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ABSTRACT
o
The reaction of DPM (DPM = bis(diphenylphosphino)-

metﬁade =’Ph2PCH2PPh2) with [Irc1(C8Hl4)2]2 ungér CO yields
the binuglear complex [Ir2C1(CO)3(p-CO)(DPM)zl[ClT from
whfch the BF,~ salt can readily. be prepared. Carbonyl-loss
from the chloro salt firg&,yiefﬁ?*& mixture ofvtwo isomers
Qf [Ir2C12(CO)2(p~CO)@gP£)2] and finally“trans-[IrCl(CO)—
(DPM)],, whereas CO-loss from the BF4~ salt‘gives [IfQ(Co)z—
(p-Cl) (p-CO) (DPM,)1[BF4]. The Qiéarbonyl A-frame complex
[Irz(CO)z(p-Cl)(DPM)2]+ is obtaihed by the reaction of
trans—[IfCl(CO)(DPM)]z with Ag§F4. The two isomers of
A[Ir2C12(CO)2(p-CO)(DPM)2] rapidly interconvert in solution
and cg-grystallize in thé>solid state. An X-ray structural

A

determination shows that the terminal chloro and carbonyl

ligands are disordered. i
Therreaétions of‘frans-[IrCl(CO)(DPM)]z with dimeéhyl—

acetylene dichrboxyla£e (DMA), hexafluoro-2-butyne (HFB) and
acet;aene yields the complexes [Ir,Cl5(CO),(p-RCyR)(DPM),]
(R = CO,CH3, CF3, H). An X-ray structural determigatibn of
the DMA adduct shows that the alkyne bridges the metals as a
cis—dimetallated olefin. Refluxing the DMA and HFB adducts
in toluene results in ‘the loss;gz one CO per diﬁgﬁ. Reacéion
yof the DMA and HFB addﬁcts with“AgBF4 produces [Irzci(co)z—

Pt ) .
(p-RCzR)(DPM)z][BF4] (R = CO,CH3, CF3) which are observed to

-

’

iv



iy

be flufional in solution. Isoméfs of these latter two
compounds are prepared by the reaction of DMA and HFB with
[Ir2(CO)2(p—Cl)(DPM)2][8F4]. Both isomers react with CO to
give [1r,C1(CO);(u-RC,yR)(DPM),IIBF,]. |

The reaction of trans-[IrCl(COMDPM)], @%&h H, yields

(Ir,(H)»Cl,(CO),(DPM),] in which the hydride ligands are
2 (H)2C15(CO)5 2 |

. £ o . . .
mutually cis on adjacent metals. This complex reacts with

one equivalent of DMA to give [Ir,(H)(CH3C0,C=CHCO,CH3)-
(co),(ppPM), 1], whére the alkyne has inserted into one of the
Ir-H bonds. The reaction of [Iry(CO)p(p-C1)(DPM),][BF,]
with H, initially yields [IEE(H)4Cl(CO)2(D%y)2][BF4] which
upon heating produdes [Irz(H)z(CO)z(u—Ci)(DPM)z][BF4]. This
compound reacts with an excess of DMA in CHyCl, to give . :
[Irz(Cﬁ3C02C$CHC02CH3)2C12(CO)2(DPM)2] as the major
product. An X-ray sﬁructural determination shows thgt
alkyne ihsertion has océurréd.intO-both Ir-# bonds.

) _The reaction of trans-[IrC1(CO)(DPM)], with excess NaOH
yields [Ifz(CO)z(p—OH-Cl)(DPM)2] which upon treagment*with
HBF4+Et,0 gives [Ir,(C0),(p-OH)(DPM)51[BF4]. An X-ray
s£ruétural detérmination was done on the former. ‘ReactiOn

-

of the former product with CO produces the binuclear Ir(0)

complex [Irz(CO)4(DPM)2] which after flushing with N, yields

[1r,(CO)o(pu-CO)(DPM)5]. Reaction of [Iry(C0O),(p-OH)-
(DPM) 5 1[BF4] with CO produces [Ifz(co)z(p—ﬁ)(p-coi—

{(pPM),J[BF4]. This latter complex reacts with HBF4°Et,0 to
2 4 4°5%2



“ud

2

give EIrz(H)(CO)Z(u—H)(p—CO)(DPM)2][BF4] which rearranges
gith time yieldiné the isomeric complex [Ir,(H);(CO)3~
(DPM)Z][BF4]2. Reaction of either of these dihydrides with
O produces [Iry(CO)4(u-H),(DPM),1[BF ], and * ~
[Irz(CO)4(p—CO)(DPM)z][BF4]2 in the ratié 9:1, the latter
product resulting from reductive eliminatiap of Hy.
Refluxing [Ir,(H), (COY (DPM),1[BF4), in CH3EN also produces
some H, ellmlnatlon and the formaE;?? of [}rz(CO)z(CH3CN)2-
(p-co)(DPM),][BF4l,. Reaction of [Irz(CO)4(p—CO)(DPM)2j—
[BF4], with OH™ yields [Tr,(c0),(p-H) (p=CO) (DPM),1[BF,]
whereas reaction Of [Irz(Co)z(CH3CN)2(p-CO)gDPM)zltBF4]2
wifh OH™ gives a mixture of this hydride and the bridging
hydroxide complex [IrZ}CO)z(u-OH)(DPM)ZJEBF4].

The reaction of trans-[IrCl(co)(DPM)], with NaBH, under
a H, atmosphere yields the hydride complex, [Ir(H)4(CO)p-
(DPM),]. Addition of acid to this complex under H» produces
the pentahydride [Irz(H)3(CO)2(p—H)z(DPM)z][X] (X = BFg

Cl~, OMe~). 1In solution this species loses a proton to give

.[}r2§H)2(CO)2(p—H)Z(DPM)z].' 1f the addition of acid is

performed under an Ny atmosphere, the trihydride [Ir,(H)-
?
(co) (u—H)Z(DPM)z][X] is isolated. An X-ray structural
. S ¢
détermlnatlon was performed on the chloride salt. The

«
~—

addltlon of HBF4°Et20 to this trlhydrlde ylelds the complex

a

[Irp(H),(CO)4(u=H)o(DPM)1[BF415.

vi
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CHAPTER 1

o

Introduction

Transition metal h%?rides, defined as complexe# in ﬁﬁgf
which.a hydrogen atom is bound to one or more tfapsitfgn‘\
metals, are among the most extensively studiéd'groups of
compounds in inorganic cﬁemistryi'2 and have been shown to
play an important role ih;many stoichiometric and catalyti;
reactions.3 Historically, the_ nature df the metal-ﬁydrogen
interaction has been.a controversial subject. In 1939,
Ewens and Lister carried out electron'diffraction studies
on gaseo&g HCO(CO)4 and HyFe(CO)4 and concluded that the
metal atoms were surrounded by a tetréhedron of carbonyl
groups.4 They concluded that the hydrogen atoms exerted no
stereochemical influence and were likely attached to the
oxygen atoms of the carbonyl groups. Later, Hieber
proposed that the hydrogen atoms were buried in the metal
orbitalsmmaking FeH, and CoH'into pseudo nickel atoms. >
This idea Qas further promofed by thé very large upfield
shifts observed in the 1y MR spectrum of HCo(CO)4-6 An
‘LLCAO calculation performed by Cotton in 1958, which

suggested that the Co-H bond distance was no longer than

1.2 R, provided additibnal support for this view.! 1In the



period 1939-59, transition métalfhydride complexes were
studied using I.R., N.M.R. and electﬁon diffraction
techniques with the general conclué&on being that the H
atom exerted no stereochemical influence and lay buried in
‘the electronic core of the metél atom. This view changed
with thé-fi;st X-ray diffri%tion studies of hydrides and in
particular with the structure of HRh(CO) (PPh3); by LaPlaca
and Ibers in 1963.8 1In this structure the hydride was
located and observed to occupy a normal coordination site
with.a bond length of 1.72(15) A, implying hprmal covalent
bonding between the hydrogen atom and the metal.

As this and t?e many X-ray and neutron diffraction . Lo

studies done since confirm,? a terminal metal—hyaride bond

is best considered as a simple two electron covalent

bond. However, when thé}hydride interécts_with two or more
metals the bonding picture is not so clear. For example,
in complexes which contain a M-H-M unit, it has been found
in all cases that the M-H-M framework is nonlinear and that
the two metals are close enough to have signifﬁcant
interaétion.9 This tyée of bonding is best déscribed as a
3-centre 2-electron bond és proposed by Mason and
Mingos.lO The orbital combinations as shown below, using
the dz2 orbitals of the metals and the ls of the hydrogen

atom, are reminiscent of those used to explain the B-H-B

bridged bonding in ByHg. This type of scheme explains both



the bent framework and the significant metal-metal

intetaction.
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The 'term hydride is actually a misnomer since a wide

range of metal-hydrogen bond polarities is observed

throughout the transition series,

ranging from the hydridic

nature-of Cp,ZrHCl 11 to the strongly acidic nature of

HCo(CO)4.12 As the following table demonstrateé, changing

the metal and/or the ligands can have a significant effect

on the écidity of the metal hydride.



Table 1. Acid Dissociation Constants of Some Transition

Metal Hydrides.l3
Complex K, LH,0)
‘ HCo(CO) 4 <2
HCo(CO) 3PPhy 1.1 x 1077
HMn (CO) g 8 x 1078 iﬁ
HRe(CO)g , very weak acid
HyFe(CO)y - 3.6 x 1077 (Ky)

1 x 10714 (k,)

As mentiénedvpreviously, traﬁsition metal hydridgs
play an important role in many homogeneous catalytic¢
reactions. The most widely studied and perhaps best known
of these is the hydrogenation of olefins. In order to
demonstrate why catalysts are needed, it is useful to first
consider the uncatalyzed addition of hydrogen to an
‘olefin. This process could theoretically occur by either
of the two paths shown below. The firéﬁ, a concerted
process, is forbidden by Woodward—Hoffman14 orbital
symmetry rules and thus has a high activg}ion bafnier,

while the second, a stepwise process, is also highly

unfavoured because it involves the formation of hydrogen

~
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atoms, a high energy process. Thus the role of the
catalyst is to accomplish the transfer‘of hydrogen to the
olefin by a relatively low energy pathway. To see how a
transition metal hydride can accomplish the task, i£ is
instructive to look at an actual example, the hydrogenation
of olefins by Wilkinson's cataiyst, RhC1(PPhy)3. The
mechanism of this reaction has been studied in depth and
the basic steps involved are representative of those
proposed for most other hydrogenation caialysts.3'}5—19
The first step ig believeaﬁéo involve phosphine
dissociation from the trisphosphiﬁe cdmplex to give a
highly reactive intermediate, which rapidly oxidatively -
adds a molecule of hydrogen to give a bisphosphine
dihydride complex (see below). ‘Since this Q}hydrido
intermediate is a coordinatively unsaturated l6e species,.
an olefin can coordinéte to it and subsequently insert iﬁto

a metal-hydrogen bond yielding an alkyl hydfide complex.

=
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Rapid reductive elimination follows yielding an alkane and
the parent unsaturated bisphosphine species. Addition of

hydrogen to this latter species reinitﬁates the process as

shown below.
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Another hydrogenation catalyst, HRh(CO)(PPhj)gs,
. ¢ o - Lo
operates B§ a similar mechanism but with the significant
difference that hydrogen addition is not the first step in
) L

]



the catalytic cycle. As the scheme below shows, transi-
/ o ‘
tion metal hydrides can act as catalyst precurso7s ow1ng to

the presence of<chemically active i1 1lgand
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It can be seen from these examples that-the'net‘

transfer of hydrogen to‘the unsaturated olefln is based on

the ablllty of . the metal to cleave the H-H bond w1th ‘the

simultaneous %quatlon of two M- H bonds and to subsequently
* ¢ g

‘coordinate the olefin such that transfer othhe hydrogen |

atoms from the metal to the olefln can occur. One p01nt

relevant to this 1atter step is that the metal-hydrogen

*‘\

bonds must not be ;oo_sprong‘or no transfer of hydrogen-to"v
the olefin will take plaée.d Another prerequisite for the

reaction is that the unsaturated molecule; in ‘this case the



olefin, be able to coordinate to the catalyst. This 1is an
important step and often dete}mines which substrates can
successfully be hydrogenated.19

The use of hydrides in catalytic systems 1is not
limited to olefin hydrogenation. Other reactions catalyzed

by transition metal hydrides include olefin

isomerization,?3 hydroformylation24 and the water gas shift
reaction.25
Although the preceding examples dealt with complexes
containing only one metal atom, this 1s not a fundamental
requirement of catalytic systems. On the contrary, there
has been increasing interest of late in the corresponding
chemistry of polynuclear transition metal complexes.26“28
In principle, polynuclear complexes have the added feature
that more than one metal atom can interact with the
incoming substrate molecule. This can result in new
bonding modes not available in mononuclear chemistry and in
idereased activation of the substratewtowards'further
reaction. Furthermore, polynucle@gig;ecies also have the
capability of redistributing their ligands by allowing them
to migrate from one centre to another, creating a vacant
coordination site for either an ipcoming ligand or one that
is aiready coordinated.2? 1In contrast, as was pointed out

in the previous examples, ligand dissociation is often

required for the generation of an open site in mononuclear



species. This latter process depends highly on.the nature
of the ligands and is not always feasible.

One of the major problems encountered in studying
polynuclear systems is their tendency to §ragment into
mononuclear species under the conditions employed.3o One
of the ways currently employed to circumvent this problem
is the use of multidentate bridging ligands which hold the
metals in close proximity throughout the course of the
reaction but are sfill flexible enough to allow for the
breaking and formation of bonds between the metais.31'32
One such ligand which fulfills these requirements 1is
bis (diphenylphosphino)methane (DPQ). This ligand has
displayedNthe ability toﬁform a large variety of stable ®
binuclear complexes with group VIII metals and 1is flexible
enough to allow wide range of metal-metal separations to
occur .33 ‘Two particular DPM—bridged'complexes of“kh are
shown below. Of relevance to this thesis is the fact that
both complexes have been reported fo act as acetylene
hydrogénation catalysts under mild conditions and I1 was
also shown to be a catalyst for the water gas shift
reaction.34'35 In none of these reactions was information
available concerning the nature of the intermediates
in;olved. For example, although I acts as a hyarogenation
catalyst, no evidence for any hydride or alkyl species Qas
observed. It is important to understand the mechanisms

involved with these reactions in order to determine what
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effect, if any, the presence of the second metal cent;e has
on the observed chemistry, and in particular on the
catalytic reactions of interest. One way of finding out
more about unstable intermediates\is to examine model
complexes which resemble these intermediate but are stable
and‘more readily characterized. Owing to the generally
greater stability of iridium hydrides and alkyls compared
to rhodium, binuclear Ir—DPM'Complexes shouid function as
useful models for probing the observed Rh chemistry.

With the above ideas in ﬁind, the aim of the étudies
described in these thesis are two fold: 1) to prepare
binuclear DPM-bridged compounds analogbué to those known
for Rh and 2) to examine thesé compounds as potential model

systems for the Rh chemistry, particularly examining what

role binuclear DPM hydrides play in catalysis.



CHAPTER 2
THE PREPARATION AND CHARACTERIZATION OF SOME BINUCLEAR DPM-

BRIDGED COMPLEXES OF IRIDIUM AND THE STRUCTURE OF ONE

PRODUCT, [Ir,Cl,(CO),(p-CO)(PhyPCHyPPhy);]+3Cy4HgO.
Introduction

There is considerable current interest in multinuclear
metal complexes and in their reactions with small
molecules, especially with regards to their potential
catalytic activity and their relationship to reactions at

. 26,36 o ° s . :
~metal surfaces.<vr The prototype multinuclear system 1s

\
the binuclear one in which the -two metals are in close

proximity to one another. In such systems it. is common to

.use bridging groups toO hold the metals together in order to

maintain the integrity of the complex during the course of
4

reactions. One class of binuclear compounds which has been

[ ¢ 4

shown to display a rather diverse chemistry utilizes

<

bidentate ligands, such aélbis(diphenylphosphino) methane
(DPM) or related groups, to bind the two metals. Binuclear

complexes bridged by such groups have been extensively

studied for rhodium,34'35'37‘73.pélladium74"93 and

platinum94'138 and more recently for mixed metal systems
involving one or more of these metals.139';49

11

1) N
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A major area of research in this group has centred on
the reaction of small molecules with binuclear Rh-DPM
complexes.24'48'6o'69 "1t was decided fo extend this work
to include analogous complexes of iridium with the

" intention of isolating and Eharacterizing iridium complexes
which bore a strong resemblance to potential intermediates
in the rhodium chemistry and by so doing, obtain
information about,tﬂese labile rhodium intermediates. 1In
order to fully devel;p this chemistry, it was necessary to
prepare some useful iridium carbohyl precursors since very.
little work had been done with iridium at the time this
study was begun:4l'l5o'151 Very early in this study it
became’ apparent that significant differences existed
between the related rhodium and iridium carbonyl
complexes. This chapter describes the preparation of.these
Ir starting complexes and provides a comparison between
them and their Rh analogues.

0

Experimental Section

.All solvents were.appropriately dried and distilled
prior to use and were stored under dinitrogen (See Appendix
-1). Reactions were performed under standard Schlenk
conditions (using dinitrogen which had previously been

passed through columns containing Ridox and 4 A molecular



13

sieves to remove traces of oxygen and water,
respectively). Hydrated iridium (III) chloride was
obtained from Johnson-Matthey and bis(diphenylphosphino)
methane (DPM) was purchased from Strem Chemicals. Carbon
monoxide was obtained from Matheson and used as received.
(I1rCl(CgH;4),1, was prepared by the reported‘
proceduré.ls2 Variable temperature 31P{1H} NMR spectra
were run on a Bruker HFX-90 spectrometer with Fourier
transform capability- operating at 36.43 MHz; the
temperature was measured with a thermocouple inserted
directly into the probe. NMR spectra were measured using
an external d6—acetone lock and chemical shifts aré
referenced to 85% H3PO4. 1y wMr spectra were run on a
Bruker WH-200 or WH-400 spectrometer at room temperature
unless otherwise stated. Infrared spectra wefe run on a
Nicolet 7199‘Fourier Transform interferometer either as
solids in Nujol mulls on KBr plates or as solutions in NaCl
celié with 0.5 mm window pathlengths. Analyses were
performed within the department or by Canadian
Microanalytical Service Ltd., Vancouver. Conductivity

' measurements were performed with a Yellow Springs

Instrument Model 31 using 1 x 10”3 M solutions in CH,Cly.
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Preparation of Compounds

a) [Irpci(co)s(u-co)(ppPM),llC1] (1a).

&

Bis (diphenylphosphino) methane (171.1 mg, 0.445 mmol)
was dissolved in 2 mL of CH,Cl, under a slow stream of
carbon monoxide. A.solution of [IrC1(CgHjg)p]y (200.0 mg
0.222 mmol) in 10 mL of 6H2C12 was then added dropwise from
a syringe while the solution was rapidly stirred. The
solution initially turned black but over a period of five
minutes changed to red-orange and then to red, after whiéh
time the carbon monoxide flow was shut o}f,and tﬁe solution
allowed to stir under the CO aﬁmosphere for an additional

15 min. During this time the colour changed to pale

'yellow. The addition of 30 mL of diethyl ether, saturated

T

%

with carbon monoxide, to the solution resulted in the
grecipitation of a pale yellow solid which was collected
and dried under a slow stream of CO. I1f THF was used as
the solvent instead of CHyCl,y, the precipitate appeared
after approximately 30 min without the addition of the
ether. Compound 1 was determined to be a 1l:1 electrolyte
in CH,Cl, solutions (r(1073 M) = 58.6 0"l cm? mole~1),168
Typical isolated yields were 90-95%. Spectroscopic
parameters for this and all subsequent products are given
in Table 2.

Anal. Calcd for Ir,CloPg04Cg4qHg4: C, 48.54%; H, 3.32%; C1,

5.31%. Found: C; 48.83%; H, 3.18%; Cl, 5.37%.



15

b) [Ir,Cl,y(CO),(p-CO)(DPM),] (2).

A CH,Clp solution of [IrpCl(CO)3(p- ) (DPM)51[C1] was
refluxea under a slow stream of N, untilcihe colour changed
from light yellow/to dark oranée (approximately 20 min).
The addition of 30 mL of degassed diethyl ether to the
solution, after it had been allowed to cool to room
temperature, resulted in the precipitation of a br%ght
yellow microcrystaliinehproduct. The solid was co%;ected
and dried initiallk\under a slow N2.stream and‘fihailylby
storing the sample under a slight vacuum for severél

hours. Recrystallization‘from a mixture .of warm THF and;
diethyl ether yielded golden yellow crystals which
contained both the cis and‘trans isomers (vide infra);
attempts to separate the two by fractional crystallization
and chromatography proved unsugcessful. Conductivity
measurements on a CH,Cl, solution of the crystalline

| material indicated the mixture was non¥conducting\(A(lO—3
M) = 2.2 -} cm? mole”l). Typical combined yields of béth
isomers were 90-95%. |

Anal. Calcd for Ir,Cl,P403C53Hgq: C, 48.66%; H,

3.39%: Cl1, 5.42%. Found: C, 49.22%; H, 4.39%; Gl, 5.62%.

c) trans-[IrC1(co)(pPM)], (3).

mmol) was dissolved in 20 mL of THF and refluxed while a
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slow stream of dinitrogen was bubbled through the

solution. The solution was heated for 1.5 h during which
time the colour changed from orange EG dark red-purple. A
red-purple solid précipitated after gpproximately 1 h. 10
mL of degassed diethyl ether was added to ensure complete
precipitation and the solution was cooled for 20 min in an
icebath. The pale yellow méther liquor was removed, the
solid collected and washed with several portions of ice-
cold THF and then dried in vacuo for 2 h. A CH,C1,
solution of the red-purple solid showed that it was a non-
electrolyte (A(1073 M) = 3.1 ! cm? mole”!). Typical
yields were 80-85%.

Anal. Caled for Ir,Cl,P40,CgoHgq: C, 48.79%; H, 3.46%; Cl,
5.54%. Found: C, 48.51%; H, 3.40%; Cl, 5.53%.

Method B: If toluene was used instead of THF and the
r€fluxing continued for 6 h( a maroon microcrystalline
solid precipitated. This solid was collected, washed with
diethyl ether and dried in vacuo. Typical yields were 90
to 95%. 1In its spectroscopic properties and subsequent
reactions with small molecules this product proved to be
identical to the red-purple solid isolated in Method A.
Preliminary X-ray photographs indicated that this species
crystallized in the space group P2y/n; a = 11.05 A, b =

13.85 A, c = 18.50 A, B = 93.16°. This unit cell volume of

2827.0 A3 and the measured density of 1.658 g/cm3
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corresponded to approximately Z = 2 and therefore suggested
that the molecule had crystallographic 1 symmetry.
Anal. Calcd for IryCl,P,0,CgoHgg: C, 48.79%; H, 3.46%; Cl,

5.54%. Found: C,_49.45%; H, 3.44%; Cl, 5.57%.

d) [Ir,(co),(u-c1)(u-Co)(DPM),][BF,4] (4b).

