1) =
157.2(3)°), appear to result from the tendency of the bridging alkyne to put
the equatorial planes about the metal centers at nearly right angles to each
other (dihedral angle between planes containing Ir(1), C(5), C(5") and Ir(1’),
C(5), C(5') = 86.3(2)°), an effect counteracted by the bridging dppm ligands
in linking the equatorial planes (dihedral angle between planes containing
Ir(1), P(1), P(2") and Ir(1'), P(1"), P(2) = 13.8(2)°). The net effect is to force a
“bent” interaction between the metal centers, i.e. by forcing the bonding

orbitals on each Ir away from the metal-metal axis, as represented below. It

may be that this bent metal-metal bond results in a shorter Ir-Ir distance
than is usually observed in similar cases (vide infra), since the metals
must move closer together to maintain a favorable degree of metal-metal
overlap.

As experted, coordination to the metal centers has changed the
geometry of the DMAD group. The acetylenic C(5)-C(5’) distance of 1.45(1)
A is the longest thus far observed for binuclear complexes containing
bridging alkyne ligands.#1624 This distance is now comparable to that
between the acetylenic and carboxylate carbons (C(5)-C(6) = 1.47(1) A),

suggesting an increase in back donation from Ir into the #* orbitals of the
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alkyne bridge and apparent reduction of the C-C bond order. The C(5')-
C(5)-C(6) angle of 126.4(5)° is distinctly more acute than is usually observed
(133-145°%); only [Co,)(CO)g(u-n%:n?-CeFe)132 (C¢Fg = 3,4,5,5,6,6-hexafluorocy-
clohexa-1-yne-3-ene) possesses smaller C,-C;c-R angles (118(2)°, 122(2)°),
probably due to their endocyclic nature. In contrast to 3, the closely-related
compound [Rhy(CO),(p-n2:n?-PhCCPh)(dppm),]'é shows a separation of
only 1.33(1) A between the acetylenic carbons, and the C,.-C,-R angles
(133.0(8)° and 134.2(8)°) are normal. Overall the Ir,C, core of 3 can be
described as a dimetallatetrahedrane unit, with the distortions from this
model (especially from the ideal bond angles of 60°) mainly arising due to
the inherent inequity of the Ir-Ir, Ir-C and C-C bond lengths.

The methoxycarbonyl groups of the DMAD bridge lie in planes
essentially perpendicular to each other (dihedral angle between planes of
O(3)-C(6)-C(6') and C(6)-C(6')-O(3’) = 82.1(6)°), a phenomenon also observed
for complexes containing the same alkyne in the cis-dimetallated
form.5633 Avoidance of steric hindrances between the carboxyl oxygens of
the two CO,Me groups, and between these groups and the dppm phenyls,
appears to be the main driving force for this twisting.

The Ir(1)-Ir(1’) distance of 2.6694(6) A is the shortest so far observed
within the class of similar diphosphine-bridged systems, where the metal-
metal distances usually fall within the range 2.77-2.89 A;6.11.27,33,34 the
distance observed herein is more comparable to that found in another
perpendicular-alkyne bridged complex, [Ir,(CO)4(PPhy),(u-n2n?-PhCCH)]
(Ir-Ir = 2.691(1) A),% and to the Rh-Rh distance of 2.644(1) A in [Rhy(CO)y-
(u-n2:n?-PhCCPh)(dppm),].16 Presumably the short metal-metal separation
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is a consequence of the bite imposed by the alkyne bridge, which requires a
decreased Ir-Ir distance in order to maximize Ir-Ir and Ir-C overlaps, as
mentioned above. In spite of the short metal-metal separation and the
long distance between acetylenic carbons (vide supra), the Ir-C(5) and
Ir-C(5") distances (2.066(7) A and 2.099(7) A) are within the range
previously observed (2.05-2.13 A) for iridium atoms bound to alkyne
residues in related systems.68:11.12 The Ir-P distances (2.329(2) A, 23162 A)
are similar to those observed in other Ir,(dppm); complexes, and despite
the short Ir-Ir distance in the present case the intraligand P(1)---P(2)
separation (3.058(3) A) is normal.