Method A: [Ir,C1(C0)3(u-CO)(DPM)5]1[BF4] (1b) was
prepared and isolated atcording to"iiterature procedure41
using NaBF, instead of NaBPhg. 200 ﬁg (0.144 mmol) was
then dissolved in 20 hL of CH,Cl, under an No atmosphere.
The solution was refluxed for 45 min under a slow N, stream
during which time ﬁhe colour changed from pale yellow to
orange-yellow to golden-orange. After cooling the solution
to room temperature, 30 mL of degassed diethyl ether was
added to the solution resulting in the precipitation of a
golden-orange solid. This solid wés identical in all
spectral and physical properties to that previously
reported for the compound. Typical yields were 90-95%.

Method B: 200 mg (0.153 mmol) of [IfZClz(CO)z—
(;?CO)(me)zj was dissolvéd in 10 mL of THF. To this
solutién was added a solution of 29.8 mg (0.153 mmol) of
" AgBFy4 in 2 mL THF. The colour immediately changed to-
golden-orange and a precipitate slowly.appeared. This
solution was stirred for 1 h, afer which time 30 mL, of

L)

degassed diethyl ether was added to complete the

3

o
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precipitation. The solid was collected and dried under a
stream of N,. The golden-orange product was then
redissolved in CH,Cl,, filtered under N,, réprecipitated by
adding diethyl ether, and then collected and dried iIn vacuo
for several hours. The product was identical in all
spectroscopic properties to that obtained for the product
from method A.

t

e) [Iry(co)p(p-c1)(DPM),1[BF4] (5Db).

[IrC1(CO)(DPM)], (200 mg 0.156 mmol) was suspended in
10 mL of THF. To this slurry a solution of AgBFy (28.6 mg,

0.156 mmol) in 2 mL of THF was added. The colour

{

immediateﬂy changed to dark red and after stirring for 30

min, a coral-orange precipitate appeared. Addition:of 30
mL .of diethyl ether caused complete precipitation. After
removing the solvent and drying the solid under an Ny
stream, the product was redissolved in 10 mL of CH,Clj,.
filtered under dinitrogen and reprecipitated by the
addition of diethyl ether to give a dark red solid.
Compound 5 was determined to be a 1:1 electrolyte in CH,Cl,
soiutions (A(1073 My = 47.2 0”1 em? mole~1). Typical
yields were 90 to 95%.

Anal. Calcd for IryClP4F407Cg9BHyq: C, 4§.91%7 H, 3.53%;

¢

. 4
Cl, 2.82%. Found: C, 46.27%; H, 3.42%; Cl, 2.63%.
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X-Ray Data Collection

_Bright yellow crystals of [Ir,C1,(C0),(p-CO)-
(DPM),]+3C4HgO were obtained by slow cooling of a saturated
THF /ether solution of 2. A:suiﬁable crystal was mounted in
the air on a glass fibre,'immediately coated in a layer of
epoxy and then cooled to -40°C to minihize CO-loss. Unit
cell parameters (at -40°C) Qere obtained from a least-
squares refinement of the setting angles of 23 reflectﬁgns,
in the range 16.3° < 28 < 30.6°, which were accurately )
centred on an Enraf-Nonius CAD4 diffractometer using Mo Ka
radiation. The systematic absences (hOf: 2 = odd, O0kO:

k = odd) were consistent with the gpace group P21/c.
Inte;sity data were collected at -40°C on a CAD4
diffractometer in the bisecting mode employing the w26
scan technique up to 26 = 57.0° with graphite monochromated
Mo Ka radiation. Backgrounds were scanned for 25% of the
péék width on either end of the peak‘scan. The intensities
«of three standard reflections were measured every 1 h of
exposure to assess possible erstal decomposition or
-movement. ‘No-significant variation in these standards was
noted so no-correctién was applied to the data. 8968
uniqde reflections were measured and processed in the usual

way using a value of 0.04 for p7153 of these 5303 were

considered to be observed and were used in subsequent
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calculations. Since the crystal faces were obscured by the
epoxy coating, an empirical absorption correction based on
phi scans was uséd.154_‘See Table‘3;for pertinent crystal

data and the details of data collection.

Solution Structure and Refinement.

The structure was solved in the séace group P21/c
using standard Patterson and fourier techniques. Atomic
scattering factors for non-hydrogeh atomsl'55 and
hydrogén156 were taken from the;usual soufces. Anomalous
dispersién‘terms for Ir, Cl, and P wefe‘included in
Fe.157 The carbdn atoms of the DPM phed&l groups were
' refined as rigid groups having idealized Dgj symmetry, c-C
distances of f{392 A and independent isotropic thermal
parameters: All hydrogen atoms were input as fixed,
contributions; their idealized poeifione were caiculated
after each cycle of refinement“from the éeemet%ies of their
attached carbon atems using a C-H distance of 0.95 A. J
These hydrogen atoms were assigned 1sotroplc thermal
‘parameters of 1A2 greater than the B (or equxvalent
isotropic B) of their attached carbon-atom.

Although location of most atoms was stralghtforward

the chlorlnes and termlnal carbonyl groups were found to be

dlsordered such that only essentially spherlcal electron
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Table 3. Summary of Crystal Data and Details of Intensipy
Collection for [1r2c12(c6)2(p—co)(DPM)2]-3c4u8o;
cmpd [IrZClz(CO)z(p—CO)(DPM)2]°3C4H80
fw 1524.49
formula Ir2C12P4O6C65H68
cell parameters a = 22.890(6) A
b = 13.152(4) A
¢ = 27.129(5) A
B = 114.39(3)°
V = 6075.61 Aa
p(calcd), g/cm3 1.666
space group p2,/c
temp., °C -40
radiation Mo, Ka (A 0.71069 A), graphite
monochromated
receiving 2.00 + 0.500 x tan{@) wide x 4.0

aperture,‘mm
take-off angle, deg
scan spéed,\deg/min
scan width, deg

26 limits, deg

unique da;é collected

.

)

high o N
173 from crystal )
1.7

variable between 10.058 and 1.804
0.75 + 0.350 x tan(6) in w

3.0 £ 26 ¢ 57.0

8968 th, k, -1

- (continued...)



Table 3.

(continued)

unique data used

(Fo2

range of

factors

final no.

refined
error in
of unit
R

Rw

> 35(Fo?)

transmission

of parameters

observation

weight

5303

0.792-0.999

268

1.007
0.043

0.054

Id
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densities were located at distances from the Ir atoms
corresponding to the approximate p;sitions of the chlorine
atoms and the mid-points of the CO groups. 1In attempfs'to
resolve this disorder, the chlorine atoms were placed at
the positions Qf the peak maxima and assigned occupancy
factors based on the relative intensities of these peaks
such that the total chlorine occupancy in the dimer

-,
equalled two. A difference Fourier map phased on all other
atoms and these chlorine positions showed electron density:
in the approximate bositions for carbonyl groups. However,
subsequent attempts to refine the carbon‘and oxXygen
positions failed; these atoms invariably moved together
towards the chlorine positions resulting in unreasonably
short C-0O distances. For this reason, the cafbon and
oXygen positions were idealized on either side of the
Fourier peak corresponding to the chlorine position such
that the Ir-C-0O group was linear with Ir-C and C-0
distances of 1.82 A and 1.15 A, respectively. Many

\,

reﬁinements were carried out in which the occupancy factors
wefé correiated in a variety of ways and all resulted in
gsggntially the same result, i.e., that C1(1l) and C(1)0(1)
Had ‘occupancies near 50% (corrésponding to 50% for Ci(l)'
and C(1)'0(1)') while C1(2) and C(2)0(2) had occupancies

near 75% (corresponding to 25% for C1(2)' and

Cc(2)'0(2)'). These occupancies proved to be consistent
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with the infrared sﬁéctrum which éould readily be explained
based on this information (vide infra) and so were fixed to
these values in the remaining cycles. The thermal
parameters of c1(2)' and C(2)' and 0(2)' did not behave
well so tﬂese were fixed at the average values oObserved for
the other atoms of the same type. In the final refine-
ments, the chlorine atom positions and i§otropic thermal
parameters wefe refined isotropicall§ (d;art from C1(2)"
whose positional parameters were refined only) and the
carbonyl thermal parameters were refined (apart from C(2)'
and 0(2)' which were not refined). 1In spite of the
di;ficulty in resolving this disorder all other parts of
tge molecule are well defined. The chlorine atoms refined
to acceptable values and the positions of these and the CO
groups with respect to other™groups in the molecule are
chemically reasonable (vide infra). Furthermore, it is
encouraging that the occupancy factors offer an explanation
of the infrared data (vide infra).

In the final refinements the non-disordered atoms of
the éomplex were refined anisotropically except for
hydrogens which were included as fixed contributions; the C
and O atoms of the THF molecules were refined
isotropically. The hydrogen atoms of these solvent
molecules were not included owing to the relatively high

thermal parameters of the C and O atoms.



26

The final model with 268 parameters refined converged
to R = 0.043 and Rw = 0.054.158 0on the final difference
Fourier map the highest 20 peaks (2.52 - 1.56 eA™3) were in
the vicinities of the disordered'atoms, the phenyl groups
and the Ir and P atoﬁs. A typical carbon atom on earlier
syntheses had a peak intensity of about 9.5 er 3.

The final positional parameters of the individual non-
hydrogen atoms and the phenyl groups are given in Tables 4
and 5, respectively. The derived hydrogen positions, their
thermal parameters are listed in Table 6. A listing of
observed and calculated structure amplitudes used in the

refinements are available.159

Discussion

The reaction of [IrCl(CgH;4),], with DPM and CO
results in a series of colour changes of the initial orange
solution to black, red and finally to pale yellow. The
black species initially formed is probably [IrCl(CO)3]n160
which then rapidly reacts with DPM to give the DPM-
containing complexes, the final species of which 1is the
pale-yellow product 1. 31p{lHJ NMR (see Figure 1) and
infrared spectra of this final species ;re essentially

identical to those reported for [Ir,C1(CO),(DPM),]-

[BPh4]41'50 (apart from the absence of any infrared
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Figure 1: "P{"H} NMR spectrum of [IrZCl(CO)3(u-CO) (DPM)2]~

[Cl1] (la) obtained at 36.4 MHz.
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stretches due to BPh,”). This, together with its -
conductivity, which indicates that it igia 1:1 electrolyte,
and the elemental analysis, which shows the presence of two
Cl atoms per dimer, suggestsnthe fomulation
[IrZCl(CO)4(DPM)2]tC1] (l1a). Although two structures have
been suggeste641'56 for this cation, the.one shown below,
as proposed by Mague and De \}ries41 for the arsine analogue
based on a careful 13co labelling study, is most probably
correct. In further support of this fomulation for the

chloro salt (la), the analogous compounds (1b and lc)

containing the non-coordinating anions, BF, and BPh,~ can

»

"Fék"/\p + v
oc\ I /8\\ l ,co 9
T Sy xT ‘
oc/l \ I\C, X = C1(la), BF,(1b), BPhy (1c)
p P
~a_

-

be readily prepared from la by inducing precipitation 1in
the preéence of these larger anions, although the BF4" salt
is best prepared by reacting la with AgBF4. Furthermore,
carbonyl—los§§from la yields the dichloro tricarbonyl
species [Ir,Cl15(C0)3(DPM)5], which has been completely
characterized and has been shown by an X-ray structure‘

analysis to display a geometry very similar to that
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car fgnyl groups than the analogous Rh compounds.
Frevious ﬁtudies have usually utilized the above

tetr. .rbonyl species with non-coJ . uinating anions as a

precursor for the preparation of DPM-bridged binuclear

&

iridiyg ir?mplexes.4l'151 Héwever, this study shows that

la, ww“j Lhe'chloride counter 1ion, proves to be a more .
versatile starting material in the preparation of both

neutral and charged binuclear carbonyl products (vide

infra). Like its BPh,  analogue, la readily loses CO even

in the solid state and must be stored under an atmosphere

of CO. However, CO-loss from the solid is usually
inefficient, leaving somé of the tetrqcarbon?l starting
material. Carbonyl-loss is more conveniently carried out
in refluxing CHyCly. fAfter heating the solution for 20 min
the colour changes to dark orange, indicating the formation

of a new compound, 2. The 31?{1H} NMR spectrum of this
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sample shows only one peak, a singlet at -5.72 ppm. An
infrared spectrum of this solution shows'aivery broad band
at 1962 cm™! and two bBands at 1731 and 1717 cm™l.  The °
solid pfecipitate obtai;ed ffom this solution displays
three bands in the terminal carbonyl region, at 1980 (s),
1955 {br, vs) and 1938 (sh) cm~l, and two bridging carbonyl
bands at 1728 and 1704 cm™1l, Some insight iﬁtb the origin

of these bands, when only one species is observed in the

31P{IH} NMR spectrum, is obtained from the X-ray structure
of 2 which shows that each metal has one chloro and one
terminal 1igand and that both metals share a bridging
carbonyl group. The términal Cl and CO groups are
disordered sﬁch that ﬁhe two species present in the solid
(2a and 2b) are those shown below. The infrared spectra
can then be readily explained as arising frpm a mixture of
these two isomers. In solutioh, the bands in the terminal
Cco reéion are broad and coalesce.to a single wide peak but
the bridging bands remain resolved. In the solid state,

however, all bands are resolved. The two isomers would be
< .

Ed

expected to give rise to different infrared spectra; in 2a
all carbony;s are cis_whereas‘inFZb the bridging CO 1is
almost trqhé to one terminai CO but cis to the other.

In the solid the .infrared stretches for the bridging
carbon?l groups can readily be assigned based.oq their

-

relative intensities and on the relative abundance of the
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two isomers 2a and 2b, as determined from the X-ray.

study. The band at 1728 cm—l'is several times more intense
than that at 1704 em~ ! so can be attributed to 2b, the more
~abundant isomer in the'crystal (see discussion of
structure). Unfortunately, we are unable to uhdmbiguously
assign the terminal cérbonyl bands.. Only three terminal
carbonyl stretches are observed although.four are expected,
arising from the two terminal CO groups On each isomer;
presumably - the broad intense band at 1955 cm™! conceals two‘
stretches. Attempts to correlate these terminal carbonyl
bands with the bridging ones by varying the isomer ratiosﬂi
by crysta111z1ng the mixture at different temperatures

(-80° to 40°C) did not succeed. Although sllght varlatlonS‘
in band intensities were observed, we were unable to |
correlate the changes in a satisfactory manner.

In THF solution the brldglng carbonyl bands of
reéissolved samples of 2 are of comparable 1nten51ty
suggesting essentially equal concéutrations of 2a and 2b.

It appeérs that in solution species 2a and 2b readily’

L3

\1nterconvert through the ionic 1ntgrmed1ate 4a, by chlorlde

‘ .

loss and subsequent recoordlnatlon. Chlorlde recoordina-
[AR]

tion in the proposed jonic intermediate can occur adjacent

to either the bridging CO or to the bridgiftg Cl; the former

.
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will yield 2b and the latter will yield 2a. Compound 4
with non-coordinating anions has been prepared by ourselves
and others4l'150 and has a bridging carbonyl band at ca.

1811 cm‘l. This band is not oObserved in the solution

infrared, spectrum of 2 suggesting that the species is
present in quantities too small to be detected. Consistent
with this, solutions of 2 are non-conducting. The 31?{1H}
NMR data suggest that 2a and 2b are interconverting rapidly
on the NMR time scale; even at -80°C there.is no obvious
change in the spectrum from that run at 20°C. Support for
the postulation of 4a as the intermediate in this exchange

comes from the addition of a solution of Me4N+Cl- to an
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acetone solution of the BF,;  salt of 4; a rapid reaction
occurs to produce a mixture of 2a and 2b as identified

by 3lp NMR and infrared spectroscopy. Additional support
41

’

for this isomerism is found in the work of Mague”~ where
the reaction of 4 (as the BPh,~ salt) with CN'Bu yields
[IrZCI(CNtB;.x)(CO)2(p—CO)(DPM)zj+ in which the. infrared band
due to the bridging CO group is reported to be someyhat
asymmetric suggésting two isomers of the type that wé
propose for 2a and 2b. The rapid interconversion of the
two isomers (2a and 2b) in solution also explains ouf
inability to separate them eith;r by chromatography or
fractional crystallization.

Compound 2 is very moisture and air sensitive in
solution and even the solid decomposes after several hours
in air. This species also loses CO quite readily and
crystals left overnight under a recircula£ing N, atmosphere
in a glove box turned red on their surface due to CO-1loss
(vide infra).

Refluxing compound 2 in THF results in the formation
of a red-purple solid whereas refluxing in toluene yields a
maroon solid. Altﬁough these two differ in appearance and
in solubility (the red-purple solid is slightly soluble in
CH,Cly and the maroon solid is very insoluble in solvents
such as CHCl,, CHpCl,, acetone, THF and toluene) théy both

appear to be the same species, trans-[IrC1(co)(DPM)I];

&
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(3). The analogous rhodium dicarbonyl species also has
yd
been observed to crystallize in different crystal

modifications in which the solubilities of the different

38,63,161-163

forms differ. Both forms of 3 react with

small molecules to give identical products, offerind -
further confirmation that they are the same compound.
Although there is an earlier report of this compound,164 it
does not seem to have been obtai%ed in a pure form. It was
reported to have been obtained as a yellow solid from the
reaction of [Irc1(CgHy5)], and DPM in 1:2 stoichiometries
under an atmosphere of CO. On drying in vacuo it was
reported that this species lost benzene of crystallization
to become a red-orange product. Based on'our results it
seems more likely that the initial product was the
tetracarbonyl complex or a mixture of it and the
tricarbonyl species which then lost CO in vacuo to give a
mixture of these species and compound 3. The mixture would
explain the red-orange colour instead of the bright red-
purple or maroon colours we observe. In all of these
studies the reactions were carefully monitored by 31P{1H}
NMR and infrared spectroscopy so it is clear in all cases
.how many phosphorus—-containing species are present.

Both samples of 3 show a single broad carbonyl band at

~
™~
E]

1953 cm~! in the infrared spectra of the solids, however

dichloromethane solutions of the red-purple product show a
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band at 1954 cm~l and a smaller peak at 1999 em™l. This .-

164

smaller band was observed in the original report and was

attrlbuted to distortions of the compound from the ideal

~

Coy, Symmetry such that both carbonyl bands (B, and Ag )
became infrared active. It is found instead that this
smaller band is due to small amounts of an addltlonal
species 5a. In the 31p(1x} NMR spectrum both species are.
clearly observed, the major one at & = 1.85 ppm and the
minor one (iﬁ approximately 10% abundance) at § = 8.69
ppm. It appears that this minor species is [1r,(C0)y-
(p-C1)(DPM), 1{c1] (5a) which is in equilibrium with (3) in
solution. The analogous BF4r‘salt (5b) has infrared bands
2t 1999 and 1976 cm~! in CH,Cl, (see Table I) so that the
lower frequency band of 5a in CH;Cl, solutions of 3 could
easily be or:cured by the broad band arising due to 3 at
1954 cm~ ! (in fact, the band at 1954 cm~ ! is unsymmetrical

3
suggesting the presence of a weak shoulder at ca. 1970

cm~1). Although the 31p(lp} NMR chemical shift\of Sa with
the chloro counter ion is different from that observed with
BF,~ (5b) (6 = 8.69 and 17.26 ppm, respectively), such

hift differences have been prgviously observed on:changing
from coordinating to non-coordinating anions.165'
Furthermore, the chemical shift of 5b is found to be
extremely solvent dependent (vide infra), so it is not

surprising that the presence of a coordinating anion has a
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significant effect. 1In support of this formulation for 5a,
we have observed that significant quantities of the
analogous rhodium compound, [ha(CO§2(p—Cl)(DPM)z][Cl],
occur in solutions of %rans-[RhCl(CO)(DPM)]2.166 Although
in solution it -appears that species 3 and 5a are in
equilibrium, an infrared spectrum of the solid obtained
from the solution shows only a single band at 1953 em™! due
to 3, indicating that Cl1~ recoordfnation has occurred in
Sa. Furthermore, the reaction mixtures of 3 and ‘5a with
small molecules such as acetylenes results in the formation
of only one product (see Chapter 3).

In theory, compound 3 could have either of the two
possible geometries shown below: a trans form (3a) or a

cis form (3b).

P/\P p/\P | .
0 o P
‘ -Cl ,C /c 7
’ ,/ s ,)

(3a) | (3b)

The spectral data does not rule out either possibility
since without an Ir-Ir bond the carbonyl stretches need not
be coupled, in which case there would be only one carbonyl
stretch for both isomers. Preliminary X-ray photos of 3

indicate that it crystallizes in the space group P21/n with
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Z ~ 2 so the molecules are required to have I
crystallographic symmetry.167 This is the symmetry found
for the molecules in all determinations of [RhCc1(CO)(Ly) ],
(L, = DPM or thAsCHZAsth).63'161f163 Although compound 3
could have cis carbonyl groups and be disordered in the
solid we feel that the cis isomer is unlikely. 1In
principle, it should be simple to distinguish between 3a
and 3b by examining the methylene region of the 1y NMR
spectrum. As shown bélow, in 3a there are only two types
of methylene hydrogen, labelled H, and Hy. At room
temperature these two should become -equivalent, giving rise
to only one signal. However, in the cis case 3b, where the
four original methylene hydrogens are labelled Ha ' Hb .
Hy+, and Hp:', the%e are two inequivalgnt sets of hydrogens,
(Hy, Hp' and Hy', Hp) which are never interchanged.

Therefore two distinct resonances would be expected in the

ly NMR. The latter case is the one more commonly observed

for DPM-bridged complexes. Unfortunately, the limited
solubility of 3 makes the distinction between 3a and 3b on

this basis, impossible.

Hy Hy
|
C—H;n 4 Ha
v N
1 10) l/*/co
A oLk
C‘oc{l 0CT\'|’
P Ha~ Hp
P
HE,—C// f \C“”-
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C'CVT/I ‘ ¢ |
/},, Hy= Wy Hy=Hy, b
wf . e

Compound 3 is air sensitive in solution and turns from
purple to yellow-green within 1-2 h upon exposure to air.
A 31P{1H} NMR spectrum of this green-yellow solution shows
that major species appears as a singlet at 5 = ~16.1 ppm
and its I.R. spectrum displays a new carbonyl stretch at
2020 em~l. 1t is likely that this species results from O,
addition to 3, although this has not yet been verified.

This study shows that successive tarbonyl-loss can be
effected from [Ir,C1(CO)4q(DPM),][C1] yielding first
[Ir,C1,(CO),(p-CO)(DPM);,] then [1rci(co)(pPM)],. Based on
the analogous Rh-DPM systeme4 it might be expected that
furthér CO-1loss shouid occur to produce
[Ir,Cly(p-CO)(DPM),]. However, all attempts to prepare
this complex have failed; it appears that the basic iridium
centres are more reluctant to 1dse carbonyl groups than are
the rhodium centres in the analogous rhodium complexes.
Carbonyl-loss from the above tetracarbonyl and tricarbonyl

species is reversible, so under CO compound 3 yields 2 and

ultimately la.
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Starting with [IrZCl(CO)4(DPM)2][X], having non-
coordinating anions (X~ = BF4 . BPh4'), we might also
expect tQ_obtain the cationic tricarbonyl and digarbonyl
complexes anélogous to the k@gwn rhodium species.48'60'6l
Although CO-loss from the tetracarbonyl species occurs to
give the tricarbonyl complex/4 (see Experimental), loss of
a second CO to give the dicarbonyl A-frame does not occur
readily; under refluxing conditions a mixture of products
is obtained, onewof which is the desired dicarbonyl
compound. This again contrasts the behaviour of the
analogous Rh tricarbonyl species which loses CO readily to
give the dicarbonyl A-frame. However,
[Ir,(CO)y(p-CL)(DPM),][BF4] (5b) can easily be obtained by
chloride abstraction from [IrCl(C0O)(DPM)], (3) using one
equivalent of AgBF,. All evidence suggests an A-frame

formulation for 5b analogous Eg/tﬁat of

_[ha(CO)z(u—Cl)(DPM)z][BF4];48’6l its infrared spectrum hav

two terminal carbonyl bands at 1989 and 1964 em™ !, it is a

1:1 electrolyte and its 31P{1H} NMR spectrum indicates that
n

all phosphorus atoms are chemically equivalent. In

addition, the stepwise addition of CO to compound 5b yields

the corresponding tricarbonyl complex 4b and finally the

-

tetzfcarbonyl species 1b.

s noted earlier, the 3lp(ly} NMR chemical shift of 5b

2

is highly soivent dependent; in CH,Clp & = 17.26.ppm, in
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i

acetone & = 15.80 ppm and in THF & 12.07 ppm. Also, the
addition of TEF to a_.CH,Cl, solution of 5b causes a shift
from the CH,Clp-only value to the THF-only value at
THF:CH,C1, volume }atiOS of 3:2; at no time during these
additions are any new peaks observed. Similarly, the
addition of acetone caused a shift in th¥ position of

the 3lp(lg} NMR peak at S5b. With the stronger donor
solvent, acetonitrile, the addition of only 100 uL of
acetonitrile to a CH,Cl, solution of 5b (75 mg in 1 mL)
caused a shift by approximately 15 ppm to &6 = 2.40 ppm.
The solution infrared spectrum, however, showed no band
attributable to coordinated acetonitrile and similarly no
obvious change in the carbonyl stretches was observed in
any of the above additions, suggesting a weak interaction
between Sb and solvent. Solid samples isolated from
acetonitrile solutions of 5b contained no acetonitrile,
further indicating only weak interaction between CH3CN and
5b in solution.’ It seems therefore that in coordinating
solvents compodnd 5 interacts with the solvent molecules;

however, the number of molecules involved and the site(s)

of solvent coordination are not known.
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Description of Structure

[Irzélz(co)z(p—CO)(DPM)zj crystallized from a
THF/ether FdXture along with three molecules of THF in tbg
space groupAP2l/c: Two of the solvent molecules have twist
cohformations while the other has an envelope geometry and
higher thermal parameters, sﬁggesting a slight disorder of
this group. The presence of the two conformations of THF
molecules is not unusual and Eoth have been observed
pefore. 168 Significantly, in a report bf Hodgson and
Raymond,168 in which both THF conformations were observed
in the same structure, the thermal parametefs involving the
envelope conformation were significantly higher than those
in the planar one, as is Observed in our structure.
Nevertheless, even the worst THF molecule in the present
structure has a geometry typically observed for such a
group. 157 Tﬂere are no unusual contacts between the THF
molecules and the Ir-DPM complex.

The complex has essentially the geometry expected for
a binuclear DPM—bridged cgwpound (see Figures 2 and 3).
All Ir-P distances (range 2.321(3) - 2.341(3) R&) are in
agreement with the analogous distances found in other
structurally characterized DPM-bridged Ir
complexes.151fi73 All P-C distances (see Table 7) are

normal as are the angles associted with the DPM ligands
_ \ .

4



Figure 2.

46

Perspective View of Isomer 2a, [Ir2C12(CO)2(u—CO)—
(DPM)Z] (25% abundance). TQermal ellipsoids are
drawn at the 20% level excé;i for methylene
hydrogens which-are drawn artificlally small on
both figures. Phenyl hydrogens have the same

number as their attached carboh atoms.
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Figure 3. Perspective View of the 75% Isomer 2b,

[Ir C12(CO)2(Q—CO)(DPM)2].

2




Table 7.

48

[¢]
Selected Interatomic Distances (A) in

[Ir2C12(CO)3(DPM)2]-3C4H80a’b
Ir(1) - Ir(2) 2.779(1) P(1) - c(4) 1.82(2)
Ir(1) - ¢(3) - 2.04(3) P(2) - c(4) 1.82(3)
Ir(2) - C(3) 2.04(2) P(3) - C(5) 1.84(3)
Ir(1) - C1(1) 2.489(7) P(4) - C(5) 1.80(3)
Ir(1) - c1(1") 2.557(9) P(1) - c(1) 1.834(10)
Ir(2) - C1(2) 2.520(5) P(1) - c(21) 1.817(9)
Ir(2) - C1(2!) 2.556(1) P(2) - c(31)°  1.833(9)
S Ir(1) - P(1) 2.341(3) P(2) - C(81) 1.819(10)
Ir(1) - P(3) 2.329(3) P(3) - C(51) 1.821(10)
Ir(2) - P(2) 2.321(3) P(3) - C(61) 1.826(10)
Ir(2) - P(4) 2.331(8) P(4) - C(71) 1.813(13)
C(3) - 0(3) 1.20(4) P(4) - C(81) 1.823(13)

P

o

a) All terminal carbonyl groups were input.in their idealized

" positions with

[]
istances of Ir-C = 1.82 A and C-0 =

-0 - 7
1.15 A, and with Iﬂgé-o angles of 180°.

. [+]
b) Interatomic Distances (A) for the THF solvent molecules-

are listed'in the supplementary data.

159
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(Table 8). Both methylene groups of the DPM ligands are
bent away from the bridging CO. The oriertation of these
CH, groups is dictated by the positions of the phenyi
groups which are situated such as to miniwize contacts with
the CO and Cl ligands in tﬁe equatorial plane. As .noted
earlier, the termihal‘CO positions were idealirec ~‘hile the
Cl positions were allowed to vary. All of the v :ulting
Ir~Clbdistances (range 2.489(7) - 2.557(9) A) are
reasonable and these, together with the refined occupancy
factors and thermal parameters of the CO and Cl ligands,
suégest that the positioning of the CO groups was fairly
accurate. The bridging’carbonyl group is quite typical
although the slight elongation of the C{3) thermal
ellipsoid parallel to the Ir-Ir vector probably disguises a
slight disorder of this group. 1t is to be expected that
the CO parameters trans to another CO should differ
slightly compared to those when it is trans to a Cl

ligand. It is not unexpected then that the disorder of the
terminal CO and Cl groups should result in a slight
disorder of the bridging CO group. Nevertheless, only one
atom position was observed for each of C(3) and 0(3). The
Ir-c(3) distances (2.04(3) A) and the C(3)-0(3) @istance
(1.20(4)) are normal for such groups aﬂd are, as expected,
longer than those involving terminal CO groups. The acute
Ir(1)-C(3)-Ir(2) angle of 85.95(3)° is typical of bridging

CO's when accompaniec by a metal-metal bond . 0
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The Ir(1)-Ir(2) dis;ance (2.779(1) R) is typical for 4
single bond and is significantly less than that obser;ed in
the similar compound [Irz(CO)z(p—S)(p—CO)(me)z]l51 in
which the large bridging sulfide group forces the metals
apart somewhat. The metal-metal distance in the present
compound is substantially less than thé\intra ligand P-P
distances (av. 2.996(5) A) indicating compression along the
Ir-Irx agis due to the metal-metal interaction.

As indicated, the present structure is disordered in
the solid state such that there are two chemically distinct
species in approximately a 75:25 ratio, with the minor
isomer having all carbonyls mutually cis while in the major
isomer one of 'the terminal carbonyls is trans to the
bridging CO and the other is cis toO it (see Figures 2 and 3
for views of the two isoﬁers). In the solid state the
major isomer 1is further disordered such thé£ the three
contributing structures in the solid state with their
percent occupancies are shown below. These structures
clearly explain the 50% occupancies of c(1)o(1),
c(1)'o(1)', c1(1) and c1(1)' and the 75:25 occupancies of

c(2)0(2), C1(2) and their primed counterparts. Chemically,

the second and third structures (IV and V) are identical so
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that only two sets of carbonyl bands are observed, one for
each isomer. In the infrared spectrum of tﬂe solid these
are observed in approximately the correct intensity ratios
with the CO bands due to the trans isome% more intense than
those of the cis isomer, while in CH,Cl, solution their
intensities are approximately the same, indicating an equal
abundance (vide supra).

‘Although the terminal carbonyl and chloro/ligands are
disordéfed in this structure, this X-ray detéfmination is
nevertheless a significant one. It clearly establishes the
geometry of the complex and demonstrates in these DPM-
bridged complexes the higher coordination that is favouiié
for Ir over that for Rh. The analégous compound for Rh has
only one of the>chloride ligands coordinated in the
bridging position with the other acts as a Cl~ counter
ion. This structure also represents the first reported for
which the Ir,(DPM)jp framework has a bridging equ$£orial

ligand and two terminal ligands on each metal and therefore

supporté the formulation proposed for the tetracarbonyl

!
h

/“\-///
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complex 141,150 414 also those proposed for a series of
analogous isocyanide adducts.?l 1n addition, the disorder
which plagued the structural deterﬁination did prove
beneficial in explaining the spectral parameters observed

for compounds 2a and 2b.

Conclusions

We have now clearly established the identities of a
series of neutral and cationic binuclear chloro-carbonyl
complexes of iridium and have developed reasonable
synthetic routes to these complexes. Although there are
many close analogies to the Rh-DPM chemistry, there are
also significant differences related to the higher basicity
of the Ir atoms compared to Rh, causing the Ir complexes to
bind CO mbre strongly. This latter tendency suggests an
even richer chemistry of these complexes with small
molecules than was observed for the Rh system, the study of

which will be dealt with further in subsequent chapters.



CHAPTER 3

}

NEUTRAL AND CATIONIC ALKYNE-BRIDGED

COMPLEXES OF IRIDIUM AND THE STRUCTURE OF

[1r,Cl,(CO),(pu-CH30,CC,CO,CH3) (Ph,PCH,PPhy) 5]
Introduction

As described previously in Chapter 1, one of the
important steps in olefin and acetylene hydrogenation by
transition metal complexes involves coordination of the
unsaturated molecule to tﬂe metal centre. In order to
develop the analogous chemistry with binuclear complexes,
it is important to examine how such molecules interact with
two metal centres. Alkynes were chosen for this study
because of their well established chemistry with binuclear
DPM complexes of other metals.42'44'66'68'69 The chemistry
of DPM—bridged binuclear complexes of»rhodium had
previously been thoroughly investigated in this group. 1In
‘all cases, the alkyne molecule was found to bridge the two
metal centres parallel to the metal—metai axis,‘in what is

often referred to as a cis-dimetallated olefin geometry

(see equations (1) and (2), below). This in contrast to an

54
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analogous DAM-bridged cobalt species (DAM =

169 . g .
PhoAsCH,AsPh)) in which the alkyne molecule binds
perpendicular to the Co-Co bond in a pseudo-tetrahedral

geometry (see equation (3) below).

O A§///\\\WB
2 DAM 8 |
+
Co,(CO)4 0C-Co— I]>c°-co (3)
RC == CR R |
As s
‘R=CgH; ~———

1t was of interest to establish whether the same
bonding patterns would be observed for Ir or whether new
bonding modes might be observed. It was also of interest

to see what relevance, if any, these complexes might have

to alkyne hydrogenation.



2

56
Experimental Section

The general experimental conditions and techniques are
given in Chapter Two. Hexafluoro-2-butyne (HFB) was
purchased from PCR and used as received. 'Dimethylacetylene
dicarboxylate (DMA) was purchased from Aldrich and used

without further purification.

Preparation of Compounds

(a) [Ir2C12(CO)2(p—DMA)(DPM)z].ZCH2C12 (6).

The addition of 15.2 pL (0.16 mmol) of dimethyl-
.acetylene dicarboxylate (DMA) to 200 mg (0.16 mmol) of
[1rC1(cO)(DPM)], (3), dissolved in 20 mL of CHCly,
produceé an immediate colour change from gurple to light
yellow. The solution was stirred for an additional Y4 h
during which time no further changes were observed. The
volume was reduced to 10 mL under N, anq 10 mL of diethyl
ether was lewiy added. The solution was placed in the
fréezer overgight resulting in the precipitation of 6 as a
crop of pale yellow prisms. The solid was collected and
washed with two 10 mL portions of ether and then dried‘in
vacuo for 2 h. Typical isolated yields were 90%. Compound
6 was determined to be a non-electrolyte in CH,Cly

solutions. (A(10'3M) ¢ 0.5 g1 cm? mole-l).17q



Spectroscopic parameters for this and all subsequent
compounds are given in Tables 9 and 10.
Anal., Calcd for Ir2c16P4O6C60H54: C, 45.27%; H, 3.42%; C1,

13.36%. Found: C, 45.173%; H, 2.89%; C1,13.16%.

(b) [Ir,Cl,(CO),(u-HFB)(DPM),] . 2CH,CL, (7).

200 mg(0.16 mmol) of [IrCl(CO)(DPM)], was placed in a
100 mL 3 neck flask which was evacuated and then charged
with one atmosphere of hexafluoro-2-butyne (HFB). 15 mL of
CH,Cl1, was added to the flask énd the resulting solution
was stirred undergthe HFB atmosphere for 15 h duringbwhich
‘time the colour changed from purple to yellow. The volume
Qas éoncentrated to ca. 5 mL under N, and the flask was
placéd in the freezer for 48 h during which time a light
yellow crystalline solid separated from the solution. The
precipitate was collected and washed with two 10 mL
portions of eﬁher and dried in vacuo for 2 h. Typical

isolated yields were 75-80%. ESsentially quantitative
yields were obtained when the solutiofi"was taken completely

N
P

to dryness under N,, however this gave (7) as a glassy
yellow solid. Conductivity measurements on a CH,Cl,

solution of the crystalline material showed it to be non-

conducting (A(10‘3M) < 0.5071 cm? mole~l).

Anal. Calcd for\ Ir2C16P4F602C58H48: Cc, 43.21%; H, 3.00¢%.

Found: C, 43.21%: H, 3.02%. The presence and amounts of

4
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solvent molecules in this and other complexes were verified
AN
\

by 1y NMR spectroscopy when%ver possible.
!’

\w

(c) [IrZClz(CO)Z(p—HCZH)(DP%’]W. 0.5 CHpCly (8).

The preparation of compound 8 was carried out as
described above for 7 except that acetylene (C,H,) was used
instead of HFB. The initial crude product obtained in this
manner was purified (as determined by 31p (1n) wMR) by
several recrystallizations from CH,Cl,/ether. Typical
isolated yields were 70-75% of a pale yellow microcrystal-

line solid. A CH,Cl, solution of the solid proved to be a

2 1<‘) .

non-conducting (A(IO"3 M) < 0.5 o1 cm? mole”
Anal. Calcd for Iry,Cl3P407Cg4 sHyy: Co 48.54%; H, 3.51%

Cl, 7.89%. Found: C, 48.08%; H, 3.64%; Cl: 7.75%.

(d) [Ilr2c12(co) (u-DMA) ( p—me)2].2CH2c£2 (9).

200 mg (0.13 mmol) of compound 6 was suspended in 10
mL toluene and refluxed under a sléw N, stream for 12 h
during which time a light purple powder precipitated from
solution. The resulting suspension was cooled in an ice
bath and the colourless mother liquor was removed. Thq,
residue was dried first under an N, stream and then under
vacuum. Recrystallization from CH,Cl, and etﬁer yielded a

crop of dark purple needles. Typical isolated yields were

90-95%. When dissolved in CH,Cl,, compound 9 proved to be

1 2

non-conducting (Am(lO'3M) < 0.5 ¢! cm? moie™?)
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Anal. Calcd for Ir2Cl6P4OC59H54: C, 45-31%7 H, 3.48%.

Found: C, 45.53%; H, 3.50%.

(e) [Ir,cl,(co)(u-HFB),(DPM),]4h CoHg (10).

The reaction was carried out the same as described
for 9 except that 7 was used instead of 6. The purple
solid obtained from the refluxed toluene solution proved to

/
be highly insoluble in all common solkvents makiﬂg
purification and subsequent characteriztion difficult.
Typical isolated yields were about 80%.
Anal. Calcd for Ir,Cl,P40Cgg s5Hyg: C, 48.10%; H, 3.35%.

Found: C, 48.44%; H, 3.27%.

(£) [Ir,c1(co),(u-DMA)(DPM),][BF,] (isomer 1) (11).

To a slurry of 250 mg (0.16 mmol) of 6 in 10 mL of THF

&as added dropwise one quivalent of AgBF, (34.2 mg, 0.16

mmol) dissolved in 2 mL THF. The solution immediately

N e

changed from light yellow to darkféfénég and an orange
precipitate appea;ed.-»Complete precipitation was induced
by the addition éf 30 ml, of diethyl ether. The solid was
Eﬁillected and driéd under an N, stream. The resulting
residue‘was redissolved in 10 mL of CH,Cly and filtered
under dinitrogen. The addition of ether yielded a red-
orangé microcrystalline product in approximately 90%

yield. Compound 11 was determined to be 1:1 electrolyte in

éHZClz solutions (A(lO'BM) = 56.6 Q! cm? mole—l).



Anal. Calcd for Ir2ClP4F402C588H502 C, 47.27%; H, 3.42%;

c1, 2.41%. Found: C, 46.78%; H, 3.44%; C1, 2.39%.

(g) [IIQCl(CO)z(p—HFB)(DPM)2][8F4]‘(isomer 1) (12).

The reaction was carried out as described above for
11, except that 180 mg (0.11 mmol) of 7 was used along with
24.7 mg (0.11 mmol) of AgBF4-. The fesul£ing light orange
microcfystalline product was obtained in approximately 90-
9%? yiéld. conductivity measurements of this solid in
CH,Cl, indicated that it was a 1l:1 electrolyte (A(1073M) =
44.2 91 cm? mole~1). Anal. Calcd. for
Ir2ClP4F1002C56BH52: Cc, 45.04%; H, 2.97%. Found: C,
- 44.98%; H, 3.11%.

(h) [1r2c1(co)3(u—DMA)(me)zl[BF4J.CH2C12 (13).

Method A: An atmosphere of carbon monoxide was placed
over a solution of 200 mg (0.14 mmol) of 11 in 10 mL of -
CHyCl, resulting in an immediate colour change from dark
orange to pale yellow. "~ The additidn of 20 mL of diethyl
ether resulted in the precipitatibalof a white micro-
crystalline solid which was collected and dried under a
stream of CO. Typical isolated yields were 90-95%.
Conductivity measurements on a CH,Cl, solution of this
solid showed it to b; a 1:1 electrolyte.(A(10'3M) = 55.7

2

ol cm mole 1),
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Anal. Calcd for Ir2Cl3P4F4O3C60BH52: C., 45.42%; H, 3.30%;

Cl, 6.70%. Found: C, 45.32%; H, 3.31%; Cl1, 6.69%.

(1) [Ir,ci(co),(u-HFB)(DPM),][BF,] (14).

Method A: Compound 14 was prepared by the same
procedure described for 13 except that 12 was used instead
of 11. The reaction produced a(fglte mlcrocrystalllne

solid in 90-95% yleld. Compound\14 was determined to be a

1:1 electrolyte in CH2C12 solutions (A(10'3M) = 47.7 Q'l

2 .

cme mole

Anal. Calcd for IryClP4F;g03Cg7BHg4: C, 44.99%; H,

2.91%. Found: C, 44.71%; H, 2.95%.

(SR

W

(3)  [Ir,c1(co),(u-DMA)(DPM),I[BF,] (isomer 2) (15).

To a solution of 100 mg of [Irz(CO) (p=C1) (PPM),1[BF 4]
(0.075 mmol) in 10 mL of CH,Cl, at -78 C, was added one |
equivalent of DMA (7. 4 uL 0.075 mmol) producing a rapid
colour change from dark fgd orange to purple. The solut;on
was stirred for 5 min and then 304%% of dlethyl ether Wasﬂh
added resultlng in the pre01p1tatlon*of a dark purple , .
~ solid. The solid was collected and washed ‘with two 10 mL
portiens of ether at room temperatu;e and then dried in
vacuo for 2 h. Typical isolated y}elds were 90-95%;7
Coﬁpound 15 was shown to be a 1:1 eleCtrolyxe inyCHzClz
2 -1y, |

solutions (A(10'3M) =49:8-Q’1 cm4 mole

R . . A
3
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Anal. Calcd for Ir,ClP4F40,CsgBHsp: C, 47.27%: H, 3.42%;

Cl, 2.41%. Found: C, 47.52%; H, 3.44%; Cl, 2.50%.

(k) [Ir,c1(co)y(u-HFB)(DPM),I[BF,) (isomer 2) (16).
100 mg [Irz(co)z(u—c1)(DPM)2][BF4] (0.0757mmol) was
placed in a 3-neck flask which was evacuated and then

filled with one atmosphere of HFB. 10 mL of CH,Cl, was

then added and the resulting solution stirred under the HFB

atmoséhere for 15 min during which time the solution colour
‘changed from dark red-orange to purple. The HFBcatmosphere
was replaced with N, and the volume reduced to 5 mL. 20 mL
.of diethyl ether was added resulting in the precipitation
of a dark purple solid in 90-95% yield. The solid was
collected and washed with diethyl, ether and dried in vacuo
for 2h; Conductivity measurements on a CH,Cl, solution of

16 showed it to be a lzh electrolyte (Am(10’3M) = 52,3 Q—l
\ 4

cm? mole'l)

Angl. Calcd for Ir2p1P402F10C56BH44: c, 45.04%; H,
2.97%. Found: C, 45.01%; H, 3.15%.

. R

(1) [Ir,c1(co);z(p-DMA)(DPM),lIBF4]+CH,CLy (10)

Method B: An itmosphere of carbon monoxide was placed
over a solution of 200 mg (0.14 mmol) of 15 in 10 mL of
CH,C1, resulting in an immediate colour change from dark

purple to pale yellow. The addition of 20 mL of diethyl

} .
P o= a» ),
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ether resulted in the precipitation of a white micro-
crystalline solid. The solid was collected and dried under
a stream of CO. The product obtaiﬁ;d from this reaction
was indistinguishable in all of its physical properties to

that obtained from Method A. Typical yields were 90-95%.

(m) [Ir,Cc1(Co)3(u-HFB)(DPM),]1[BF4] (14)

Method B: The procedure used was identical to that
described a%ove }or 13 except that 16 was used instead
of 15. The reaction produced a wgite microcrystalline
solid in 90-95% yield which was indistinguishable in all of

its physical properties to that obtained from Method A.