(b) Description of Chemistry. The addition of one equivalent of
dimethyl acetylenedicarboxylate to a solution of [Ir,(CO);(dppm),] (1) in
toluene produces an initially deep blue-green solution containing (Ir,-
(CO),(u-n':n-DMAD)(dppm);] (2), which has been assigned the structure

shown below. The 31P{1H} NMR spectrum of this species shows a singlet

P~ p
Oc cO
N /
lr\ , Ir
Rc = cn R =CO,Me
P\/ P

resonance at & 5.18, indicative of only one type of phosphorus chemical
environment in the molecule. The 1H NMR spectrum shows signals for

two different types of methylene protons (multiplets at 5 4.36 and 3.42) and
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a singlet at § 2.61 for the methyl protons of the alkyne ligand, with a 1:1:3
ratio of intensities, implying (with the 31P(1H} NMR data) that the alkyne
unit is coordinated symmetrically to both metal centers. The 13C{1H]} spec-
trum of species 2 (prepared from addition of DMAD to 13CO-enriched
compound 1) shows a singlet at 6 191.0, with no resolved coupling to the
phosphorus atoms bound to iridium (?Jp.c < 2 Hz). No resonances are ob-
served at lower field, confirming that 2 contains only terminal CO groups.
Assignment of the solution infrared spectrum of this complex is more
difficult, as the bands are broadened; a stretch due to the acetylenic carbons
of the cis-dimetallated olefin (which would usually be observed in the
region 1550-1650 cm-1) could not be unambiguously identified. Although
these data alone do not distinguish between a formulation for the complex
in which the alkyne is coordinated as a cis-dimetallated olefin or one
containing a dimetallatetrahedrane unit, characterization of complex 3 by
X-ray crystallography eliminated the latter possibility. Species 2 is thus an
isoelectronic analogue of the structurally-characterized compound [Pd,Cl,-
(u-nl:n¥-HFB)(dppm),] (HFB = hexafluoro-2-butyne).36

Compound 2 is unusual in that although diphosphine-bridged rho-
dium or iridium A-frame complexes containing two terminal carbonyls
and a dianionic bridge are well known (e.g. [MM’(CO),(u-S)(dppm),], MM’
= Rh,,% Ir,,34a Rhir3), this is one of the few cases in which an alkyne is
spanning the metals with no metal-metal bond or other bridging group
(e.g. CO) other than the diphosphine ligands present. Besides [Pd,Cl,-
(u-nl:nV-HFB)(dppm),],3¢ the deep blue complex [Rhy(CO)o(u-nt:nt'-
PhCCH)(dppm),] has been reported by Eisenberg and coworkers.3?
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Although the latter species has a structure analogous to 2, it was obtained
via reaction of [Rhy(CO),(u-H),dppm),] with two equivalents of phenyl-
acetylene, yielding styrene as the second product. The same research group
has carried out studies of the reactivity of [Rhy(CO)3(dppm),] (the dirho-
dium analogue of 1) towards alkynes, but no mention has been made of
whether products containing cis-dimetallated olefin units have been
obtained from the tricarbonyl starting material. Related bis(dimethylphos-
phino)methane-bridged dirhodium complexes of formula [Rhy(CO),-
(u-n':nV-RCCR)(dmpm),] (R = COMe, CF,)40ab have been synthesized
within this research group, via borohydride reduction of the [Rh,Cl,(CO),-
(u-nl:n"-RCCR)(dmpm),]® precursors. It is interesting to note that direct
reaction of DMAD or HFB with [Rhy(CO)3(dmpm),] (an analogue of 1) led
to products containing two or even three RCCR units, two of which, [Rhy-
(CO),(u-nt:nV'-HFB)y(dmpm),] and [Rhy(CO)o(u-nt:nt-DMAD)(u-nt:nt'-
HFB)(dmpm),], have been characterized by X-ray crystallography.40b<
Compound 2 is stable in solution for several hours, but if it is left
overnight, the deep blue solution color fades to light orange-yellow, with
precipitation of a fine light yellow solid. Attempts to isolate 2 in the solid
state via addition of ether or hexanes to the blue solution result in forma-
tion of a light green flocculent solid that turns orange-yellow upon
standing. In both cases, the solids obtained have been identified as [Ir,-
(CO),(u-n2:n?-DMAD)(dppm),] (3), the structure of which was described
earlier. The infrared and NMR spectroscopic results are consistent with
the X-ray structure. Although, as was the case for complex 2, an infrared

stretching frequency for the central acetylenic carbons cannot be unam-
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biguously assigned, the crysta: structure shows that this bond has been
substantially weakened, thus the frequency for this vibration may lie in
the region where it may be obscured by bands due to other C-C stretches.
The progression from species 2 to 3 is similar to the behavior of the
abovementioned dirhodium analogue of 2, [Rhy(CO),(u-n':nV-PhCCH)-
(dppm),], which slowly converts to [Rhy(CO),(u-n2:n2-PhCCH)(dppm),].¥

It was surprising to find that the coordination geometry proposed
for 2 was not the most stable one since it has the iridium atoms in the
favored (+1) oxidation state with the usual square planar geometry.
However, it appears that the driving force for conversion of the bridging
alkyne ligand from a parallel to a perpendicular binding mode may be the
formation of a greater number of bonds. Although this transformation
results in a formal decrease of the acetylenic C-C bond order by one, an
additional two Ir-C bonds are formed (considering a localized o-bonding
model) along with the strong Ir-Ir bond. The mechanism by wiuch this
“twist” of the DMAD group into its final orientation is accomplished may
not be as straightforward as it appears. Through calculations using the

model systems [Coy(H)¢(u-n1:n""-C,H,)16- and [Coy(H)g(u-n2:n?-C,yry)]e,
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which possess structures directly analogous to 2 and 3, respectively,
Hoffmann4 has shown that a simple 90° rotation of the bridging alkyne
would result in the bonding orbital combination becoming antibonding,
and vice versa, a level crossing of highest occupied and lowest unoccupied
molecular orbitals that is forbidden by rules of molecular symmetry. Thus
conversion of the cis-dimetallated complex into the dimetallatetrahedrane
form may proceed via an intermediate in which the alkyne is coordinated
to only one of the metals. This species, formulated as [Ir,(CO),(n2-DMAD)-

(dppm),] (4) with the structure shown below, would be an analogue oi 1 in

%,
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which the alkyne has replaced a carbonyl group as a two-electron donor to
one of the metals. Such an intermediate would contain a coordinatively

unsaturated iridium center, which would be susceptible to recoordination



of the alkyne in either of the y-ni:n!’ or u-n2:n? binding modes, with the
latter path leading to the stable final product, 3. Binuclear dppm-bridged
species in which alkyne ligands are bound to only one of the metals have
been proposed as intermediates in previous studies,6.12.40c and one
example has been confirmed by an X-ray structure determination.!?

The conversion ¢ complex 2 to 3 is not thermally reversible, as
reflux in toluene leaves 3 unaffected. Reversible interconversions between
p-nl:n¥- and p-n2:n?-bound alkynes have been reported by Dickson
([(CsHg),Rh,(CO)o(u-nt:nt'-CF;C=CCFy)] & [(CsHg),Rhy(u-CO)(u-n2:n? -CF;-
C=CCFy)] + CO)4! and Takats ([(OC)Ru(u-nt:nV'-CF;C=CCF3)Co(CO)(CsMes)]
2 [(OC);Ru(u-n2n?-CF;C=CCF3)(u-CO)Co(CsMes)] + CO),42 but these pro-
cesses were effected by loss or gain of CO. The irreversible transformation
of [(CsHs),Rh,(u-nt:nt'-CFC=CCF,)(u-CO) (u-CF,CH)] to [(CsHs),Rhy(p-n2:m2 -
CF,C=CCF)(u-CF,CH)], observed by Dickson, is also accompanied by CO
loss.43 Compound 3 does not react with carbon monoxide, which may not
be surprising considering that the metal centers are already coordinatively
saturated. Formation of a carbonyl-bridged product would thus require
attack of CO at the other side of the Ir-Ir bond from the coordinated alkyne,
at a site protected by the steric bulk of the dppm bridges. For the same
reasons the failure of 3 to react with H, is not unexpected. Reaction of
Species 2 does react with CO, but the result is a mixture of unidentified
products.