Attempted Reactions

Attempted Reactions of [1rci(co)(DPM)], (3) and

[Ir,(CO),(p-C1l)(DPM)1[BF4] (5) with CH3C=CCHj.

To a solution of [IrCl(CO)(DPM)]2 (3) (200 mg, 0.16
mmol)._ in 15 mﬁ of CH,Cl, was added an excess of 2-butyne
(50 pL, mmol). The resufting solution was stirred for 3 h
with no apparept'colour change. Examination of the
infrared and 31P{1H} NMR spectra indicated that no reaction
had taken place. The solutign was then refluxed for 2 h
after which time the infrared and 3lp(ly) NMR spéctra;

showed only starting material. Similar results were



R

66

R o

obtained using [Irz(CO)z(p—Cl)(DPM)zj[BF4] (5) instead of

(3).

Attempted Reaction of [Ir,(co),(u-C1)(DPM),1(BF,] (5)

N e e i PR

200 mg (0.15 mmol) was placed in a 100 mL 3 neck flask
which was evacuated and then charged with one atmosphere of
acetylene. 15 mL of CH,Cl, was added to the flask and
immediately produced a dark brown;black solution. This
solution was stirred under the acet&lene atmsspherexfor H@&x
during which time no further changes were observed. fhe
solvent was removed under vacuum leaving a dark brown
glassy solid. A 3lp(ly) MR spectrum of this solid showed
it to contain at least 3 major species.and a number of
minor ones. NoO attempts were made to separate and identify

these products.

Attempted Reactions of Alkyne Complexes with Hs. .

In a typical reaction 200 mg ¥f compound was placed in
a 100 mL 3 neck flask whiéh was evaéﬁated and then charged
with one atmosphere of Hy., 10 mL of CH2C12 was then added
to the flask. The reaction mixture was allowed to stir for
24 h and then the solution was analyzed by 31P{lH} NMR.
The reéults can be broken down inio two categories:

[

1) with the saturated complexes 3 and 4 no reaction was

/
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observed; 2) with the coordinatively unsaturated species 8
and 9 complex mixtures occurred containing at least 5 major
species including starting material. Attempts tO separate
and isolate these compounds were unsuccessful and so no

further effort was made to identify these products.

X-Ray Data Collection

Crystals of [Ir2C12(CO)2(p—DMA)(DfM)2].ZCH2C12 (6)
of suitable quality for an X-ray study, were obtained by
the slow diffusion of diethyl ether into a saturated CH,Cl,
solution of the title complex. A light yellow prism was
mounted on a glass fibre in the air and coated with
shellac.

Preliminary film data showed 1 Lauve symmetry and no
systematic absences, consistent with the space groups Pl
and PI. The centrosymmetric space group was chosen and
later verified by the successful refinement of the
structure with acceptable positional parameters, thermal
parameters and agreement indices. Accurate cell parameters
were obtained by a least-squares ref;nement of the setting
angles.of 12 carefully centred refiéq:ioés\ghosen from
diverse regions of reciprocal space (éﬁiag,ae < 60, CuKa
radiation) and obtained by using a narrow X-ray source. A

cell reductionl’l failed to show the presence of higher

symmetry. The reduced cell is reported.
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Data were collected on a Picker four-circle aptomated
diffractometer equipped with a scintillation coungér and
pulse-height analyzer, tuned to accept 90% of the CuK;
peak. Background counts were measured at both ends of the
scan range with stationary crystal and counter. The
intensities of three stagdard reflections were measured
every 100 reflections and four additional standards were
meésured three times a day. No significant variation in
the intensities of the standards was noted during data
collection so no corrections were applied.

The intensities of 9864 reflections (3° < 28 <“121°)
were measured by using Ni-filtered CuKa radiation. Data
were processed in the usual manner with a value of 0.04 for -
p153. Of these, 7796 were unique and had Fo2 ? 30(F02):
these were used in Eubseqdent calculations. Absorption
corrections were applied to the data by using Gaussian
integration.172 See gyblelll for pertinent érystél data

-

and details of data collection.

”

Structure Solution and Refinement

The positions of the two independent Ir atoms were
obtained from a sharpened Patterson syﬁthesis(',Subsequeﬁﬁ
refinements and difference Fourier calculations led to the
location of all other atoms. Atomic scattering factors

- were taken from Cromer and Waber's tabulationl®? for all
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Table 11. Summary of Crystal Data and Intensity.Collection
Details for [Ir,Cl,(CQ),(u-DMA) (DPM),]-2CH,Cl,.
compd ,{/;Ir2C12(C0)2(u—DMA)(DPM)Z].ZCH2C12
formula Ir2C16P406C60H5A
formula wt 1580.07 g/mole

cell parameters
a,

b’

o o PO

C,

a, deg

PR
P

8, deg

v, deg

2

v, A’
space group
‘crysta1 shape
crystal dimens, mm
crystal vol, nm3

[¢)

temp, °C

radiation
-1
u, CM

range in abs corr, factors
(as applied to Fo¢)

receiving aperature

takeoff angle, deg e

scan ‘speed
scan range .
bkad counting time, S

20 limits

11.880(2)
23.514(3)
11.689(1)
95.429(9)
110.389(9)
77.999(10)
2

2992.93

1
C_i - Pl

triclinic prism with faces of the form

. {100}, (010} , (N3}, {011}

0.356 x 0.096 x 0.396
s.sslﬁ,io‘3

A

23 ‘el oo
AY

R >o '
Cuka (2 1,540662 A) filtered with 0.5 mil
nickel foil

(

122.914

0.116 to 0.383

" 4mm x 4 mm, 30 cm from crystal

3.4°

2° in 28/min

0.6° below Ka, to 0.6° abov,

] 14
10 (3° < 20 < 99.4°), 20(9fK 3

3.0° < 28 5 121.0°

(continued...)
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|
final no. of varfables

data collected

unique data used
(Foz > 3o (Foz)

error in observn of unit wt
R

R

W

367
th,+k, ¢, 9868

7796

1.588
0.037

0.067

7\

Oy
Lo
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atoms except hydrogen, for which the values of Stewart

et a1l56 were used. Anomalous dispersion157 terms for Ir,
Cl1 and P were included in F.. The carbon atoms of all
phenyl rings were refined as rigid groups having Dgy
symmetry, C-C distances of 1.392 A, and independent
isotropic thermal parameters. All hydrogen atoms of the
DPM ligands werellocated and included as fixed )
contributions in the least-squares refinements but were not
themselves refined. Their idealized positions were
calculated from the geometries about their attached carbon
atoms using C-H distances of 0.95 A. Hydrogen atoms were
assigned ithrOpic thermal parameters of 1 Az greater than
the iSOtrOp%§ thermal parameter (6r e&ﬁivalent isotropic
thermal paraheter of anisotropic atoms) of their attached
carbons. The positions of the methyléarboxylatevhydrogen
atoms were not clearly defined; only a smear of electron
density was observed in their approximate locations. No
attempt was made to resolve these atém positions:.

The final model in the space gfoup PI with 367
parameters refined converged to R = 0.037 and R, =
0.067158r In the final dif}erence Fourier map, the 20
highest residuals (0.72 - 0.36 e/A3) were in the vicinity
of £he iridium atoms and the alkyne methyl carbons. A

typical carbon on an earlier synthesis had an electron

density of about 7-8 e/A3. The final positional parameters
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of the group and non-hydrogen atoms are given in Tables 12
and 13. The derived hydrogen position and thermal
parameters are listed in Table 14. A listing of the

observed and calculated structure amplitudes arey

available.159

Description of Structure of [Ir,Cl,(CO),(u-DMA)-

(DPM),].2CH,Cl, (6)

»

The title complex crystallizes in the space group Pl
with two complex molecules and four solvent ?H2C12
molecules in the unit cell; all are well separated with no
unusually short contacts between them. Both independent
solvent molecules are crystallographically well behaved and
display the expected geometry. A perspective viqy of the
complex, inclddﬁng the numbering scheme is shown in Figure
4 (phenyl hydrogens have the same number as their attached
cargon atom). A view‘of the approximate plane of the
metals and the_bridging alkyne group is shown in Figure 5
along with some relevent bond lengths and angles.

The overall geometry of the complex is essentially as
expected for a binuclear species bridged by two mutually'

trans DPM ligands. Within the DPM framewdrk, the bond

g?

lengths and angles are all normal (Tables 15 and 16,

reépectively) and similar to those found in other DPM-



73

oyl AAApme:.u.Dm+.:n-:-u.cm¢x£u.3.n.nw+.—nnD..0+.xNN:..n¢.£—-D..cv.muumuaaxw 1§} prosdille |[ewJudyl Byl 30 waoj ayl
! ¢

@
t

©,0b X S3Ud|3}| 44000 _nEcha 8y3 eJe 3|QR} ayl uj uUaaib sajiiuend

. ) [+
‘¢@1Qe} juanbasqns | |® pue Sy} U} soseyjuaJded up usA}b vuw (S)0unbi 4 JUROLUGLS }ISE8| By} Ul SUO}IRIABD pJEpURLS paijew}isy

. -3

(L) 4 (L)s'# (L)6 0O~ (8))°6 < (6)L 704 (6)6 1t < (+1)1108°0 . (S)SLPL O (ZL)osve O (za)>
(9)e' 0 (9)yz°z (s)€E 0- (6)v i (9)1 'L (9)9'¢ (O1)i1688°0 (r)90€Er° O (6)0OrS5°0 (+0)2
(vl (v)v' 0 (s)s O- (v)S'E (9)Z°6 (9)9°L “(L)s061 "0- (P)OPPE O (8)4.80°0- (04)D
(9)9°2- ()L v (s)s ¢~ (8)vy i} L)y 4t (s)v' v (01)810Z°0 (v)z8sZ o (L)LIEY'O (6)2
(e)6°0 (E)G 4 (€)y O- (e)e € {e)t v (ere v {9)p200°0 (E)EPLIE'O (9)8vv0°0 (8)2
(e)e'o (e)o'z (E)+ O- ()6 € (E)6°€ (e)L'€ (9)Z0S4 "0 (£)68YZ° O - (5)6v8Z 'O (L)d
(€)s 0- (€)9°} (eyz v~ (e)vr'tc (e)e ¢ (€)e'e (G)09+4+°0 (z)vegZ O (S)EL90°0 (9)o
(z)o'o (E)L 4 (zZ)9 0- (et (eyo'e (€)s '€ (5)1984°0 (Z)166T°0 (s)svLL O . (s)
(€)0 ' 0- (€194 (E)t O- (e)s'c (e)g'e (e)e € (G)rssy O (e)Lave' o (6)S€ZO°0 (v)2
(€)S°'0O- (E)VY'T ()6 O- (vio' ¢ (E)V'E (vr)s's (9)0101°0 (E)LDEL 'O (9)190}4°0 (e)3
(€)0 0- (E)4 4 (e€)ec o- (v)s'€t (E)S '€ (€E)9°E (9)rL08Z 'O (E)IOEZ 'O (6)10v}) "O- (z)2
(e)v'0 (E)v ¢ (e)z o- (eE)e' 2 (E)G '€ (v)e'v (9)96i9°0 (E)EELT O (3)0o6vE O (4)2
(Z)s (Z)s'0 (zZ)z - (z)e'z (e)8's ()6 v (v)1080° 0- (64)BLSIE O, . (¥)6v90°0O- (9)o
(E)L 4~ (zye'e (T)S 4~ (E)S'S (€)Ls9 (EYE € (v)evZZ O (Z)8ELT O (v)vSLE O ~ (8)0
(e)o't ()64 (e)yv v - (€)0'9 (€)8°9 (€E)v 'S (S)0S00 0- (Z)98EE O - (v)80Z+ 'O (v)o
(e)e - (z)ys't (T)v 4 - (E)L'Y (€)9°9 (e)v’'s (vr)9v90°0 (z)yoLvzo “(y)ILSET O (€)o
(z)eo (e)v'e (EYL ¢~ (€)o's (€)O0'9 (E)6°9 {G)9GEE'O (z)s1iZ°0 (s)oLst " O- (z)o
(€)+°0 (Z)s 4 (¢iv-0 (v)e 9 (€)1 ¢ (e)e ¢ (5)4+85¢°0 (Z)850Z°0 (v)B8isp’'0 (v)o
(9)00 0O- (9)40° 4 (9)9Z O- (8)11°€E (L)ecy e (L)t8'z (€4 )5Z€0E" O (9)986LYE"O (€1)8L060 0O~ (v)d
(8)60°0- (9)88°'0 (9)vv O- (8)66°2 (8)pL'E (L)eL't (vi)er6re O (9)€6QZE"O LEV)SLOLYL 'O (€)d
(2)vz 0- (L1651 (¢)os'o-  (8)6B'Z (8)81°E (8)vs’'v (v4)28290°0 (9)p88LLE - (¥1)SI6v0 0O- (Z)d
(L)Ov O (L)Z6 ) (L)ZO 0O~ (6)6L°€ (8)81 € (6)zL v (G4 )6vvPOT O (L)ESEEL O ~(51)98081 0 (4)d
(z)z o- (eyz-e (zZye v~ (€)1 91 (Z)0 01 (r)S Lt (p)oBESB O (G4 )vS6E80° 0 (P)LSOE O (9)L2
(€)6° 1} (eye'ec (€)O L~ (€E)E-OF (pYL 2 (p)e Lt (e)give 0 (ziyLeer 0 (vr)BLov O (s)td
(z)ys'e (e)L's (z)6'¢- (E)0" L (EVL b (E)T G4 (r)gsvL O (S4)ZZOEY Qo (PISELS O (v)id
()6 1~ (z)e's (64)69 0- ()0 8L (61)55°6 (81)86°8 (E)6G6L8°0 (ev)ovissQ + (€)9ZPY°O (€)12
(L)9v 0 (L)00'0 (L)z9 0- (6)Z€ ¢ (6)vL' v (LYYS'E (G1)ZELEG O (L)EZIOE™ Q. {E})SLS9T O- (2)to
(L)sv O (L)se 4 (8)YPS b - (8)0E '€ (6)9s°6 (oL)to'o (vi)19816°0 (L)60T0Z:0 (91)vZLzs 0 (4)12
(O1)S04°'0 (01)9L8°0 (OL)8BYY O- (GH)LGY'L (pr)opr8 2 (P1)ZSB' T (z)z6464 0 (01)SLLIOT O (Z)9LT90 O- (TYI1
(01)99E°0 (1L)E9E O (O4)EVO O- (SH)ILBS T (SH)9ELE (PEILEB' T (Z)965PE O Ao,vOmwmﬁNqu (T)LoLLy ' o (V)1
€zn eLn tin gen (444 N z A . x woly

qQ e
.NHuNmuN.HNAzaovAazolnvmﬁougmﬁUNHHu

Jo swo3v dnoib-uoN ayiz I03J sisjaweted Jewrsay] OT1doajzostuy pue Jeuorirsod "1 mHQmB



74
Table 13. Derived Parameters for the Rigid-Group Atoms
of [Ir2C12 (CO) 2 (u~DMA) (DPM) 2] '2CH2C12.
L ]
Atom x y B B(A') Aton x y z 8(A")
c(11) O 3364(4) 0-0960(5) 0.292(3) 3.92(13) c(51) O 274(3) O 23139(3) 0 610(3) 2 715(10)
C(12) 0 390(2) 0.0845(5) 0.2014(16) 6. 1(2) €(52) 0.2271(9) 0.3113(3) 0 T7025(%) J.58(12)

‘ C(13) 0 513(2) 0.0582(%) 0.2313(14) ®.0(3) c(s3) 0.306(3) O 3018(5) 0.822(3) 4 78(16)
C(14) O 5816(4) 0.0433(5) 0.351(3) 8. 24N C(54) O 432(3) 0.2949(3) 0.849(3) 4 81(15)
C€(15) 0.528(2) 0 0548(5) 0.4417(16) 7 .0(2) c(55) O 4785(9) O 2974(3) 0. 7558(5) 4 26(14)
C(16) 0 405(2) O 0811(%) O.4119(14) S.19(17) C(56) O 400(3) (o] 3069(5) o] 636(3) 3.51(12)
C(21) 0.1169(5) 0 07750(19) © . 3066(5) J.44(12) c(et) 0.2162(4) 0.38545(16) O 4086(4) 2 74(10)
c(22) 0 0194(5} 0.09122(16) ©0.3506(5) 4.24(14) c(62) 0 2073(4) O 39423(16) ©.2894(4) 3 3101%) p
c(23) -0 0369(4) 0 0474(2) 0.3653(3) 5 74(19) c(€3}) 0.2243(4) O 44685(18) O 2588(3) 4 40(14)
C(24) 0. 0042(S) -0 01006(19) O 3361(5) 6 4(2) Cé64) 0.25%01(4) O 43070(16) O 347a(4a)+ 4 58(15)
c(2s) 7,0 1017(5) -0 02377(16) O 2921(%) € 4(2) c(65) 0.2590(4)  © 48193(16) O 4666(a) 4 72(15)
C(zs)g 0 1580(4) 0.0200(2) 0 2774(3) 4 88(16) C(66) O 2420(4) 0.42931(18) O 4972(3) 3 56(12)
c(31) -0 1491(4) 0 12787(19) 0 0590(4) 3 23(11) c(11) -0.2322(4) 0.3631(2) 0 3418(6) 2 €6(10)
c(I2) -0 2641(4) O 15062(15) O 0671(5) 3 96(13) c(72) -0.2347(5) 0.34;9(3) * 0 4470(5) 3 72(13)
€(33) -0 3466(2J) 0. t141¢2} 0 0529(3) 5.02(16) c(73) -0 3416(8) 0 3533(3) O 4760(%) 4 66(15)
C(34) “0 3142(4) O O5478¢18) © 0307(4)k 5 s8(18) C(74) -0 4459(4) 0.3878(2) O 3998(6) ‘4 98(16)}
C€(3%) -0 1992(4) 0 03204(15) 0 0226(5) 5 57(18) Cc(75) -0 . 4434(5) [ l!OOkJ) 0 2947(5) 4 83(15)
c(36) -0 1167(3) O 0686(2) 0.0367(3) 4 51(15) c(76) -0.3365(8) ~0.3976(3) O 2657(6) 3 75(12)
C(at) -0 091(4) O 1878{4) -0 1026(13) 3 42(12) ' cC(81) -0 0960(4) O 41649(14) © 2375(4) 2 89(11)
C(a2) -0 0028(15) 0.1859(4) -0 156(4) 4 42(15) c(82) -0.0796(4) 0.46653(18) 0 3103(3) 3 63(12)
C(43) -0.037(3) 0 1882(5) -0.283(4) 6 02(19)‘ (83} -0 0848(4) 0.51835(15) 0 2585(4) 4 55(15)
C}ll) -0 160(4) O 19544(4) -0 .3549(13) S Be(19)  C(84) -0.1064(4) Q 52012(14) ©.1338(4) 4 61(15) ) -
‘C(45) -0.2480(1%) O 1964(4) -0.301(4) 13 35(1;) c(8s) -0.1228(4) O 47007(18), 0.0610(3) 4 25(14)
c(46) -0 214(3) 0 1931(S) -0 175(4) 4 00113) c(es) -o\1v1s(4) 0 41826115) 0.1128(4) 3 52(12)

Ri1Q1Q Group Pesranmetars e
e !
""""""""" ST T )
-~ Xc Yc 2c Delta Epsiion Eta
Ring1 O 4590(4) O 06964(17) 0.3216(4) 1.834(4) 1 566(15) 4.6€36(15)
Ring2 0.0606(3) 0 032372(15) 0.3213(3) ~ 0.006(3) 0 693(3) 0.963(3)
Ring3 -0.2317(3) 0 09133(14) © 0448(3) 0 087(3) 0.373(3) § o.83s(3)
Ring4 -0.1254(3) O 19413(13) -0 2287(3) 4 .5939(3) » 1.88(3) ‘ ; 10(3)
RiNGgS o] JS?B(?) [e] 30431(|2)/ 0.7292(3) :.598(3) i 2.61(2) ) 5.91(2) »
Ringé 0.2331(3) 0.43808( 12) 0.23780(3) 0. 185(3) 1.666(3) 4.326(2)
Ring? -0.3391(2) 0.37545(12) 0.3708(3) 2.055(3) 0.663(6) 0.102(6)
Ring8 -0 1012(3) 0.46830(12) 0.1857(2) ‘ J3.194(3) 1.741(3) 2.097(2)
- B Y
:XC,VC and Zc are the fractiona! coordinates of the éontroid of the rlol% group. ’ .

The ' :ptd group Of fentation anpgles Delta Epsilon and €ta(ragians) sre the angles by which the rigtd body 18
rotat - with respect to & sat of axes X,V and I The origin 1s$ the centre of the ring. X is paralie! to a*
2 is pzraltlel to € end ¥ lg [orslle) to tha line cafined Dy lhl\lnl:vzbct|on of the plane containing a°* and b*

with the plane cont .t tag B &l €.
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Perspective view of [Ir

2

showing the numberiné scheme. The numbering on
the phenyl carbon atoms starts at the carbon
bonded to phosphorus and in;reaseé sequentially
around the ring. Twenty_percént éﬂefma}

ellipsoids are shown.
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Table 15. Selected Distance (X) in

[Ir2C12 (CO)2 (u-DMA) (DPM) 2] '2CH2C12.

Bonding Distances

~N

Ir(1)-1r(2) .7793(3) €(8)-0(6) 1.340(7)
A N\

Ir(1)-c1(1) 2.457 (2) £(9)-0(5) 1.462(8)
Ir(2)-C1(2) 2.512:(1)  ¢(10)-0(6) 1.438(8)
Ir(1)-P(1) 2.342 (2) P(1)-C(3) 1.807(7)
Ir(])-P(33 ° 2.383(2) P(Z)-C(é) 1.825(7)
Ir(2)-P(2) 2.354(2) P(3):C(4) 1.819(6)
» Ir(zf-P(a) 2.342({)~ P(4)-C(4) ‘1.821(6)
Ir(1)-c(1) 1.890(7) - P(1)-C(11) 1.807(4)
Ir(2)-C(2)  1.882(6) P(1)-C(21)  1.834(4)
T Ir(1)-c(5) 2.052(6) P(2)-P(31) 1.842(4).
Ir(2)-C(6) 2.133(6) P(2)-C(41) 1.842(4)
c-q) T 1.126(07) P(3)-C(51) 1.828(3)
C(2)-0(2) 1.147(7) “ p(3)-c(61) 1.827(3) -
C(5)-C(6) m 1.344(8) _P(4)-C(71) 1.845(3)
C(5)-C(7) 1.479(8) P(4)-C(81) 1.830(3)
C(6)-C1(8) 1.467(8) C( Dl)-C1(3)a 1.72(1)
C(7)-0(3) Y 2197) C o 01)-01(2) 1.73(1)
C(8)-0(4) 1.215(7) c( D2)-C1(5)° 1.78(})
C(7)-0(5) 1.330(7) C(D2)-C1(6) + 1.67(1)

>

a) The dichloromethane molecules of solvation consist of
Cc(Dl), C1(3), Cl1l(4) and C(D2), C1(5), C1(§).