The preparations of other alkyne-bridged derivatives of compound
1 were attempted but were not successful. Reactions of 1 with phenyl-

acetylene and diphenylacetylene did not proceed beyond starting materials,
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and the use of hexafluoro-2-butyne led only to a multitude of unidentified
products. This is surprising (and somewhat disappointing) considering
that [Rh,(CO);(dppm),] was reported to have formed adducts with
acetylene, phenylacetylene and diphenylacetylene, and that the HCCH-
and PhCCH-containing species served as catalyst precursors for the

hydrogenation of the coordinated alkynes.15.16

Conclusions

Despite its greater electron richness compared to [Rh,(CO)3(dppm).],
[Ir,(CO)3(dppm),] is less prone than its dirhodium analogue to react with
alkynes. This has unfortunately curtailed attempis to model the interme-
diates, especially hydridic species, of the alkyne-hydrogenation processes
undergone by the dirhodium complex. However, this is a rare example,
along with the dirhodium-phenylacetylene adduct, where a switch from
parallel to perpendicular orientation of the bridging alkyne group occurs
without any change in the number or identities of other ligands. In both of
the diiridium and dirhodium cases, a shift to perpendicular coordination
of the alkyne yields a more thermodynamically stable complex. Although
this process involves a reduction in the bond order between the acetylenic
carbons of the alkyne residue and a significant reorganization of the
metals’ coordination spheres, it may be favored due to the formation of
new Ir-C and Ir-Ir bonds. The presence and relative stability of the inter-
mediate containing the cis-dimetallated olefin unit does, however, illus-
trate that the attainment of the more favorable coordination geometry is
not a trivial process, despite the fact that in previous studies alkyne

migration about the bimetallic core had been shown to be extremely facile.
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Chapter 6

Conclusions

One of the original goals of this thesis project was to prepare and
characterize heterobimetallic rhodium-iridium compounds that, aside
from two bridging dppm ligands, contained only hydride and carbonyl
ligands; our interest was in determining how the characteristics of the two
different metals would influence the overall properties of the complexes.
A series of Rhir complexes has been prepared that, as may have been
expected (based on the greater strength of Ir-H and Ir-CO vs. Rh-H and
Rh-CO bonds), has a greater number of members than the related Rh,
series (which was limited to the four species [Rhy(CO)3(dppm),), [Rhy(CO)2-
(u-H)(dppm),]*, [Rhy(CO)o(u-H)(u-CO)(dppm)]* and [Rhy(CO)y(u-H),-
(dppm),)) but is not as extensive as the family of Ir; carbonyls and hydrido-
carbonyls (which consists of twelve compounds, ranging from the tetra-
and pentacarbonyls [Ir,(CO)4(dppm),] and [Ir,(CO) 4(u-CO)(dppm),]?* to the
tetrahydride dicarbonyls [Iry(H)4(CO),(dppm),] and [Ir,(H)4(CO),(dppm),]2+).
In this and other closely-related studies on heterobimetallic rhodium-
iridium compounds it has been found that the rhodium center almost
always assumes a sixteen-electron configuration with a square-planar
coordination geometry. The iridium center, usually eighteen-electron, is
less constrained in terms of available coordination environments. In these
carbonyl and hydridocarbonyl complexes the greater basicity of iridium

and the greater strength of Ir-H compared to Rh-H bonds promotes forma-
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tion of the 16e—Rh/18e--Ir core configurations, and leads the iridium
center to, whenever possible, coordinate more carbonyl or hydride ligands
than the rhodium atom in the same complex. This can result in the
heterobimetallic compounds taking on significantly different structures
than are observed for the homobimetallic analogues, as can be clearly seen
by comparing the complexes [M,(CO);(u-H)(dppm),]* and [Mx(CO)y(u-H),-
(dppm),] (M = Rh, Ir) with the respective heterobimetallic analogues,
[RhIr(CO)3(u-H)(dppm),)* and [RhIr(H)(CO),(u-H)(dppm),]. The Rh; and Ir,
species possess mirror symmetry (i.e. the same number, type and disposi-
tion of ligands at both metal centers), while the Rh and Ir centers of the
mixed-metal compounds assume dissimilar coordination environments,
an apparent consequence of the stronger bonding of CO and H ligands to
Ir, favoring terminal Ir-H and Ir-CO groups over Rh-H-Ir and Rh-CO-Ir
bridges.

The strong tendency of the rhodium center of these mixed RhIr
complexes to remain coordinatively unsaturated is an advantageous
feature that we had planned to exploit, since it presents an incoming
unsaturated organic substrate (e.g. olefin or alkyne) with an open coordi-
nation site on the complex. Whether the coordinative unsaturation on Rh
could then allow access to the saturated Ir center was a matter of interest.
The importance of the rhodium center in this regard is clearly seen in the
CO scrambling displayed by [RhIr(CO);(dppm);] and [RhIr(CO);(u-H)-
(dppm),]*+. Although neither of these species is observed to undergo facile
carbonyl exchange at ambient temperatures in the absence of excess carbon

monoxide, under excess CO facile scrambling takes place, presumably
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through the respective carbonyl adducts [RhIr(CO)4(dppm),] and [RhIr-
(CO)4(u-H)(dppm),]*. Although neither of these species is stable in the
absence of CO (with the tetracarbonyl hydride not actually observed, only
inferred) they are both necessary to explain the scrambling observed. These
adducts suggest that the first step in reactions between small molecules
and RhlIr species, such as those discussed herein, involves coordination at
the rhodium center. The captured substrate (e.g. an alkyne or olefin) is
then in a favorable position to react with ligands associated with the
iridium center (e.g. one or more hydrides). Thus, although the two metal
centers would not necessarily be bound simultaneously to the substrate
molecule, activation of substrate can still be a cooperative process.
Although an original objective of this work had been to study the
reactivity of the diiridium and mixed rhodium-iridium hydridocarbonyl
species (especially towards unsaturated organic substrates), a parallel
investigation of the chemistry of the formally zero-valent tricarbonyl
species [MM'(CO)3(dppm),] (MM’ = Rhy, Ir,, Rhir) proved to be particularly
interesting, and was ultimately pursued at the expense of the chemistry of
the diiridium and rhodium-iridium hydridic species. These tricarbonyl
compounds were readily obtained from the neutral hydridocarbonyl
complexes mentioned earlier by reaction with CO. Shortly after
commencement of this work the structure of [Rhy(CO)3(dppm),] was
published by Eisenberg and coworkers, showing it to be quite unlike the
“A-frame” configurations commonly seen in the chemistry of bis(dppm)-
bridged binuclear compounds. This structure, and that of [RhIr(CO)3-

(dppm),], determined in this work, suggest that these complexes possess
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mixed-valence M(I)-M’(-I) cores, built-in coordinative unsaturation at the
M(I) centers, and dative M’(-D—M(I) bonds. The low oxidation states at
both metals and the open coordination site at one center suggested that
these species would be especially susceptible to oxidative-addition reac-
tions, which might yield useful information about the roles of adjacent
metals in such processes. We had already determined that the Ir, and Rhir
compounds oxidatively add H, to yield the aforementioned hydridic
species, soO investigations of oxidative additions of substrates of the form
H,oX (X =S, Se, SiRR’) seemed to be a natural extension to this work. Our
primary interest was to attempt to utilize both metals to activate both
geminal X-H bonds, and to establish how the adjacent centers were
involved in such activation.

Through use of variable-temperature multinuclear NMR spectro-
scopy, it has been shown that reactions between H,X-type molecules and
[Ir,(CO)3(dppm),] (the best-studied member of the series) appear to have a
common initial step, that being the attack of one X-H bond upon the
coordinatively-unsaturated Ir(I) center to form the unstable intermediate,
[Ir,(H)(XH)(CO);3(dppm),]. In the case of H,S or HSe it is reasonable to
propose that coordination of the intact substrate to the Ir(I) center through
a donor electron pair (to form [Ir,(XH,)(CO)3(dppm),)) occurs as a prelude
to the oxidative-addition process. In the initial stages of the reaction the
adjacent, coordinatively saturated Ir(-I) center seems to act as a source of
electron density; the dative Ir(-D->Ir(I) bond appears to especially enhance
the ability of the Ir(I) center to undergo X-H bond addition, making this

nucleus more electron-rich than it would normally be. Involvement of
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the second metal (the original Ir(-I)) requires loss of a carbonyl ligand, and
the coordinative unsaturation thus generated can be readily alleviated by
interaction with the substrate moiety already attached to the adjacent
center. Oxidative addition at the second metal then rapidly follows. In the
case of addition of H,S to [Rhy(CO);3(dppm),] the hydrido intermediates are
not observed, presumably due to the lability of these species and the
apparently facile reductive elimination of H,. However, the diiridium
system, for which several hydridic intermediates were spectroscopically
characterized, would appear to serve as a good model of the rapid addition,
rearrangement and elimination processes undergone by the dirhodium
analogue.