\
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3

b;idged complexes of iridium.151'173 Each metal has a
slightly distorted octahedrgl geometry in which the
coordination siteé‘are occupied by the two trans phosphorus
atoms, mutually cis termindl carbonyl and chloride ligands,
one end of the bridging alkyne group, boghd as a cis-
dimetallated olefin, and by an Ir-Ir bond. The major
distortions from octahedral geometry about each metal
result from the strain imposed by the bridging alkyne
ligand (vide infra) accompahying)the Ir-Ir bond, gnd as a
consequence the Ir-Ir-alkyne angles (av. 69.8°) are rather
acute. The réspective carbonyl aﬁd chloride ligands on
each metal are;chemically inequivalent; on Ir(1l), thqul
atom is pseudo-trans to the alkyne group énd the carbogyl
is opposite the Ir-Ir bond; on Ir(2) the positions are
reversed.

The iridium-iridium distance of 2.7793(3) A is typical
of that observed for an Ir-Ir single bond and is comparable
to the values found in analogous Ir-DPM systems.151'173
This distance is significantly shorter than the intraliéand
pP-P distances (é1989(2) A and 3.001(2) A indicating a
compressign along the Ir-Ir axis as expected for a metal-
metal bondedigystem. Bo£h Ir-Cl distances are somewhat
long. The Ir(1)-C1(1) distance k2.457(2)»A) can bg
explained based on the high trans influence of the o-bonded

alkenyl carbon of the cis-dimetallated olefin, however, the

.
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Ir(2)-C1(2) length is even longer (2.512(1) A and must be
attributed to an even higher trans influence of the Ir-Ir
interaction. Although t?ans lengthening by a metal-metal
bond does not seem to be widely examined phénomenon,
several reports alluding to such an effect have appeared
reéently.62'174'175 The parawmeters involving the carbonyl
groups are gquite normal with no significant differences
between the two liéands, in spite of their differedt
environments. .

As noted earlier, the alkyne molecule is bound
parallel to the metal-metal axis in a cis-dimetallated
olefin geometry. Consistent with this, the geometries of
the metallated carbons are reminiscenﬁ of sp2 hybridization
and the C(5)-C(6) distance (1.344(8)) A is close to that of

S——

a normal carbon-carbon double bond. The methoxycarbonyl‘
subgtituents are twisted by an angle of ca. 116° with
respect to each dther such that one group (attached gé
C(6)) lies close to the metal-metal-alkyne plane, while the
other (attached to C(5)) is almost perpendicular to this
plane. The twisting most likelyvoccurs in order to
miniAize unfavo;rable non-bonded contacts with the phenyl
grouﬁs. Although moét of the parameters concerning this
bridging alkyne group are comparable to those of related

structures45'66, the DMA ligand in the present case is

rather unsymmetrically bonded: not only is the Ir(1)-C(5)
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bond length (2.052(6) A) significantly shorté? than that of
Ir(2)-c(6) (2.13316) &) but the angles about C(5) and C(6)‘
also differ appreéigbly (éée;Figufe 5). We suggest that
thi; latter asymmetry results from an attempt to minimize
the above non-bonded contacts. Since, as noted earlier,\Q
these groups are oriented essentially at right angles,
their interactions with the phenyl groups should differ
appreciably‘leading to the observed asymmetry in the
orientation of the ligand with respect to the metals. This

results in a slight twist of the alkyne-group from the Ir-

Ir axis (ca. 5.7(2)°) as can be seen in Figure 4. C(5)

lies above the plane defined by the iridium atoms and the

centre of the C(5)-C(6) bond, most likelf because of the
interactions involving C(5) and its attached substituents \
with phenyl ring 6. A similar skewing of the alkyne group
was obseved in [Rh,Cl,(p-CO)(p-DMA)(DPM),]: however in this

case the alkyne was symmetrically bonded to each meta1®©.

'The difference in the metal-carbon bond lengths may result

ffom the above steric interactions but may also be a result
of the differing trans influence bf the chloride and
carbonyl groups opposite this alkyne ligandﬂ A similar
asymmetry was observed for another alkyne-bridged complex,
[Rh2Cl(CNMe)2‘(p-HFB)(DPM)z]+ where the ligands on each

metal- differ significantly.l76

1
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Discussion of Results.

#i) Neutral Complexes. The addition of dimethyl-

acetylen§ dicarbpxylate (DMA) to a solution of trans-
[1rci(co)(pPM)], (3) produces an immediate reaction as
evidenced by a colour chqege ffgm%purple éo light yellow.
The solid isolated, f&gmGlated as [Irchb(co)z(p—

DMA) (DPM),] (6) displays carbonyl stretches in the I.R.
spectrum at 20?3 and 1999 cm'lﬁlaé well as stretches at
1674 and 1653 cm~! due to the carboxylate groups and one at
1549 cm~1 due to the coordinated acetylenic moiety. The
low acetylenic stretch is consistent with either of two
binding modes for this group:; when the alkyne is bound
perpendicular to the.metal-metal axis (uz-nz binding mode)
this stretch has beennobserved in the range from 1491 to
1595 cm“1,177i178 whereas when it binds parallel to thé
“metal-metal axis (as a cis—dimgtallated olefin) a range in
strezches from 1639 to 1643 cm™l has been
reported.179'180 ‘Although the observed stretch is more
consistent with the perpendicular biﬁding mode, the i—ray
structure determination; deécribed earlier, establishes
that the alkyne is bound as a cis—dimetallatedgﬁggfin, as
shown below in structure VI (see also Figures 4 and 5). As

such, this is one of the lowest acetylenic stretches

observed for this geo%etry and is certainly lower than
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related rhodium complexes that have been studied in this

g;oup.66'68'69'176 This is probably a reflection of the

N ‘5 ]
< R R__ R = CO,Me(6)
\C=C/ ‘:@?{ 2
‘ = CF,(7
cl—1r Ir—co = 3(7)
s ci
VI

more basic metal centre in the case of iridium and the

,/.
PS 5

concomitant greater = back donation to the alkyne group.
The strong Ir—alkyﬁe bond is also evidenced by the fact
that réfluxipg 6 in toluene leads to carbonyl loss but no
loss of the alkyne ligand (vide infra). Tﬂe solution
characteristics suggest that the same strutture is

< "maintained in solution; a'31P{1H} NMR spectrum shows an
AA'BB’ patternlg3 (see Table 10) indicating that boﬂg
iridium centres afe chemically inequivalent and the
solution I.R. spectrum is quite similar to that in the

solid (see Table 9). Furthermore, compound 6 is a non-

electrolyte suggesting that no signifiéant chloride

e o

dissociation occurs.
With hexafluoro-2-butyne (HFB), reaction with compound
3 yields a single species which we formulate as

[Ir2c12(co)2(p—HFB)(me)2] (7), having a similar structure



(

85

. to that of 6. Unlike compound 6, however, this HFB adduct

displays only one carbonyl stretch at 2024 cm™ 1. ,ﬁé

)
\

Nevertheless 7 is formulated as a dica;ﬁéhyi species‘?ésed

on its subsequent reactions (vide infra); in particular
‘removal of Cl1~ by the aédition of Agt quantitatively yields .
a cationic dicarbonyl complex. It w0uldaseem that ire
compound 7 both carbonyl bands are accidentally

coincident. Changing the bridging group from DMA to HFB
might be expected to have relatively little effect on the
carbonyl ligand which is cis ‘to these bridging groups but a
greater effect on the trans carbo;yi. This suggests that
the higher carbonyl stretch in compound 6 (2023 cm—l),
which is close to that observed in 7 (2024 cm™1),
corresponds to the carbonyl ligand which is opposite the
Ir-Ir bond, and the lower stretch of l999_crn_1 in

6 is due to the carbonyl which is trans to the Ir-alkyne
linkage. Based on the greater group electronegativity -of
CF3§compared to COZMe,IBl HFB should be a better n-acceptor

ligand than DMA which should result in a higher CO

™

stretching frequency_f%; the carbonyl trans to HFB.
éresumably, in 7 this increase in CO frequency is

~

sufficient to bring it into coincidence with tke one
opposite the Ir-Ir bond, giving rise to only one observed
carbonyl stretch. These arguments are consistent- with our

findings in related complexes of rhodium where CGa and SO; |

-

AN
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groups were found to be more %%bile for HFB-bridged
&7’
176

7

B3/
o,

complexes than for the DMA analﬁgues.
¢ Compound 3 also reacts with acetylene (HCzCH) to give
a spec1es having carbonyl stretches at 1977 and 1968 cm~1

and a stretch for the coordlnated alkyne group at 1533

-1 31

cm”~. This species has a “"P{ lH) NMR spectrum which is
very similar to those of 6 and 7 and shows_ two 1y
resonances 56.13 and 6.52 ppm) in the reéion typical for
olefin hydrogens. Based on thiJ data, on the conductivity
measurements, which indicate that it is a non-electrolyte,
and on its elemental analysié,ége formulate this alkyne
adduct as [Ir,Cl,(C0),(n-CyH,)(DPM),] (8B), having a
structure similar to those of 6 and 7. The carbonyl
stfetches for this species -are both much lower than those
of 6 and 7, consistent with the substitution of the very
electron Qithdrawing CO,Me and CF3 groups by hydrogen
atoms. Formation of the acetylene adduct 8 confirﬁs that
strongly electron withdrawing groups are not required'for
complex formation. . However, it is to be noted that
substituting H for the’ sllghtly electron donating methyl
group in 2-butyne results in no adduct formatlon (see
exPerlmental sectlon)

Loss of one of the carbooyl groups in compound 6 can
be effected by refluxing the spec1es_1n toluene. The new
epecies, [Irzclz(co)(u—DMA)(DPM)2]*(9),_displays a complex

Q
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" pattern ip the 31P{IH} NMR spectrum and displays only One
carbonyl band (2004 em™1) in the I.R. spectrum. If the
cgrbonyl group trans to the acetylenic moiety in 6 is;lost,
either species, Vf& or VIII, shown below, could result,

T

whereas 1loss of the CO trans to the Ir-Ir bond would yield

~IX. It is expected that the carbonyl group in 6 having

¢ VII VIII IX

the higher stretching frequency should be less tightly
bound{ and based on our assignment of these‘carbonyl bans
we suggest that it is the CO trans to the Ir-Ir bond which
is labile, yielding structure IX. A, similar produc%,
[Ir2C12(CO)(p-HFB)(DPM)Z] (10), is obtained upon refluxing

L
compound 7 in toluene, however its lack of solublllty in

all solvents tried pggcludes its chara?ierlzatlon in
2 R

solution. An I.R. spectruﬁ’of 10 disptays two carbonyl

bands at 2009 and 1988 cm™1 suggesting that two different

products are formed. Such aﬁ interpretation is not

inconsistent with the I1.R. spectrum of the precursor 7,

“which showed that both carbonyl stretches are coincident,

suggesting similar binding abilities of these groups. The
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two isomers observed<would then result from CO:loss from

oppositgqthe Ir-alkyne linkage to give either structure VIl

or VIII, or from opposite the Ir=Ir bond to give IX. .
. ) \

.

a

-

. This study shows that the

(ii)e Cationic Cdmpiexes
5 58
most Q}reég routes to.cationic alkyne_addﬁcts utilizes
either chioride abstraction from the neutral alkyne
adducts, or,direct reaction of the alkynes with the
cationic A-frame complex, [Irz(CO)é(u-Cl)(DPM)2]+ (5).
Another rou;e; used by Mague and coworké;s, involves alkyne
addition to and suﬁsequent CO loss from [Ir2C1(CO)4(DPM)2]-
[Bph4],182 Looking first at chlofide removal from the

~ -

neutral species, it is found that t™~ reactions of

compounds 6 and 7 with AgBF, yield EIr2Cl{CO)2(p—RCECR)—

(DbM),][BF4] (R = CO,CH3 (11), CF3 (12)). A’lthoug’h the
precursér to compound 12 (cdmpound 7) dispiays o~ One
carbonyl stretch, boih species 11 and 12 show the tyd
éxpected CO stretches (see Table 2). At -40°C both

compounds display sharp, well resolved patterns in

the 31p{lH} NMR spectra which appear as a pair of pseudo-

triplet5183._ In addition, a small Sihéiet dppears in the

spectrum of 12.. However, upon warm}ng, the'peaks of the

" "triplets" begin to broaden and at ambient temperature have

begun to collapse into the baseline; the singlet in the

spectrum‘of 12 collapses into the baseline along with the

1
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other signals. The lH and 19F ‘yesonances due to the "CH4
iand CF3 groups in compounawfll and 12, respectlvely& behave
‘in an apalogous manner. This tempgrature dependence is
cons@stehp with a'fluxibnal process as diagrammed below.
Str;ctures X .and XII are chemically.equivaleﬁt and give

. o) o
rise to the two ﬁseudo—triplets in the 31P{IH} NMR

spectrum, one for each of the two inequivalent ends of the

o

N n\ c/n+ n\ezc/n

e /N /N /N +

Ir———Ir—co oC—ir——Wr——co == oc—Ir Ir
oc/< , \\ 4? i ’
ci ‘ ci

X , X1 “ * XI1

5 _
dimer. The :zinglet Qbserved in the spectrum of 12 is due
to the 5ymmetr1ca1 chloro- brldged 1ntermedlate ).6 P At
hlgher temperatures the fluxional process, which
int?rchanges the two different pho§phorus environments by
chloride transfer from one metal to the other, is
facilitétéd and the high temperature limiting spectrum
(which was not obtained) should appear as a‘singlet.
Although a resoﬁ?ﬁce for XI is observed in th¢J§¥P£1H}‘
NMR spectra of 12 (in approxiﬁately 8% abund;;ce),
_ evidence forran analogous species is observed in the c
spectra of compound 11. It is n@%\clear;yhy tﬁe

unsymmetrical species (X or XII)  should predominate
[ -
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over the chloro-bridged isomer XI, since the somewhat

analogous tficarbonyl species, [IrZ(CO)z(u~Cl)t-

(u-CQ)(DPM)2]+,Hexists only as the symmetric species.
J%owever, it is COncéivable thgghthe strain!involved in
bridging the Ir-Ir bond by the alkyne (bound as ajcis-
dimetallated.olefin) aﬁd the chloro ligand, both‘pf,which
favour 1argef metal-metal separations, is'eﬁough to
destabilize the symmetric.structure. It is also nbt clear'
why. none of the symmetric species is observed for compound

° .
L

I1. The unsymmetrical forms, X and X&{I, are obtained from

N

the neutral parent compounds (6 and 7). by removal of the

chloride ligand which is'trans to the Ir-Ir bond. Remb&@l

.of this chloride ligand, rather than the one which is- cis

to the Ir-Ir bond is consistent with the much longer Ir-Cl |
distance found for the former in thg structure

determination of 6, suggesting that this chloro ligand is
A - -

more weakly bound.-

Compounds -11 and 12 react rapidly with carbon monoxide

to give pale yellow, almost colourless solutions. from which
white microcrystalline solids are obtained. The I.R.

speétra of these solids displayfthree terminal carbonyl

bands and, based on the structures suggested for the

‘precursors 11 and 12, are formu}ated as shown below.: These

geometries are consistent with the observed NMR spectra
. ) ‘ 47/ o ‘

t

(lH, 19F and 31P{1H}) and have been coinrmed by X-ray

e
‘,L;, S /

ST~
. //\\

) - 5 Nj
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or both R = 0,Mel82 and R = ?ﬁg*

CF3.166 Although/no teméerature dependence was observed in

structural determinations

the 31P{}H} NMR gpectrum of 14, the DMA analogue 13,
displays unusual temperature dependence, assshown in Figure

6. At room tgy érature the 31P{1H} NMR spectrum of 13

—

R_ R
c=¢ R = CO,Me(13)

[ *I// ]

oC——lr———Ir—cCco =
, ) CF;(14)
I
5 cl . )

@ i \
. XIII

appears as a normal AA'BB' pattern, however as thg
temperature is lowered the pattern compresses and
eventuélly appearsAas a sharp singlet at -60°C. At no time
during this process is any lineﬁbroadening observed,
strongly arguing against a dynamic process which averages

- the phosphorus environments. Instead, it appears that the
chemical shift for each chemically inequivalent phosphorus
nucleus is temperature dependent; but rather than moving ih
the same direction at roughly the same rate, as normally
occurs, the chemical shifts move together, becoming
equivalent at -60°C. At lower temperatures, the AA'BB'

pattern should reemerge, however we were unable to obtain

ntin S s b

st

Rt it A e e

B A
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Figure 6. 31P{1H} NMR spectra of [Ir2Cl(CO)3(u—DMA)(DPM)2]—

t

[BF4] as a function of temperature in CH2C12.
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these spectra due to instrumental limitétions. ‘In the 1H
NMR ;éécpra;\a similar phenomenon is observed in ;hich the
chemicélgshi%t of one methyl éroup changes from 2.67 to
2.27 ppm over¥the temperature range from 0 to -60°C, while
the other methyl resonance remains essentially fixed at
-3.5 ppm (see Table 10); again no broadening is observed.
An analogous temperature dependence in the 31?{1H} NMR
spectrum éf [szCll(D“f\z], has previously been reported,88
except that in this case the crossover of the two sets of
resonances occurred at a much higher temperature (35°C).
Refluxing compounds 13 and 14 in toluene for 6h regenerates
the parent dicarbonyl species 11 and 12.

A second route to cationic dicarbonyl alkyne
complexes, involving the reactions of alkynes with the

A-frame complex [Ir,(CO),(u-C1)(DPM),][BF3] (5), has also

been studied. Addition of DMA or HFB to solutions of 5

PX)

produces an immediate colour change from red to dark
purple%brown, and purple solids can be obtained. These
species each show two carbonyl stretches at ca. 2093 and
2055 cm"lﬁywhich together with the other spectral
information suggests that they be formulated as isomers of
11 and 12, [Ir,C1(CO),(u-RC=CR)(DPM),][BF4] (R = CO,CHj
(15), CFy (16)). Compounds 15 and 16 are clearly different

from their respective isomers 11 and 12, described earlier

(see Tables 9 and 10). In particular, compounds 15 and 16
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do not show fluxional behaviour in the NMR spectra, as was
observed for 11 and 12. Therefore the structures of
compounds 15 and 16 are likely as shown below, with the Cl

ligand trans to the Ir-Ir bond instead of cis to it.

r

R R
Sc=c R = CO,Me(15)
/ N\
Cl———l'r : lr\ = CF3 (16)
c o

X1V
Clearly, facile f}uxionality via a symmetric intermediate,
as was describsd for 11 and 12, is not possible for these

y

species since éignificant rearrangement would be required
in order to obtain the chloro—bridgedlintermediate
(Structure XI). Why structure XIV is obtained for
compounds 15 and 16, instead of Qbe isomeric structure X or
XI1, is readily understood when one considers the site of
alkyne attack in compound 5. If attack were to occur
between the metals, in the enclosed bridging site, one
would expect species X or XII to result, however attack at

one of the terminal vacant sites, as diagrammed below,

would, after migration of the ligands around the framework,

R R

~e=c”
el 4 =
"\ ___ RC=CR / \"*
—ne -
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yield structure XIV., 1In the analogous rhodium A-frame,
[ha(CO)z(u-Cl)(DPM)2]+, attack by CO has béen demonstrated
to occur at this terminal site.39'40 In addition, the
reacgioﬁ'of a reléted acetate-bridged rhodiumi*a-frame,
[Rh,(CO), (u-0,CCH3) (DPM) 1%, with HFB has also been shown
to yield a product having a geometry much as that proposed
for structure XIV, except that for the rhodium species one
ca;bonyl group bridges the twovmetalé with no accompanying
metal—metél bond.42'44

Although compounds 15 and 16 are not fluxional in
solutién, they do with time in CH5Cl, solution convert to
their isomers 11 and 12. At present, it is not clear how

this rearrangement occurs since no intermediate has been

observed. However, two routes seem likely, inveplving

_either loss of CO or Cl~ from the iridium atom which is

coordinatively saturated followed by recoordination.
Attempts to trap the intermediates in the above
dissociations, by flushing the system with N, to remove CO
or by addition of Ag+, failed, and had no significant
affecp‘on the rate of isomerization, although the latter
gives rise to small amounts of two unidentified species.

It is also-interesting that the rate of isomerization of 15
is much faster than that of 16; the former is complete

within one hour whereas the latter requires approximately
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two weeks at room temperature. This rate difference can be
rationalized based on stabilization of the electron
deficien£ intermediate, which results from éither CoO or C1~
dissociation, by coordination of one of the carboxylate
oxygen atoms as shown for structure XV. That 11 and 12 are
favoured over 10 énd 11 may reflect the preference fof a

n-acceptor versus a n-donor ligand- in the sites trans the

Ir-Ir bond (cf. the long Ir-Cl bond in 6).

?Me
MeOL. _ /Cxo *" L =0, n=2
. = Cl, n=1
\ ir Ir '
| - ~N
Lot L

[Ir,y(co),(p-Cl)(DPM),][BF,] also reacts readily with
acetylene (HgECH), however a mixture'of products is
obtained and none has yet been ch;racterized. As was the
case for trans—[IrCl(CO)(DPM)]2 (3), no reaction of
compound 5 with 2-butyne was observed.