The significant differences between the chemistry of the heterobi-
nuclear species and that of the homobinuclear analogues are clearly seen
in the reactivity of [RhIr(CO)3(dppm),] towards H,S, H,Se and silanes. The
homobinuclear complexes undergo facile oxidative addition of both
geminal heteroatom-hydrogen bonds to yield the respective sulfido-,
selenido- and silylene-bridged products. In contrast, oxidative addition of
only one S-H or Se-H bond of H,S or HySe to the RhIr species occurs,
yielding sulfhydryl hydride and selenohydryl hydride products. Oxidative
addition at Ir has apparently taken place in each case, although oxidative
addition at Rh followed by facile rearrangement cannot be ruled out. If
oxidative addition has occurred at Ir, the question arises as to how the
required coordinative unsaturation at this metal is generated. The labile
tetracarbonyl [RhIr(CO)4(dppm),] (the CO adduct of [RhIr(CO)3(dppm),))

was found to scramble carbonyls over both metal centers, and this species



is isoelectronic with [RhIr(H,S)(CO)3(dppm);], the proposed initial Hp5S

213

adduct of [RhIr(CO);(dppm),l. Exchange of hydrogen sulfide and one

carbonyl between the metals would place HyS on Ir in a position to
undergo S-H activation by this metal. The second sulfur-hydrogen bond
remains unactivated by the rhodium center, which may be due to the fact
that in the final product, [RhIr(H)(CO),(u-SH)(dppm),], Rh has attained its
preferred sixteen-electron square-planar configuration.

The reactions of [RhIr(CO);(dppm),] with silanes were also very
different from those involving the dirhodium and diiridium analogues,
which cleanly yielded silylene-bridged products in most cases. With the
RhIr species complex mixtures of products were obtained in all cases. This
is not unlike the results of silane addition to [RhRe(CO)4(dppm),], which
also gave a multitude of products.! The reasons for these differences are as
yet unclear, and given the ease of reactivity these reactions should be
reinvestigated at low temperatures.

The reactions of [Ir,(CO)3(dppm),] with thiols and selenols were
undertaken in an attempt to isolate and characterize stable adducts
modelling early intermediates in the reaction with H,S or HpSe that
contain only one oxidatively-added S-H or Se-H bond. Such species were
not observed under ambient conditions, and the products formed
contained two thiolates or selenolates, three carbonyls and no hydride
groups. Variable-temperature NMR studies have indicated that attack of
the substrate at the d® Ir(I) nucleus is again the initial step. The electron-
richness of the second Ir center is now important in that the intermediate

thus formed, [Ir,(H)(XR)(CO),(u-CO)(dppm),] (X = S, Se), is receptive to the



addition of a second X-H bond that, unlike the case for the HyX substrates,
is not already incorporated in the complex; however, this center is still
coordinatively saturated and must still undergo loss of CO before the
second addition can take place. This infers the formation of a dicarbonyl
intermediate, which was never observed, even at low temperature. Stable
analogous rhodium thiolate complexes, [Rh,(SR);(CO)»(u-CO)(dppm),],
were not obtained, which may not be surprising since such species might
be expected to be even more prone to decomposition via CO loss than the
compound [Iry(SEt)5(CO),(u-CO)(dppm),] has proven to be.

Although the initial species in the reaction between the activated
alkyne, dimethyl acetylenedicarboxylate (DMAD), to [Ir,(CO);(dppm),] were
not observed as were those in the oxidative additions of silanes and
sulfur/selenium-hydrogen substrates, it seems reasonable to propose that
the initial steps of this reaction are similar. The first intermediate would
be formed by coordination of the alkyne in an 7?2 fashion at the Ir(I) center;
such a spedies, [Ir,(CO)3(n2-DMAD)(dppm),], would likely possess a static
structure comparable to those of [Cox(CO)4{(MeO),PN(Me)P(OMe),},],2
[Cox(CO),4{(CH,0),PN(Et)P(OCH))),]3 and (Ir,(CO) 4(dmpm),],* which are
very similar to those of [Rhy(CO)3(dppm),] and [RhIr(CO)3(dppm),] except
that an extra CO ligand is bound to the M(I) center, resulting in an
eighteen-electron trigonal bipyramidal configuration at this metal. It has
been shown that, in solution, [Ir,(CO)4(dmpm),] undergoes interchange of
the four inequivalent terminal carbonyl ligands via formation of a doubly-
bridged intermediate, [Ir,(CO),(4-CO)o(dmpm),];# rearrangement of the
species [Ir,(CO)5(n2-DMAD)(dppm),] in an analogous fashion to form [Ir,-
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(CO),(u-CO)(u-nl:nt"-DMAD)(dppm),], followed by elimination of the
bridging carbonyl, would yield the first product observed, [Iry,(CO),(u-nl:nt'-
DMAD)(dppm),]. The lack of reaction between nonactivated alkynes and
[Iro,(CO)3(dppm),] is unlike the reactivity, described by Eisenberg and
coworkers, of these substrates towards [Rhy(CO)3(dppm),). In the present
case, elimination of coordinated alkyne from the tricarbonyl intermediates
mentioned above may be a more favorable process than loss of a carbonyl
ligand, unless the alkyne is sufficiently m-acidic to bond as strongly to
iridium as does CO. Presumably the carbonyl ligands are less tightly bound
to the less basic rhodium atoms, and would therefore be more susceptible
to substitution by even poor m-acceptor ligands.

An important overall result of this study has been the crystallo-
graphic characterization of several complexes displaying the dppm ligands
in coordination modes other than the most commonly-observed form,
trans at both metal centers. Of the five compounds in this thesis for which
structures were determined, three were found to have the diphosphines
disposed cis at both metals, while one showed ds diphosphine coordina-
tion at one nucleus and trans at the other. Before commencement of this
project, no examples of dirhodium and diiridium dppm complexes
containing cis,cis- or trans cis-Mp(dppm), frameworks were known, but the
structures described herein, as well as those of [Rhy(CO)3(dppm),], [Rhy-
(CO),(u-n%:1%-PhCCPh)(dppm),] and [Rhy(CO),(u-SiHR),(dppm),] (R = Et,
Ph) as determined by Eisenberg and coworkers, illustrate the accessibility of
such configurations in this family of complexes.

This study has clearly shown that the low-valent complexes of

215



interest are active towards oxidative addition and that both metals can be
involved in the double activation of either geminal X-H bonds (of H,S,
H,Se and H,SiRR’) or of X-H bonds of two substrate molecules (RSH,
RSeH). The idea that the starting complexes can be formulated as mixed-
valence M(I)/M’(-I) systems seems quite reasonable. Throughout this work
it had been the idea that the metal in the -1 oxidation state functioned as a
good donor of electron density to the adjacent M(I) center, enhancing the
susceptibility of the latter towards oxidative addition. This view has
recently found support from the results of the reaction of [Ir(CO)3(dppm),]
with the strong alkylating agent methyl triflate (CH;3SO;CFj3). Rather than
yielding the expected cationic methyl compound, an unusual example of
C-H activation of the methyl group has taken place to yield (Ir,(H)(CO);-
(u-CH,)(dppm),]*+, which contains a bridging methylene group and a
terminal hydride ligand.5 Although the mechanistic details of this activa-
tion are unknown, it is assumed that the methyl group is carbon-bound to
one metal while activation of a C-H bond by the adjacent metal occurs,
presumably through an agostic C-H-Ir interaction. Activation of C-H bonds
of neutral organic molecules, however, would be expected to be much less
favored (with orthometallation of a dppm phenyl ring, as was the case for
the compound [IrOs(H)z(CO);;(;t-173-(0-C6H4)PhPCH2PPh2)(dppm)], a more
likely result), but the reactivity of the [MM'(CO)3(dppm),] compounds
towards substrates containing carbon- or silicon-halogen bonds is worthy
of investigation. Further studies of the reactivity of the hydridocarbonyl
species, especially the coordinatively unsaturated dihydrides [Ir,-

(CO),(u-H),(dppm),] and [RhIr(H)(CO),(u-H)(dppm),], towards olefins and
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alkynes should also be pursued, particularly in light of the ability of [Rh,-
(CO),(u-H),(dppm),] to hydrogenate such substrates. A potentially more
challenging direction would be to extend the chemistry of the diiridium
and rhodium-iridium hydridocarbonyls from these dppm-bridged species
to systems containing the more basic dmpm ligand. Such chemistry would
build upon that already developed within this group and by Kubiak and
coworkers,4 and would provide the opportunity of studying oxidative-
addition reactions and coordination and conversion of unsaturated

organic molecules with a more electron-rich, less sterically hindered

binuclear framework.
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Solvents and Drying Agents

Benzene
Dichloromethane
Diethyl ether
Hexanes
Methanol
Nitromethane
Tetrahydrofuran

Toluene

Sodium metal

Phosphorus pentoxide
Sodium benzophenone ketyl
Sodium-potassium alloy
Sodium metal

4A Molecular sieves

Sodium benzophenone ketyl

Sodium metal