Compounds 15 and 16 react rapidly with CO to give the
previously observed tricarbonyl species 13 and 14.  Our
initial expectation was that the isomeric structure XVI
would result, however, no species other than 13 andk14 is

observed. This is perhaps not surprising, considering that

compounds 15 and 16 were shown tg isomerize, and this
;

3



isémerization may be accelerated in the presence of excess
CO. Again, the‘preferred geometry has the chloro ligand

opposite the metal-alkyne fIhkage instead of trans to the

. Ir-1Ir bond

Conclusions

o

The syntheses outlined, involving the reactions of

trans-[Irc1(co)(DPM)1, and [Ir,(C0O),(p-C1)(DPM),][BF4]) with
alkynes, present convénieﬁ routes to both neutral and
cationic iridium complexes cdntaining bridging alkyne
groups. Not surprisingly, these iridium complexes have the
alkyng ligands bound as cis- dimetallated olefins as was
1-6

observed in the analogous rhodium compounds and as has

been discussed by Hoffmann and coworkers.184—185

In many respects the iridium chemistry parallels that
?;f rhodium but there are significant differences that are
! consistent with the differences between second and third

row metals. For example, in several of the rhodium
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complexes the bridging alkyne groups are accompanied by
bridging carbonyl ligands, and in fact these compounds are

some of the few examples of bridging carbonyl complexes
42,44,66,74,1456187

AN

Oon the other hand, no bridging carbonyls. are observed in

with no accompanying metal-metal bonds.

the iridium complexes described,awhich is consistent with
the lower tendency of the third row transition metals to
have bridging carbonyl groups. This study also
deﬁonstrates a much greater terfdency for the more basic
iridium complexes to‘biﬁd CO compared with their rhodium
counterparts. For eﬁample, when trans-[Rhc1(cO)(DPM)],
reacts wi£ﬁ DMA or HFB one carbonyl group is very labile
and only the.monocarbonyl complexes, [Rh,Cl,(p-CO)(p-
RC,R) (DPM),], are isolated.®® However, with iridium the
dicarbonyl alkyne adducts are obtained and removal of both
carbonyl groups can be effected only with difficulty.l86
Similarly, a series of tricarbonyl alkyne complexes has
been prepared and isolated with iridium, whereas with
rhodium these analogues are not obtainéd.187

_Owing to the lower lability of third row metal
complexes compared to their second row analogues, we had
hoped to observe examples of alkyne attack and coordination
at one of the terminal s}teé in these complexes. However,

rearrangement to complexes having bridging alkynes is very

facile, even with iridium, so although the initial products

Al
L
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4
probably have the alkynes coordinated at only one metal,

. A
such species are never oObserved. ‘

It is apparent from these studies that the bonding
between the alkyffe ligand and the metals is very strong.
In several of the complex;§ there is a cis positioning of a
carbonyl 1i§ahd and one end of the Ir-alkyne 1linkage, yet
no evidence of insertion is observed even when the system
is left stirring under CO pre;sure (> 1 atmosphere) for
extended periods of time. This is also apparent from the

reaction of these compldxes with hydrogen where either no

reaction is observed or the reactions follow a very complex
\ :

_pathway resulting in the formation of several species (see

ra \“
Experimental). It is therefore unlikely that these cis-

dimetallated olefin Spekies play any significant role in

alkyne hydrogenation.
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CHAPTER 4 R )

Binuclear DPM-Bridged Compiexéé:of Iridium as Models for
‘/ . ' . .,
the Catalytic Hydrogenation of Alkynes in the Presence
of Two Metal Centres. The Structure of

| [1r,(CH3C0,C=CHCO,CH3) pC1,(CO) 5 (DPM) o]

N
~

Introduction

As deséribed in Chapter 1, much of the present
understanding of the mechanisms of homogeneous
hydrogenation of_unsaturated-organic substrates comes from

studies on mononuclear rhodium-phosphine c‘omplexes.:&'ls'21

More recent studies have fOCuésed.os complexes containing
more than one metél centre as catalysts because of the
potentiaily new modes of reéctivity not a§ailable with
mononuclear systems.188'189 Understandingltbe'functions“of
the different metal ceﬁtrés in theée polynuclear c&mple#es

is especially important in designing new catalysts.

iRéporté of aikyﬁe ‘hydrogenation under mild conditions by

'fhg bingcléar complgxés‘[ha(co)z(p—Cl)(DPM)Q][BPh4]34 (1)

and thz(CO)z(Q4H)(p—CQ)(DPM)Z)[BE4J35 (11) .raise the

question as'to how the two metal centres in each complex

are involved in the catalysis. Although it is attractive

100

Y
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to consider that both metals are participating, perhaps in
a cooperative manner, it is not clear from these studies
that this is the case. In neither case were apy
intermediate species observed. Because of this group's
orfgoing interest in bingclear, DPM-bridged complexes as
models for multicentre catalysts, it was décided to use the
Ir-DPM system at band in an attempt to model the catalyti%%
behaviour of the Rh systems. It was felt that with iridi:;

. we might be able to isolate complexes which would be
analogous to intermeéiateg in the rhodium-catalyzed
reactions and tﬁereby define the role of the metal centres
during the course of the catalytic cycle. This chapter
deals with studies using the Ir analogue of I, [Irz(CO)Z—

(u-C1)(DPM),][BF,], 5, and its close relative, trans-

[1rcL(co)(ppPM)],, 3.
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Experimental Section:

The general experimental conditions and techniques are

given in Chapter Two. =

Preparation of Compounds

~

(a) [Ir,(H),Cly(CO),(DPM),] (17).

An atmosphere of hydrogen waé placed over a solution
of trans-[Ircl(co)(pPM)], (3), (200 mg, 0.156 mmole) in 1f
mL of CH,Cl, and the mixture was stirred for 15 min during
which time the colour changed from dark purple to light
yellow. The solution was conqentrated to a volume of 5 mL
under hydrogen gnd 30emL of hexanes was added resulting in
the precipitation of a pale yellow powder. The solid was
collected and dried under a stream of hydrogen. Recrystal-
lization from toluene/hexanes yielded 17 as a colourless
microcrystalline solid in 90% yield; Compound 17 was |
determined to be non-conducting in CH,Cl, golutions
(A(ld'3M) < 0.5 @71 cm? mole'1)170.- Specfroscopic
parameters for this and all subsequent compounds is given
in Table 17.

Anal._Calcd for‘%rZC12P402C59H54: C, 51.57%; H',3'96%’

Found: C, 51.64%; H, 4.05%. s
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b) [;rz(ﬂ)4c1(co)g(DpM)zl[BF4] (18).

An atmosphere of hydrogen was placed over a solution
of [Iry(co),(u-Cc1)(DPM),1[BF ], (5), (200 mg, 0.150 mmole)
in 5 mL of.CHZClz and the mixture was stirred for 15 min
during which time the colour changed from dark red to light
\ : s
yellow. The solution was taken to dryness under a rapid
flow of hydrogen leaving a pale yellow powder which proved
to be susceptible to decomposition except when kept sealed
| |

under an atmosphere of hydrogen. For this reason no

elemental analyses could be obtained.

c) [Iry(H)5(CO),(u-C1)(DPM),1[BF,] (19).

|

Method A. An athSphere.of hydrogen was placed over a
slurry of [Ir,(co),(u=-cL)(DPM),1[BF,], (5), (200 m9, 0.150
mmole) in 10 ﬁL of THF and the hixture stirred for 15 min.
during which time all of the solid disappeared ieaving é
clear light yellow solution of 18. The hydrogen atmosphere
wés replaced by one of dinitrogen and the solution was .
refluxed for 20 min during which time the colour changed to
a very intense yellow and a bright yellow flocculent
precipitate appeared, Tﬁe mixture was takgp to dryness
under an Né streém giving 19 as a bright yeliow powder.
Recrystai%ﬁzatioﬁ from CH,Cl,/diethyl ether gave 19 as a
bright yellow microcrystalline solid in 90% yield. A
CH,Cl, solution of this solid proved to be a l:1

‘ 2 %ole-l)

electrolyte (A(10_3M) = 54,2 0! cm
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Anal. Calcd for Ir2C1P4F4020528546: C, 46.84%; H, 3.48%.

Found: C,-46.76%; H, 3.54%. /

Method B. To afslurry of 17 (200 mg,,0.156 mmol) in
10 mL THF under dinitrogen Qas_added dropwise one
equivalent of AgBF4:(3O.4 mg, mmol) in 2 mL of THF. The
colour 1mmed1ate1y changed to bright yellow and upon
continued stlrrlng a yellow prec1p1tate appeared. The
solution was taken to dryness under a stream of )
dinitrogen. The product was extracted from the 51lver-
containing products by adding 10 mL of CH,Cl, and fllterlng
under dinitrogen to give a clear bright yellow solutlon.
Pr’%uct precipitarion was induced by the addition of 30 mL
»’/giodiethyl ether. The resulting brigh£ yellow SOIid,

obtained in 85% yield, was 1dent1ca1 in all spectroscoplc

properties to the product obtalned from Method A...

a) [Irz(H)(CH3C02C-CHC02CH3)C12(CO)2(DPM)2] CH2C12 (20).

To a solution of 3 (200 mg, 0.156 mmol) in 10 mL
CHéClziunder dinitrogen wés.added one equivalent of
dimethy;acétylene diCarboxylgtev(DMA),(IS.Z pl, 0.156 mmol)
which produced an immediate colour change from péle yellow

; to bright yellow. The soiution was allowgd to stir for‘12
| h, during which time a yellow solid precipitated from

~solution.'f30 mL of diethyl ether was added to ensure.

&

S
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complete precipitation and the resulting solid was
collected and washed with two 10 mL portions of diethyl
ether and finally dried under an N, stream giving 20 as a
yellow microcrystalline solid in 90% yield. Compound 20

was determined to be non-conducting in CH,Cl, solutions

2 mole—l)

.

(A(1073M) < 0.5 1 cm
Anal. Calcd for Ir2C14P406C59H54: C, 46.96%; H, 3.61%,.
Found: C, 46.97%; H, 3.69%. The presence and amount of

solvent of crystallization was confirmed by 1y nNMR.

e) [Ir,(CH3C0,C=CHCO,CH;)5C1,(C0O),(DPM),] (21).

To a solution of 4 (200 mg, 0.150 mmol) in 10 mL
CH,Cl, under dinitrogen was added an excess of DMA (50.0
pl, 0.513 mmol) which produced an immediate colour change
from yellow to orange. The solution was allowed to stir

for 12 h after which time 30 nL of diethyl ether was added

resulting in the precipitation g%g&?%right yellow
flocculent solid. The solid was dissolved in acetone and
piaced on a chromatography column containing 100 mesh
Florisil. FElution with acetone gave one bright yellow band
which was collected as a yellow solution. The solution was
taken to dryness under vacuum giving a bright yellow

solid. Recrystallization from CH,Cl,/diethyl ether gave 21
a bright yellow crystals in 50% yield. Compound 21 was

determined to be a nonelectrolyte 'in CH,Cl, solutions

(A(1073M) ¢ 0.5 971 cm? mole”1).
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Anal. Calcd for Ir2C12P4010C64H58: C, 49.07%; H, 3.73%.

Found: C, 48.78%; H, 3.91%.

X-Ray Data Collection

N
-

Crystals of [9r,(CH3C0O,C=CHCO,CH3),C1,(CO)%(DPM),]
(21) of suitable quality for an X-ray study were obtained
by the.slow diffusion of diethyl ether into a saturated
acetone solution of the complex. The/crystals proved to be
air stable so one was mounted on a glass fibre in the air
and no special precautions were t;ken. Unit cell
parameters were obtained from a least-sguares refinement of
the setting angles of 25 reflections, in the range 18.0° <«
26 < 24.0°, which were accurately centred on an Eﬁraf—
Nonius CAD4 diffractometer using MoKa radiation. The lack
of systematic absences and the 1 diffraction symmetry were
consistent with the space groups Pl and PI. The
centrosymmetric space group was chosen and later verified
by the successful refinement of the structure with accept-
able positionél parameters, thermal parameters and
agreement indices. A cell reduction failed to show the
presence of a higher symmetry cell.171

Intensity data were collected on a CAD4 diffractometer

in the bisecting mode employing the w-26 scan technique up

to 28 = 46.0° with graphite monochromated MoKa radiation.
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N - 4

Backgrounds were scanned for 25% of the peak width on
either end of the peak scan. The intensities of thfee
standard reflections were measured every 1 h Bf exposure to
assess possible crystal decomposition or movement. No {
significant variation in these standards was observed so né

<

correction was applied to the data. ‘17756 ugique_
reflections were measured and processed\ih the usual ‘way
using a value of 0.04 for p153: of these 11275 were
considered to be obs%rved and were used in subsequent
ca}culations. Abéopptioh correcpions were'applied to the
data by using Gaussian integration.ls4 .See Table 18 for

pertinent crystal data and detalls of data collection.

\

Structure Solution and Refinement

IS

The structure was solvéd in the space group Pl with

r

two individual dimers per asymmetric unit. The positions

® . L4

of the four independent Ir atoms were obtained by using a

<

combination of direct methods and Patterson techniques.
Subsequent refinements and difference Fourier calculations

led to the location of the other atoms. Atomic scattering

155

factors were taken from Cromer and Waber's tabulation

for all atoms except hydrogen, for which the values of
156 . : s 157

Stewart et al were used. Anomalous dispersion terms

for Ir, Cl and P were included in Foe ‘The carbon atoms of

o2 &
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Table 18. Summary of Crystal Data and Details of Intensity
Collection for [Irz(CH3C02C=CHC12CH3)2C12(CO)Z(DPM)Z]

e

compd
fw

formula .

cell parameters

d(calcd)q/¢m3
space group
temp, °C
radiation (X, A)

receiving aperture, mm

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

26 1imits, deg

no. of unique data
collected

no. of unique data
used

range of transmission
factors

final no. of parameters
refined

error in observation of
unit weight
v

R

R
W

[Irz(CH3C02C=CHC02CH3)2C12(CO)Z(DPM)2]

1566.35

Ir,Cl,P40,0% 458
= 15.983(2) A

= 20.458(6) A

= 21.502(5) A

= 107.88(2)°

= 90.40(1)°

= 106.20(2)°

= 6392.08 A

<< TR ONUTE
|

v

1.628

22

graphite-monchromated MokKa (0.71069)

2.00 4+ (1.00 tanB)wide x 4.0 high
173 from crystal

3.0

variable between 6.705 and 1.059
0.75 + (0.347 tanB) in w

0.6 ¢ 20 < 46.0

17756 (+h, +k, +2)

11275

0.32906 - 0.44765

545

2.9598

0.061

0.090
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all phenyl rings were refined as rigid groups having Dgy
symmetry, Cc-C distances of 1.392 A and independent
isotropic thermal parameters. All hydrogen atoms of the
DPM ligands were located and included as fixed
contributions in the least-squares refinementé but were not
themselves refined. Their idealized positions were
calculated from the geometries about their attached carbon
atoms using C~H distances of 0.95 A. Hydrogen atoms were
assigned isotropic thermal parameters of 1 A? greatér than
the isotropic thermal parameter of their attached

carbons. The olefinic hydrogens attached to carbons C(SA),
c(5B), c(6a), and C(6B) were located and were included as
fixed contributions as described above. NoO attempt was
made to locate the methyl hydrogens of the méthyl
carboxylate substituents. 1In the finai refinements only
the Ir, Cl and P atoms were refined anisotropically owing
to the large number of variables and the resulting high
cost of the least-squares calculations.

The final model with 545 parameters varied refined to

R = 0.060 and'Rw 0.090158. on the final difference Fourier

map, the 20 highest peaks (1.01-0.34 eA'B) were in the
vicinities of the iridium and chlorine atoms. A typical
carbon on earlier synthesis had a peak intensity of about
4.0 eA™3. The f;nal positional parameters of the

individual ﬁon—hy@rogén atoms and the phenyl} groups are

%
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given in Tables 19 and 20, respectively. The derived -
hydrogen positions and their thermal parameters are listed
in Table 21, A listing of observed and calculated
structure amplitudes used ih the refinements is

available.159

Description of Structure

L B,

The title complex crystallizes in the space group Pl
with two independent dimers per asymmetfic)uni?. Although
the dimers differ on their relative orientationé, all the
analogous bond lengths and angles (see Tables 22 and 23)

associated with each are virtually identical confirming

that there is no major difference between them. A e

pe{spective view of molecule A, including the numbering
scheme, 1s shown in-Figure 7. A view 6f the approximate
equatorial p;Zne of the metals is shown in Figure 8 along
with some relevent average bond lengths and angles.

The overall geometry of the complex is essentially as

expected for a binuclear species bridged by‘two mutually

.
Ve

trans DPM ligands. Within the DPM framework, the bond

lengths and aﬁéies are all normal (Tables 22 and 23) and
similar to those found in other DPM-bridged complexes of
iridiuml®1-166,173  pach metal ﬂas a slightly distorted

octahedral geometry in which the coordination sites are

\

2SN
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Table 20. Derived Parameters for the Rigid-Group Atoms of

C0O.,C=CHCO

[Irz(CH

3

2

2

CH3)2C12(CO)2(DPM)2].

aros N v . » . v . saly
CuGrrat 0.%%1119) 0.2%a917) -0.2780t®) .04y cicyva) 0.7%6819) 0.3013(7) ~0.3428¢ ™ 4. 214y
[<EAR LY X Y-PRIRRE} 0.3%s 21 -0.230% [ N1 Y] D.3B9%(1 1Y 0.37031 %) -0.298013) s, %08
[T AR LY 0.e803¢ 1V} ©0.41030) ~0.2e9%10) 10.31¢%) YT 0.432%1 1) 27018y -0.3202c81 [IRRT
CiGrent °. 70100 0.403118) ECIERRY JRE-) TN ctcrany ° 220000 Tesce BT TY TX 3 T.vies
ClGrNY 0.8v2v01) 0.36 7150y ~0.3622(8) cicIsay 0.40%0(1 1) 0.3633¢(9) -0.e312t8) 6. 318
CHLGH SR .33 3110 0.20761 7 -0.) I CiCYERY [P TY RREN-3] 0.3989i 8 -0.409 vt ) .7t 8)
XT-IXI N ©0.310008) 0.2363 cter 1) NN IYYC N 0.30:0t8) 0.1%3118) 3. 204
ctcrIsy  -0.260718) 0.3736¢(®) 0.781 417 cigram) -0.064019) 0.38301 7 0117316 3.518)
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Table 23. Selected Angles (Deg) in

[Irz(CH3CO
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C=CHCO
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CH3)2C;2(CO)2(DPM)2].
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112.5(%)
112,405}
100.9.07)
105.6(8)
103.3(7)
104.206)
10€.3(2)
102.016)
102.106)
103.5(7)
101.,0(7)
103.006)
105.1(7)
102.2(7)
102.3(6)
119.7{S}

121.90%)
118,205}

120.206)
119.715)

SRR ITER

-

120.706)

119,315}
120.0(6)
120.0¢%)
121,216}
119,8(9)
120.906)

C1ve.006)

123.216)
116.%(5)

Diner &

123(2)
12312)
12012}
tie )
111{2)
113¢2)
ARRI 3
11702)
11501)
11804)
110.0(6)
121,3(4)
113.3(8%)
108.9(6)
129,603
115.6(4)
108.6(6)
12,204
115,204}
110,316}
121,905)
114.00(4)
104.916)
105,608
$9.36
100,306}
106.7(8)
103.1(6})
121,145
106.0(6)
102.1(7)
103.1{6)
104.0061)

10v.1(8)

120.0(7}
120.1(6)

133308

120.7(7)

119.20%)
119,905
120.104)
120.8(5)
119,205,
121,05
119,005}
119,206}
123.8(8%)
120,415}
119,618
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occupied by the two trans phosphorus atoms, a carbonyl
group, a chloride ligand, a metallated olefin and the Ir-Ir
bond. The majér distortion from octahedral geometry about
each metal occurs in the P-Ir-P angles which are ca. 165.1°
rather than 180° with all of the phosphorus atoms bent
slightly towards the Cl ligands. This bending seems to
arise in ogder to relieve some of the severe steric
crowding in the complex. Each molecule possesses
approximate C,, geometry with a pseudo-mirror plane running
perpendicular to the Ir-Ir bond (see Figufe 8).

The iridium-iridium distances of 3.0129(10)& and
3.0216(9)A are extremely long and fall outside the range
normally associated with Ir-Ir single bonds 1n analogous
1r-DPM systems (range 2.779(1)-2.893(2) &) 121,166,173
However, electron counting rules require a formal metal-
metal bond otherwise each meial would have a 17 electron
‘c9nfiquration. The long metal-metal separation is
uédoubtédly a result of the steric crowding about the Ir
appms. Bringing the metals closer together would result 1in
highly unfavourable interactions between the two chlorine

atomé and the two carbonyl groups. These distances are

already rather short, at ca. 2.99 A and 2.92 A4,

respectively. In a somewhat analogous complex,
[Ir2Cl4(éO)2(DPM)2], which also has pseudo-octahedral Ir

centres and cis Cl ligands, the metal-metal distance has a



122

more typical value of 2.786(1) 3166 However, in this case
the molecule is twisted about the Ir-Ir bond by ca. 27.7°
such that the ligands on one metal are staggered with
respect to"those on the other metal, reducing the
unfavourable contacts and allowing a normal metal-metal
interaction. 1In the present complex both halves of the

) . A

molecule are almost exactly eclipsed. 1t seems thézT\\
staggering about the two metals is not possible owing| to
the unfavourable contacts that would result between the
metallated olefins énd the DPM phenyl groups. 1In another
cré@ded binuclear complex containing pseudo-octahedral
metal centres, [ha(CNtBu)4(u—CF3C2CF3)(DPM)z][PF6]2,44 the
molecule is found to be twisted about the Rh-Rh axis‘by ca,
20.3° and the Rh-Rh distance is still very long (2.9653(6)
A) although the complex again has a metal-metal bond.

The Ir-Cl distances and the parameters involving the
carbonyl ligands age all normal and compare well with
values previously reported.151'166'l73. <

As can be seen in Figures 7 and‘8, the alkyne
molecules have inserted into the Ir-H bonds in a cis
configuration forming two metal-alkenyl linkages with the
two CO,CHy groups 1lying in the same side of the c=C bond.
The C=C distances (av. 1.34 R) are typical of carbon-carbon
double bonds and the angles about these carbon atoms are

all close to 120° (see Table 23), consistent with sp2
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hybridization. The Ir-C(olefin) distances (av. 2.10 &) are
normal and compare well with similar values involving o-
bonded carbon atomsl90,191 Within each of the métallated
olefin groups, one CO,CH5 group lies in the metal-olefin
plane while the other is essentially perpendicular to it,
again likely a result of intramolecular non-bonded
contacts. As a result, thé C=0 fragment of‘one of the
CO,CH3 groups is coplanar with the olefin linkage and could
in principle be conjugated with it. This does appear to
occur as the bond lengths indicate no significant
difference betweeen the two CO,CH5 groups of each
metallated olefin. All of the bond lengths and angles
associated with the olefin atoms are unexceptional and

66,173

similar to those observed in other structures. One

feature of note is that the severe crowding around the
metals leads to rather short olefinic hydrogen-chlorine

contacts of ca. 2.42 &.

Discusssion of Results

Placing an atmosphere of Hy, over a solution of trans-
(Ircl(co)(DpPM)],, 3, produces an immediate reaction as
evidenced by a fépid colour change from purple to yellow.
The new compound 17 which i; isolated f{om this solution

displays two distinct terminal carbonyl bands (2012, 1972
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Cm-l) and two terminal hydride bands (2222, 2091 cm’l) in
the infrared spectrum while analyses indicate the presence
of two chlorines per dimer. Based on this information, 17
is formulated to havelthc structure shown below in the

solid state. This geometry is analogous to that

o P/\p

postulated for the products of the reaction of 3 with

alkynes, and confirmed by an X-ray structure of the DMA
2

adduct (see Chapter 3). Evidence that the two hydride
ligands are not on the same metal comes from selective

phosphorus decoupled 1

H NMR experiments (vide infra). The
conversion of 3 to 17 can readily be reversed by gently
warming the solution under N, fdf seVefal minutes
suggesting that the two hydride ligands are mutua11§ cis.
Using mononuclear octahedral bisphosphine iridium
hydrides as a basis for comparison, the carbonyl and
iridium‘hydride stretches of 17 cah be assigned. In .

mononuclear systems, the Ir-H stretch is generally observed

in the range 2100-2000 cm~l when the H ligand is trans to a



- 125

CO, but when the hydride is trans to a ligand such as a
halide+ the Ir-H stretch occurs between 2240-2180
P ;

Cm¥12192 A similar trend holds for the carbonyl stretches;

/////ﬁ//aaeh the CO is trans to a hydfide ligand, v(CO) occurs at
/ _ ca. 1980 cm—l, and when the carbonyl is trans to a chloride

ligand, the stretch is observed at ca. 2025 cm—l.192 Using

this information, the carbonyl stretch at 1972 em~l ig

assigned to the CO group %?posite the hydride ligand, while

1 s assigned to CO opposite the Ir-Ir

1

the band at 2012 cm™

bond. Similarly, the Ir-H stretch at 2222 cm - would

appear to arise from:the hydride ligand opposite the chloro

"ligand, while the stretch at 2091 szl is assigned to the

a hydride ligand opposité the carbonyl group. The observed
intensities of these bands are also consistent with this
argument (see Table 17); in particular, the occurrence of
vibrational coupling between the mutually trans H and co
ligands results i; lowering of the v(CO) band intensity and
an increase in the v(Ir-H) intensitylgz. Attempts to
confirm these assignments by preparing the detiterated
analogue of 17 were unsuccessful due to large amoﬁnts of D,
required to iéolate 17 as a solid. Examination of the
solution I.R. spectrum also proved inconclusive due to the

complex nature of 17 in solution (vide infra). The

assignment of tne carbonyl bands in also consistent with

»

N
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those of the aforementioned alkyne’éaﬁuct [Ir2C12(CO)2(p_
DMA) (DPM) ] where v(CQ) trans to the etal-metal bond

b
occurred at 2023 cm™} while that trans to the coordinated
alkyne moiety appeared at 1999 cm™ L.

In solution, 17 displays complex behaviour. At room
temperature, 31P{IH} NMR spectra show only two broaa
featureless peaks at.ca. 6 -1 and -8 ppm. When the
temperature is lowered to -40°C, the pattern sharpens into
two pseudo-triplets at 6 -1.4, -8.6 ppm and a small singlet
at &6 -5.20 ppm. Further lowering of the temperature to
about -60°C causes the downfield pseudo-triplet and the
singlet to collapse into the baseline while the upfield
pseudo-triplet remains unchanged. By -100°C a new signal
has reemerged underneath the upfield signa{ and results in
the formation of an AA'BB' pattern centred at 5 7.7 ﬁpm.
This last pattern is very analogous ta that observed for
[Ir2C12(CO)2(u—DMA)(DPM)2] at all.temperatures (see Chapter
3). These observations can best be explained in terms of
the set of equilibria shown in Scheme I. The low
temperature limiting spectrum (-100°C) arises from
structures XVII and.XXI which are identical and .represent
17 as it occurs in the solid state. As the temperature is
raised, chloride dissobiation becomes significant allowing

the equilibrium between XVIII, XIX and XX to occur. The

low temperature limiting spectrum for this equilibrium

' e
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occurs at -40°C where the equivalent structures XVIII and
XX give {ise to the pair of pseudo-triplets and XIX gives
rise to the singlet.‘ A similar equilibrium was observed
for [1r2c1(co)2(u—DMA)(meﬁzj[BF4] which was prepared by
the abstraction of chloride ion from [IrzClz(CO)z(p—DMA)—
(DPM)2] (see Chapter 3). The ly NMR data also support this
scheme. At room temperature only two broad peaks are
obéerved in the hydride region. Lowering the temperature
to -80°C produces two large triplets arising from the two
inequivalent hydrides in XVIII and XX, and one small
triplet arising from the symmetrical>chloro—bridged

intermediate XIX (see Table 17). Unfortunately, the low
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temperature limiting spectrum could not be obtained.
Selective ln - 3lp decoupling experiménts show that the 1H
triplet at -5.76 ppm 1is coupled to the 31p resonance at
-8.6 ppm while the triplet at -14.86 ppm is coupled to-

the 31p resonance at -1.4 ppm, confirming that there is one
hydride on each side of the dimer.

The cationic A-frame complex, [IrQ(CO)Z(p—Cl)(DPM)Z]‘
[BF4], 5, also reacts rapidly with hydrogen to give a very‘
pale yelléw solution containing a single speéies 18.

The !H NMR spectrum indicates that 18 is a tetrahydride
resulting from the coordination of twoO molecules of
hydrogen to 5 (see Tavle 17). Th; 1§ and 3lp NMR spectra
also indicate that 18 is fluxional®in solution. The low
temperature limiting 1H Spettrﬁm shows four:distinct
terminal hydride resonances, three of which broaden and
collapse into the baseline as the temperatufe is raised
while the féurth'resonancé, that which is most upfield,
remains sharp. No limiting spectrum could be obtained in
the 3lp (1) NMR spectra but the r@om temperature spec‘rum
displays'anrAA'BB’ pattern suggesting that the time
averaged geometry of 18 1is unsymmetrical. Placing D, above
solutions of 18 has no affeét on the lH NMR spectrum g{ter
15 min ruling O@t H5 loss as a step in the fiuxional

proceés. .1+ is not clear from this information what the

structure of 18 is or what processes are involved in the
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fluxional behaviour.

When a solution of 18 is refluxed in THF for 20 min a
new species, 19, is formed in quantitative yield. The 1y
_NMR and I.R. spectra indicate that this species 1s a
dicarbonyl dihydride species formed by the loss of one

molecule of H, from I18. Adding Hy, to a solution of 19

readily regenerates 18. Based on the above data and on the
31P{1H} spectra, which show a symmetrical species over all
temperatures, there are two possible structures for 19,

which cannot be readily distinguished Dby spectroscopy

alone. These structure are shown below. Structure XX11I
I _
P////\\\\P + P////\\\\P +
l c CL \
A S p—co
H—Ir Ir—H oc—1Ir ir
7 = 7 H
ot ) H
P\\\\V////P P\\\\v////P
CF XX11 XXIII

appears to be correct based.on the observation that
prolonged r%%luxing of solutions of 19 fails to result in
any Hp loss, suggesting that the hydride ligands afe'not
mutually cis. XXII 1is aléo consistent with the X-ray
structure of the alkyne-insertéa adduct 21 (vide infra).

On the other hand, the reaction of 17 with AgBF, tb produce
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laeem to favour strucrure XXIII1 (see Experimental);
;is possible that some rearraﬁgement has occurred
I;ride abstraction from 17. Since complexes 19 and
~‘elated by the respective gain and loss of Hy, some
.rearrangement must have occurred in the initial

tion of 18 from the reaction of 5 with Hy if XXITI is
'Feorrect structure for 19. ’Simpie addition of two
'ilvalents of Hy to 5 without some rearrangement cannot
duce a species which would generate XXII upon Hy loss.
Compound 17 reacts quantitatively with one equi§alen£
OM%LWA to gi;e rise to a new pv- . 20. The 1y NMR

spec-rum of 20 shows one hydride resonance at & -8.89 ppm

and ginglet at ¢ 3.85 ppm, each integrating as one hydrogen

(se;ﬁf e 17). Similarly, the I.R: 'spectrum showsienly.
otz »(Ir-H) band in aédition to new v(C=0) and v(C=C) bands
of the DMA ligand (see Table 17). This séectroscopic
information, coupled with the observation of a 3lp{ln)
pattern typica% of an unsymmetrical species, suggests the

structure shown below for 20 in which theAalkyne has

inserted into one of the Ir-H bonds of 17. Although
\ _

compound 17 is coordinatively saturated in the solid state

and soO would not be,expected ‘to react further, Cl-

3

dissociation from one 1r1d1um centre occurs in solution

-

yielding the unsaturated cationic 1ntermed1ate XVIII, as

pointed out earlier in Scheme I. Coordination of the

N2

B N



131

alkyne at this metal, followed by insertion into the Ir-H
bond and Cl~ recoordination would yield 20 as shown in

Scheme II.

SCHEME II
o ~» m-’///\\\T U'] o I
’CO LC c? - 3 ct ."c ”’Cl
Cl-—-l'_"_——-———n-'—'CO frasm— L ———CO0 —E——-E:» lc@%lr - / w—CO0
u¢/| "é/w néf‘ “ H l " ‘
P\/P '\/’ '\/'
- 17 l
'/\" o '/\'
l .co | .o ”,c° c
cr—-ui:——————u;l—co -+ * g ——————t —C0
"\c/ | “/ ‘ u\ﬁ/ "/ .
“ r ’ ' " ’
S ~— ‘— ~———

Attempts to induce further reaction betwéen the
metallated olefin and thé’remaining hydride ligand have
been unsuccessful. In order for further reaction to occur
it is apparent that an open coordination site and the
concomitant coordinative uhsaturation must be generated at
the metal having the hydride ligand, either by loss of
chlofide ion or carb?n monoxide. The removal of chloride

ion by'the reaction of 20 with AgBFq/éas led only to the
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isolation:of 21 in low yield‘(< 30% after workup;.i The
formation of 21 from 20 indicates that at some point alkyne
loss, rearrangement.and subsequent alkyne insertion into
the second Ir-H bond has occurred. The alternative‘method
of producing an open coordination site, involving remOVal
of a carbonyl group from 20 haS'aiso proven unsuccessfui:‘
refluxing 20 in CH,Cl, for 2 h had no effect. Other means
of CO removal such as reaction_With Me3NO warrant investi-
gation. It is possible that oiefin insertion into the ‘
second Ir-H bond is 1nh1b1ted by steric lnteractlons
anOlVlng the metallated olefin and DPM phenyl rlngs.
Attempts to obtain sultable crystals of 20 1n order to .

¢

determine its X-ray structure have been unsuccessfu; to
date. |

Compound 19 also reacts w1th DMA. However in contrast
to compound 17, at- least a two -fold excess mnst be used andif
the reaction does not proceed to one produdt. Wlthln’lG h
after the reaction is 1n1t1ated, the‘3lP{1H} NMR spectrum F"
.shows that 19 has been completely consumed and three new |
' species have'been formed Thls NMRfspectrum con51sts of a
, e

complex multiplet (6 —12 5, -16.5 ppm) and two 51nglets at

oF

5 -13. 6 -17. 6/ppm in the approx1mate~

"tio 4.5:2.1: l.
A 1 NMR spectrum of this mixture shows no.. hydrlde :
resodnances while the region from 3 to & ppm iS'Very |

complex. An I.R. spectrum.shows carbonyl bands at.zdl9;

~
.
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2024, 1987, and 1947 cm™! and a broad BF,” band at 1050

cm~ L. By means of column chromatography, the major species
of the mixture, 21, was separated in ca. 50% yield. ) NMR
and I.R. spectra indicate that 21 is a di-inserted product
which no longer contains BF4~ . This is confirmed by
elemental analysis and aﬁ X-ray structure determination
which showed it to have the geometry as in Figure 7.
Although 21 is symmetrical in the solid state, in sofhtion
the ends of the dimer are no longer equivalent as evidenced
by the !H and 3lp{lH} NMR spectra. This is likely due to
chloride dissociation in solution which occurs in order to
relieve some of the steric crowding in the molecule.
Consistent with this proposal is the observed increase in
the carboﬁyl bands by ca. 15 cm™1 upon going from solid to

solution. Although solutions of 21 are nonconducting in

CH2C12, this is not unusual and has been observed to occur

in other compounds with halide counterions due to ion
pairing.l65

Complex 21 is isolated as a neutral dichloride species”
whereas ﬁhe parent compound 19 is a cationic monochloride,
posing a question as to the source of the second chloride
ion. " The source appears to be the CH2C12 solvent rather
than disproportionnof the cationic precursor, since 21 is

observed in the NMR spectra to form in greater than 50%

yield. Further evidence for this comes from the



134

observation that the reaction does not proceed by an

identical route when performed in acetone.l66 The reaction

si-

likely proceeds by the initial formation of a cationic di-
inserted species [Ir,(CH3C0,C=CHCO,CH3),(CO),(p=Cl)-
(DPM)zJ[BF4j which subsequently abstracts chloride ion from
the solvent. It is possible that it is this complex which
gives rise to one of the singlets observed in the 315{1H}
NMR of the original ;eaction hixture. Further studies
using solvents other than CH,Cl; would be useful 1in
clarifying this matter.

Since- 21 appears to diésocia;e Cl- in solution, it
might be expected that with the resulting coordinative
unsaturation it could further react with hydrogen and
subsequently complete the‘hydrogenation cycle. However,
this does not occur and compound 21 is recovered uﬁchanged
after stirring under H, for 48 h. This suggests that
either the ion pairingrbetween the complex and Cl~ ion is

too strong or that the resultant cationic complex 1is

unreactive towards Hz,

Conclusions

The binuclear complexes trans-[IrCcl(co)(DPM)]l, (3) and
[1r(CO)5(pu-Cl)(DPM)][BF4] (5) have been shown to react
rapidly with hydrogen under mild conditions. The reaction

¢
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of 5 initially produces a tetrahydride species which can be
converted into a dihydride upon refluxing under N,. This
latter species reac}s with excess DMA to give a product in
which alkyne insergﬁon into each Ir-H bond has occufred.
In this case, thé two ends of the dimer appear to act
independently and the reactio%’proceeds much as it would
with two mononuclear species. It is not clear how this
relates (if at all) to the catalytic hydrogenation of
alkynes by the rhodium analogue, [ha(CO)z(p—Cl)(DPM)2]+,
since the product of the double alkyne insertion could not
be induced to react further with H, to give either an
intermediate dihydrido dialkenyl complex such as

[IrH, (CH3C0O,C=CHCOCH3),(CO) 5 (p=C1) (DPM),]" or the olefin
product. However, it may be that it is the initial
tetrahydride species 18 which is analogous to the
catalytically important species in the rhodium-catalyzed
cycle. Further studies are needed to characterize this
tetrahydride species and to investigate its subsequent
chemistry with unsaturated substrates.

In constrast, the reaction of 3 with H, produces a
dihydride species which subsequently reacts with only one
equivalent of DMA. Spectroscopic evidence shows that the
alkyne has inserted into only one of the Ir-H bonds. J e
Although this insertion occurs at only one metal centre, we

can forsee how the second metal can become involved through
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n-coordination of the metallated olefiﬁ moiety to the
second metal and subsequent hydrogen transfer to the olefin
to form a dimetallated alkyl group which then reductively
eliminates as the olefin. Attempts to induce the second
hydrogen transfer and subsequent reductive elimination have
not yet met with success in the complex studied. it is 'not
clear whether this is due to the steric bulk of the h

phosphine and alkyne groups or whether it is a function of

the low lability of the chloro or carbon monoxide ligands,

]
[ 4

failing to generate the required coordinative

unsaturation. Further studies are needed to clarify this.

Seo



CHAPTER 5

Hydroxy and Hydrido-Bridged Binuclear Compi?xes of Iridium
as Models for Water-Gas Shift Catalysts and the Structure
of One Model Catalyst Precursor,

[Ir,(CO)5( u-0H+C1) (PhyPCHoPPhy) 5] -

o

Introduction

As mentioned in Chapter I, metal hydrides are
implicated in a variety of catalytic processes. The
preceding chapter examined their involvement in the
hydrogenation of unsaturated organic substrates; in this
chapter the role of metal hydrides in the water-gas shift
(WGS) reaction is considered. The.WGS reaction, shodn in
equation 4 is an industrially important process for

N

CO + Hy0 3 COoy, + Hy (4)

increasing the H2/CO ratio of synthesis gas.lgzll94 At thg
present time this reaction utilizes heterogeneous catalysts
(usually metal oxides) at high temperatures.193 However,
there has been increasing interest of late in the use of

homogeneous catalysts which are active at lower

137
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temperatures35'57'1l7'195'205 where the above equilibrium
is more favourable. 206,207 Most of these systems are
thought to proceed by steps similar to those outlined:

below. Of relevance to this thesis is the recent study

[M—QO]“"‘ + Hy0 » (Mcoon](n-1)+ 4 gt (5)
[mcoon](n-1)+ , mu(n-1)+ 4 o, (6)
(ma](n-1)% 4 g+ 5 [MI7F 4w, | (7)
(M1*+ + co » [M-col™ (8)

/

in which the binuclear DPM hydride [ha(CO)z(u—H)(p—CO)—
(DPM)2]+ 35 4as shown to be a catalyst in the WGS
reaction. The catalytic cycle was thought to be as shown
below in Scheme III. However the formate species, when
independently synthesized, was shown to be catalytically
inactive. Also of relevance to the present work is the
study by Yoshida and cq~wdrkers, utilizing mononuclear
rhodium phosphine coﬁblekes,zos which elegantly
aemonstrated the involvement of both metal hydg}des and
metal hydroxides in the catalytic cycle.

The following study was undértaken with two goals in

mind: 1) to(use Ir-DPM complexes in an attempt to model

3
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and elucidate the mechanism of catalysis by [ha(CO)z(u—H)_

(u—CO)(DPM)2]+ and 2) to examine the possible role of

binuclear hydroxides in the catalytic cycle.

v
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Experimental Section

, The general experimental conditions and techniques are
given in Chapter TwO. [ha(CO)z(p-—H)(p—CO)_(DPM)z]+ and
[ha(CO)z(p—OH)z(DpM)2]+ wé;é"prepared according to the
published procedures.57'208 The catalytic runs, using
[Rh,(CO) 5 p=OH) (DPM) 5 J[BF4) and LRh;,(CO),(p-H)(u-
co) (DPM),1[BF4] as catalyst precursors, were typically done
using 75 mg of compound in a mixture of 20 mL 2-propanol
and 2 mL H,0 in a 100 mL flask. The vessel was charged
with Y . atm of CO and heaggd to 80°C. The gases, which were
dried by passing them through a column of P,0g, were
sampled into evacuated vessels and analyzed by mass
spectrometry; the quantity of CO, was calculated based on a
comparison with a known amount of Ar added to the reactidn
vessel at the beginning of the reaction and on the relat%zsf
sensitivities of Ar and COp taken from a 50:50 mixture of
the two gases. A blank done under identical conditions,
except that no catalyst.was added, showed tha£ no C02 was

present.
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Preparation of Compounds:

S

a) [Ir,(co),(u-0H-C1l)(DPM),] (22).

- To a slurry of 200 mg (0.156 mmol) [IrCl(CO)(DPM)]2 in
THF was added 1.0 mL of a solution of Ga. 2 M aqueous
NaOH. Over a period of Y, h, the solution colour changed
from purple to dérk orange accompanied by the appearance of
a bright orange solid. The solution was then taken to
dryness in vacuo. To the resulting orange residue was
added 10 mL of degassed H,0 and 20 mL of CH2C12 and the
resulting mixture was stirred for 30 min. The two layers
were allowed to separate and the orange CH2C12 layer’was //\W
removed and filtered under nitroéen. The volume of the
filtrate was reduced to ca. 10 mL under an N, flow and then
30 mL of Et,O was add;d. This resulted in the
precipitation of a finely divided light orange powder.
(150 mg, 76% yield). Compound 1 was determined to be a

non-electrolyte in CH2C12 solutions (A(lo‘3 M) < 0.5 o1

5 ] v
cm mole 1).170

Spectroscopic parameters for this and all
subsequent products are given in Tables 24 and 25.
Anal. Calcd for IryClP,04Cg,Hy g C, 49.50%; H, 3.59%; Cl,

2.81%. Found: C, 49.73%; H, 3.61%; Cl, 2.76%.
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b) [Irz(CO z(p—OH)(DPM)21[3F4] (23).

To a solution of 100 mg (0.079 mmol) of 22 in 10 mL of
CH2‘C12 was added 1 equivalent (11.4 pL) of HBF4°Et20 which
produced an immediate darkenlng of the original oranget

solution. The ‘addition of 30 mL of Etzo resulted in the

~
¢

prec1p1tatlon of an orange microcrystalline solid (95 mg,
92% yield). Conduct1v1ty measurements on a CH2C12 solution

of this solid indicated that it was a 1:1 electrolyte (A

1

(10_3M) = 41.8 Q@ cm2 mole-rs

. Y

PR
&,

Anal. Calcd for Ir2P4F4 3 523H45 Cc, 47.56%; H, 3.45%; Cl,

0.0%. Found: C, 47.57%; H, 3.87%; Cl, 0.0%.

c) [Irz(CO)4(DPM)2] . CH2C12 (24f.

A CH,Cl, solution of 22 (100 mg, 0.079 mmol, in®10 mL)
was stirred under an atmosphere of CO for 30 min during
which time the colour changed from orange to bright
yellow. 30 mL of Et,O0, saturated with carbon monoxide, was
added to the solutlon whlch was then stored at -15°C -
overnight. During this time bright yellow crystals of 24
appeared. This solid was determined to be very susceptible
to CO loss and was stored in a sealed flask under a CO
atmosphere. The yield was 95 mg, 90%. Solutions of 24 in
CH,Cl, were ‘non-conducting (A(1073M) < 0.5 o~1 cm? mole~1).
Anal. Calcd for Ir,ClpP 04C5gHe:! Cc, 48.93%; H, 3.43%.

Four : C, '49.3&3; H, 3.39%. The presence of and the

S
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amounts of solvent molecules were verified by 1H NMR for

this and other complexes.

a) [Irz(CO)z(p—CO)(DPM)z] (25) .2

Ry

Dinitrogen was bubbled through a CH,Cl, solution of 24
(100 mg, 0.079 mmol, in 10 mL) for 10 min during which time
the solution changed colour from brigh£ yellow,to dark
golden yellow. The solution was taken to dryness under an
N, stream leaving a dark yellow-brown residue,.
Recrystallization of this solid from THF/Et,0 produced a
golden yellow finely divided powder. (85 mg, 87% yield).
Compound 25 was détermined to be a non-electrolyte in

CH,C1, solutions (A (10’3 M) < 0.5 o1 cm? mole

_1).

Anal. Calcd for Ir2P4O3C53H44: C, 51.45%:; H, 3.58%; Cl,

0.00%. Found: C, 51.42%; H, 3.80%; Cl, 0.05%.

e) [IrZ(CO)z(p-H)(u—co)(D§M{2][BF4] (26).

Method A. A solution of [Ir,(CO),(u-OH)(DPM),][BF,]
in CH,Cl, (100 mg, 0.076 mmol. in 10 mL) was stirred under
an atmosphere of carbon monoxide for 30 min during which
time the solution changed colour fésm red-orange to yellow-
orange. The solution was taken to dryness under an N,
'streém leaving a dark red residue. Recrystallization from

CH,Cl,/Et,0 gave either a red orange or a dark red-purple

crystalline solid (90 mg, 89% yield) (see discussion). A

-
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CH2CI2 solution of this solid indicated that 26 was 1l:l

2

mole-l).

electrolyte (A (10'3M) = 45.7 2~} cm
Anal. Calcd “for Ir2P4F4O3C55BH45: C, 48.04%; H, 3.42%.

Found C, 47.72%; H, 3.59%.

Method B. To a solution of [1r2(co)2(p-co)(DPM)2]
(25) in CH,Cl, (100 mg in 10 mL) was added 1 equivalent
(11.6 uL) of HBF4°*Et,0. The solution immediately changed
colour from golden yellow to dark red. 30 mL of Et,O waé
added and resulted in the precipitation of a dark red
crystalline material which was identical in all of its

[

spectrostopic properties to that isolated from Method A.

£) [Ir,(H)(C0),(u-H)(p-cO)(DPM),I[BF,], (27).

e To a solution of [IrZ(CO)z(p-H)(u-CO)(bPM)23[8F4] in
CH,Cl, (100 mg, 0.075 mmol, in 10 mL) was added one
equivalent of HBF4+Et,0 (10.8 uL) whereupon thel solution
immediately changed colour from dark red to bright
yellow. The solution volume was reduced to ca. 5 mL under
a Ny stream. The addition of 15 mL of hexanes caused the
precipitation of a golden yellow, extremely moisture
sensitive solid (85 mg, 80% yield). Conductivity measure-

' ments in CH,Cl, gave A(1073M) = 41.9 o~1 cm? mole”l.
"nat. Caled for 1r2p4pgd3c53aza46: C, 45.06%; H, 3.28%.

C, 45.05%: H, 3.23%.




g) [1Ir,(co),(u-H),(DPM),][BF,], (29).

A solution of 27 (100 mg 0.070 mmol, in 10 mL of
CH,Cl,) was stirred under an atmosphere of carbon
monoxide. Within 5 min the sSlutibn colour had changed
from yellow to almost colourless pale yellow. The addition
of 30 mL of Et,0 resulted in the precipitation of a white
soiid. The solid was redissolved in 5 mL of CH,Cl, and
filtered under carbon monoxide. 10 mL of hexanes was added
to the filtrate and the solution'was stored under a CO
atmospheré at -15°C overnight during which time 29
precipitated ‘as a white microcrystalline solid (90 mg, 89%
yielﬁ). A CH,Cl, solution of this solid gave a molar

conductivity of A(1073) = 37.3 o1 cm? mogg'l.

¢
Anal. Calcd for Ir2P4F804C5482H46: C, 45.10%; H, 3.22%.
Found: C, 42.58%; H, 3.30%. Due to the rapid rate of

decomposition of 29, no better analysis could be obtained.

n) [Ir,(C0),(u-CO)(DPM),I[BF,],. (CHjz),CO (30).

o

To a solution of [Ir2C1(CO)3(u—CO)(DPM)Z][Cl] in
CH2C12 under CO (297.mg,“0.222 mmol, in 10 mL) was added
dropwise a sohg}i6h of two equivalenﬁsuof AgBF, (86.7 mg)
dissolved in 5 ml THF. No change'was observed until more
than half of the solution had been added after which point
the solution darkened rapidly and é light yellow

precipitate appeared. The solution was stirred under CO
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for 30 min and then 30 mL EtZO was‘$dded‘to induce complete.
precipitation. The supernatant’waé removed and~the solid
was dried under a CO stream. The residue was redissolved’
in 15 mL of acetone and‘filtéreé Qnder a‘CO atmqsphere )
giving a pale yellow s&lution. The'addiiion of 50 mL of
Et,0 igkulted in the pfecipitationabf a white |
microcrystallihe solid (250 mg, 78% yiéld).‘ Conductivity
measurements in acetone iﬁdicated that 30:was a 2;1 | |

2.

electrolyte 202  (a(1073M) = 238.6 @71 cm? mote™l).

o3

Found: C, 47.72%; H, 3.59%.

i) [Ir,(CO),(CH3CN),(p=CO) (DPM),1[BF41y (31). o

A slurry of 30 was prepared by adding 10 mL of CH,Cl,
to 250 mg (0.174 mmol) of the solid. 2 mL of dry CH3CN was k
then added resulting in immediate gas evolution and ﬁhe: |
formation of a“clear pale yellow solution. The system was’ "
then purged with Ny fbr 15 min during which time a white
microcrystalline solid began to form. 'Stirringihéﬁ'}
discontinued after 2h and the reactlon flask’ was theﬁ
placed in the freezer at —15 C overnlght durlng whxch tlmé
a large amount of white precipite appeared. Complete,
precipitation was induced'by the addition of 30 mL Et,O0.

This solid was collected and washed twice wiéhilo L

portions of Et,0 and dried ?ﬁder an N, stream. (210 mg,
' \/ ’ N .

O R
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82% yield). Conductivity measyrements oOf 30 in CH3CN.

showed it to be a 2:1 electrolyte (A(10—3M) = 229.4 971 cm?

mole 1)

Anal. Calcd for Ir2P4F803N2C5782H50: C, 45.86%- H, 3.37%;

N, 1.88%. Found: C, 45.02%; H: 3.40%; N, 1.80°.

j)  [Ir,(H),(co);(DPMI,1[BF,], (28).

An atmosphere of H, was placed over a slurry of 200 mg
~of él in 10 mL CH,Cl, and the resulting mixture stirfed
vigorously. After 20 min all of the solid had dissoived
prqducing a clear ligﬁt yellow solution. The excess
hydrogen was then“£emoved by purging the solutioﬁ with N,
for 15 min eventually producing a darker yellow solution.
30 mL of hexanes was added and resulted in the
precipitation of a white microcrystalline solid. The A
moiier liquor was removed and the resulting solid dried
initially under an N, stream and finally under vacuo for
2 h. Typical isolated yields of this highly moisture
sensitive compound were 80-90%. Conductigzty measurements
on 28 in CH,Cl, gave A(1073M) = 40.7 o™ lem? mole™l.

Anal. Calcd for IryP,FgO03CgeBoHyq: C, 45.06%; H: 3.28%.

Found: C, 44.98%; H, 3.31%.
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Reaction of 30 with NMe4OH-5HZO.

To a solution of 30 in acetohe (265 mg in 10 mL) was
added 1 equivalent of NMesOH<5H,0 (32.7 mg) in 1 mL of
degassed H,0. The solutioﬁ colour immediately changed from
pale yellow to bright yellow gnd a bright yello@ solid
precipitated. The colour then rapidly faded to dull
yellow-orange and<§ge precipitate began to redissolve.
Concentrating the golution under an N, stream caused it to
turn bright red. The solution was taken to dryness in
vacuo leaving a bright red residue. This solid was redis-

solved in CH,Cl,, filtered under N,, and precipitated‘Fy

4

the addition of Et,0 resulting in a bright red micro-
crystalline product. Spectroscopic examination showed this

solid to be [Ir,(C0),(p-H)(u-CO)(DPM),1[BF,] (26).

Reaction of 31 with NMe4OH'5H20. L

To-a solution of 31 in acetonitrile (55 mg in 5 mL)
was added 1 equivalent of NMe,OH:5H,0 (6.5 mg) in‘l mL of
degassed H,0. The solution colour immediately changed from
yellow to orange. The solvent was removed in vacuo leaving
a dark orange powder. This was then redissolved in CH,Cl,
and filtered under N,. Addition of 30 mL ether resulted in
the precipiation of an orange solid which was shown by
spectroscopic means to be a mixture of 23 and 26 (ratio

~3:1).
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Reaction of 31 with Na02CH.

To a solution\of 31 in acetonitrile (150 mg in 5 mL)
was added 1 equivalent of NaO,CH (6.8 mg) in 1 mL
acetonitrile. Over a period of 1 h the solution colour
changed from yellow tO bright red and coincided with the
appearance of a red solid. The solution was taken to
dryness under vacuum and then redissolved in CH,Cl, giving
a bright red solution which was filtered under N,.
Addition of 30 mL ether resulted in the precipitation of a
bright red solid which was shown by I.R. and NMR (1u, 31p)

spectroscopy to be [Ir,(C0),{u-H)(u-CO)(DPM),1[BF,] (26).

Reaction of 31 with NaOMe.

To a solution of 31 in acetonitrile (225 mg in 5 ML)
was added 1 equiValenp of NaOMe (8.0 mg) in 1 mL MeOH which
had been freshly distilled from magnesium turnings. The
solution immediately changed from yellow to bright red.
This was taken to dryness under vacuo and then redissolved
in CH,Cl, giving a bright red solution which was filtered
under N,. Addition of 30 mL ether resulted in tﬁe
precipitation of a bright red solid which was shown by

means of I1.R. and NMR (YH and 3lp) spectroscopy to be 26.
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X-ray Data Collection

An orange crystal of [Ir,(cCo),(p-OH+C1)(DPM);],
obtained by the slow diffusion of diethyl ether into a
saturated CH,Cl, solution of the complex, was mounted in a
glass capillary under Njp- Preliminary film data showed
that the crystal belonged to the orthorhombic system, with
systematic absences (h00: h = odd, 0kO: k = odd, 001l: 1 =
odd) consistent with the space group lezlzll Accurate
cell parameters were obtained from a least-squares refine-
ment of the setting angles of 23 reflections, in the range
15.0 < 20 < 28.2°, which were accurately centred on an
Enraf-Nonius CAD-4 diffractometer using MoKa radiation.
Sae Table 26 for pertinent crystal and data collection
details.

Intensity data were collected on a CAD-4 diffracto-
m;ter in the bisecting mode and employing the w—-26 scan
tecﬁnique up to 26 = 50.0° with graphite monocﬁromated MoKﬁ
radiation. Backgrounds were scanned for 25% of the peék
width on either end of the peak scan. The intensities of
three standard reflections were measured every 1 h of
exposure to assess possible crystal decomposition. NO
significant decay of these standards was observed over the
. course of the data collection,’so no correction was applied

to the data. 4781 unique reflections were measured and
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Table 26. Summary of Crystal Data and Details of Intensity

Collection for [Ir2 (co) 2 (y-OH-C1) (DPM) 2] .

cmpd [1r,(C0)5(p-0H.C1)(DPM),]

fw 1261.66

formula Ir2C 1P4O3C52H45

space group P2y2,24

Z 4

Cell parameters a = 14.752(2)A
b = 25.572(4)A
c = 13.765(3)A
v = 5158.73 A3

plcalcd), g/am 1.624

temp, °C , 22

radiation MoKa (A 0.71069A) gIapﬁite ronochramated

receiving, aperture, mm 2.00 + 0.500 tan(6) wide x 4.0 high, 173
from crystal

take off angle, deg 2,55

scan speed, deg/min variable fram 10.058 and 1.804

scan width, deg 0.75 + 0.350 tan(8) in w

26 limits, deg 3.0 ¢ 28 < 50.0

L ow oont 52.414

range in abs corr 0.406 - 0.504

factogs (as applied

to Fo?) \

crystal shape orthorharbic prism with faces of the form
{120}, {011}, and {021}

unique data 4781

collected
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_unique data _
used (F23>3o(’Fo2)) 2650
final no. of parameters 223

refined

error in ocbservation

of unit weight 1.516

R 00043
0.065

R,

A

g
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processed in the usual way using a value of 0.04 for p153;
of these 2650 had Fol > 3o(F02) and were used in subsequent
calculations. Absorption corrections were applied to the

data by us¥ig Gaussian integration.ls4
¢

gtructure Solution and Refinement

¢

The structure was solved in the space group P212,2,

with the use of a Patterson map to locate the two
independent Ir atoms;/ Subsequent refinements and
differences Fouriér syntheses led to location of all
remaining nonhydrogen atoms. A£omic scattering factors
were taken from Cromer and Waber's tabulation 155 for all
atoms except hydrogen, for which the values of Stewart et

156 Anomalous dispersion terms for Ir, Cl

al. were used.
and P were included in FC.157 All phenyl ring carbon atoms

were refined as rigid groups having D¢, symmetry, c-C

distances of 1.392 A and independent i;tﬁropic thermal
parameters. All hydrogen atoms, except that of the
bridging OH+Cl unit, were input as fixed contributions;
their idealized positions were calculated after each cycle
of refinement from the geometries of their gttached carbon
atoms using a C-H distance of 0.95 A. These hydrogen atoms
were assigned isotropic thermal parameters of 1 A2 greater

than the B (or equivalent isotropic B) of their attached

carbon atom.
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A difference Fourier map phased on all of the non-
hydrogen atoms and using a sin6/A cutoff value of 0.35‘A—1 N
revealed the hydrogen atom of the bridging OH+<Cl unit as
the largest peak. Attempted refinement of this hydrogen
(H(1)) resulted {n slow divergence of its thermal
parameter. In subsequent refinements this atom was given a
fixed thermal parameter and position and was not refined.
All other non-hydrogen atoms were refined anisotropically.

The final model with 223 parameters refined converged
to R = 0.043 and R, = 0.065.158 Oon the final difference
Fourier map the 20 highest peaks (1.75 - 0.54 A~3) were in
the vicinities of the phenyl groups, ahd the Ir and P
atoms. A typical carbon atom oOn earlier syntheses had a
peak intensity of abo;t 3.5 A3, b

Refinement of the structure as the other enantiomer
resulted in higheryresiduals (R = 0.054 and R, = 0.076) and
slightly iarger thermal parameters for all atoms sugéésting
that the original choice was the correct one.

The figal positional parameters of the individual non-
hydrogen a£oms and the phenyl groups are given in Tables 27
and 28, respectively. The derived hydrogen pafameters are
given in Table 29. A listing of observéd and calculated
structure amplﬁ%udes used in the refinements is f

@
available.159 .
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Table 28.

Derived Parameters for the Rigid Groups of

,[Ir2(OH'Cl)(CO)Z(DPM)Z].

Atoe
Ctyy)
can
cutry
cti4)
C(\ii
[4R] 3]
ce2)
ce22}
cLa3
cra)
cras5t
[ {3
cey)
ciy
ceyn
c)
[«B 3]
ctls)
clav)

cia2)

Ciay)
Craaq
ctay

(X 3]

angles phi, thets ant rho have been #efined before,

=
-0.0914018)
~0.1Y700@)
<0.1887( 14}
~0.1288(18)
~0.047)( )
-0.0296(12)
—0.0854017)
-0.1237016)
=0.1283( )
~0.0947020)
-0.0%64(19)
-0.0%t2(17)
-0.2720tv))
~0.29220"7}
=0.3067(19)
~0.4209( 14}
~0.400¢6716)
-0.3262('7)
~0.222701%)

~0.3110014)

~0.345911))
~0.2924¢19)
-0.204 118}

~0.1692112)

Croup
Croup 2
“ Croup )
Croup 4
Group $
Group &
Croup 7

Croup &

7
o.1128(8)
0.10%7($)
0.0636011)
0.0246(8)
0.027%t0)
0.0M7(v0)
0.2230(9}
0.27020 )
0.3119(0)
0.3064(11)
0.25%)Y))
0.217%19)
0.151219)
0.1233te)
0.137a011)
0.1793(11)
0.2071(0)
C.1931(9}
0.071017)

0.071018)

0.026%(11)
-0. 018008}
~0.0180( 7

0.026%:9)

-0.1091t11)
-0.0900( 11}
~0.)464(11)
~0.2576111)
0.293%(11)
0.3523 (1}
0.0834¢9)

0.2216(13)

* l.l’
0.4271 (%) 3.0
0.4810118) 4.9(9)
0.3371{¢) $.4110)
0.33%2(16) 4.619)
0.483310) .49
0.4292(13%) 5.0i9)
0.4413(1Y) 4.2t
0.412201%) $.4110)
0.476%(24) 6.8(11)
0.3708(21) 8.0113)
0.5999119%) $.8004)
0.533v (22 0.3i12}
0.1108(17) 2.8(7)
0.0262119) 5.9010)
~0.0795(1%) 13017

~0.0017(17) 8.0t
D.0824(19) $.0(10)
D.1)86114) 4.9
0.232911%} 2.9t6)
0.2682117) 4.508)
0.3120017) 6.5
0.32220M) 6.0010)
0.286%(12) 6.501)
0.2422010) 3.7

Atow

ctsy)

cisy

c(8))

cise)

Cis3)

ci56)

cLes)

[<f ¥

[41 33}

ctea)

C(6%)

cl(es)

ctM)

ctrn

ci73)

cire)

cLs)

c{78)

cesry

ca

i)

cise?

C(83)

cioe)

= 14
0.24881( 1) 0.2642(9)
0.3100(7) 0.2017(9)
0.3540 03 0.30%1(Y0)
0.338(10) 0.)1v%018)
0.276%120) 0.3233¢ 1)

0.232)01%) D.7741 (1)

R:GQ1d CIoup Purameters

.

T z.
0.0687(6) 0,4832(10)
c.2647(m) 0.5060(14)
0.1652(7) 0.05%48¢(11)
0.026516) 0.2776110)
0.29161(7) 0.1987(12)
0.0953i6) 0.21%7(30)
0.1235(61 “0.2212011)
0.0153(W) 0.0387134)

6

0.384507¢)  0.1323(M)
©.26961131  0.0807(10)
0.3374(18)  0.0%38(8)
0.4200(15)  0.0584(9)
0.4349013)  0.0999110)
0.3672(171)  0.1369(8)
6.0900(1%) 0.1233010)
0.0396(14)  0.0849(8}
0.0329(14)  0.085218)
©.0767(38)  0.1237(10)
0.1272(16) 0.162008)
0.133814) 0.1¢18(8)
0.1683017)  0.0%99(9)
0.2624(20)  0.0%32(11)
0.2987(16)  o.o08s(1e)
0.2748(21)  -0.029%(10)
0.2007(24)  -0.0228111)
0.1475017)  0.0219¢13)
phi thets
~2.006113) 2.841004)
~2.67412)1  ~2.3630ve)
0.274120) ~2e40016)
~3.069(15) 2.993018)
1.30213))  -2.087M15)
~0.884120) 2.454018)
~0.616(1)) 3.108018)
2.090032)  -2,308(17)

3 e
01850809} .80
0.1162014)  S.3010)
0. 29101 7) 4.9(9)
0.2116(31) $.0010)
0.781311¢) sty
0.26’1”0) 3.349)
0.2004117) 2.5t
0.26361016)  S.419)
0.27%0018) 3.%t9)
0.2311019)  S.6(9)
0,167 10} ©.60101
0.1%2%015) 5.9010)
-0,1203¢11) 3.6(?
~0.167%(1%}) 4.018)
~0.2683016) 4.518)
-0.3220(11) 5.6(9)
-O.Z?l!(‘l)@: PRNRLS]
~0.1742019) 3.%010)
0.0792131) 3.8
~0MTIOMT) 6.7}
-0.0245(22) 10.6117;
0.04412T) 8.3014)
0.105%(1}) .70
0.0979(19) 9.0014)

rho
0.620014)
2.02202))
-2.33018)
0.46)114) .
0.267 (32
0.198018)

~1.637(1%)
3.030029)
Xeo Yo, @nd 7., are the fractions) €oordinates of the oentroid of the rigid group. The rigid group orjentation

La Placa, 5.3,y Ibers, J.A. Acts Crystallogr., 1965, ALN Sy,
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Uescription of Structure

As shown in Figure 9, [Irz(co)z(p-OH-Cl)(DPM)zj
displays an "A-frame" type structure in which the apical

site is occupied by the bridging OH-Cl moiety with the two

®

terminal carbonyl groups almost trans to the iridium-oxygen

bonds. The bridging DPM ligands are coordinated in

&

mutually trans positions, essentially perpendicular to the
Ir-O-Ir plane, much as is observed in other DPM-bridged

_complexes. As such, the overall geometry closely resembles

58,61

' that'pf other "A-frames” and is especially close to

that of the rhodium analogue, [ha(co)z(p—bH-Cl)(DPM)2].208

Thé'r?iatively long Ir(1)-Ir(2) separation of

- v ‘
3-148(2)2;(see Table 30) suggests that there is no formal -

metal-medal bond. This | distance is significantly longer

than those observed in similar compounds containing Ir-Ir

)A)'151,166,173 and is

single pbonds (range 2.779(1)-2.893(2
also longer than the intraligand P-P distances. (ca. 3.07R4)
in the compound, suggesting a-lack of attraction between
the metals” The absence—of a formal metal-metal bond is
also consistent with\conventional electron counting
tecﬁniQUes which gi?e each If atom a l6-electron
configuration.

" Certainly the most interesting aspect oﬁ\Eie structure

'is the presence of the bridging OH+Cl moiety.

his group

s Ut et
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[+
Table 30. Selected Distances (A) in

[Ir2(CO)2(u~OH'Cl)(DPM)2].

Bonding Distances

Ir(1)~0(3) 2.07(2) P(1)-C(3) 1.85(3)
Ir(2)-0(3) 2.06(2) P(2)-C(3) 1.78(4)
Ir{1)-C(1) 1.75(5) P(3)-C(4) 1.81(3)
Ir(2)-C(2) 1.89(5) P(4)-C(4) 1.82(4)
Ir(1)-p(1) 2.312(9) P(1)-C(11) 1.82(2)
Ir(1)-P(3) 2.313(9) P(1)-C(21) 1.81(3)
Ir(2)-pP(2) 2,323(9) ) P(2)-C(31) 1.76(2)
Ir(2)-p(4) 2.330(8) - P(2)-C(41) 1.83(2)
0(3)-H(1) 0.99 P(3)~C(51) 1.85(2)
Cl(1)y-H(1) 2.13 P(3)-C(61) 1.84(2)
c(1)-0(1) 1.21(4) P(4)-C(71) 1'84(2)
C(2)-0(2) 1.10(4) _ P(4)-C(81) 1.85(3)

Non-Bonded Distances

Ir{(1)-1r(2) 3.148(2) 0(2)-H(72)' 2.75

P(1)-P(2) 3.06(1) 0(2)~-H(44) 2.79
P(3)~-P(4) 3.08(1) 0(3)-H(1C4) 2.67
~Cl(1)-H(2C3) 2.58 C(1)-H(62) 2.67
0(1)-H(74) 2.61 C(1)-H(16) 2.69
0(1)-H(84) 2.87 C(2)~H(46) ~ 2.55
0(3)~C1(1) 3.10(2) C(2)=-H(72) 2.72

0(2)-H(43) 2. M
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can be most logically considered as a‘bridging hydroxide
ligand having the chloride anion hydrogen-bonded to it,
although this is not the only interpretation, as will be
discussed later. The hydrogen atom of the hydroxy group
did not refine well, even though it was clearly defined on
difference Fourier maps. Its observed and unrefined
position ylelds an approximately linear 0(3)-H(1)-Cl angle
of ca. 163° and short 0(3)-H(1) and H(1)-Cl contacts of
0+99 and 2+13A, respectively, suggesting the presence of
hydrogen bonding involving 0(3), H(1) and Cl. Furthermore,
the 0(3)-Cl distance of 3¢10(2)A is shorter than a normal
van der Waals contact of between 3.20 and 3.40A again
suggestive of hydrogen bonding. All parameters are in
agreement with those found in other hydrogen-bonded
systems.ZIO The strength of this O-H-Cl interaction is
further evidenced by the failure of the chloride ion to
dissociate in solution (vide infra). It also can be seen
that the chloride ion is interacting with one of the DPM
methylene hydrogens resulting in a C1-H(2C3) contact (ca.
2.58R) which is again less than the van der Waals

distance. The OH+Cl moiety is ;;mmetrically bonded to both
metals, with Ir-0 distances of 2.07(2) and 2.06(2)A and an
Ir(l)-0(3)—Ir(2)»angle of 99.4(8)‘;’these values compare
rather well with those in the rhodium analogue.208 As

Figure 10 shows the hydrogen atom of the hydroxy group lies
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Figure 9. Perspective view of [Ir2(CO)2(u-OH'C1)(DPM)Z],
showing the numbering scheme. The numbering on
the phenyl carbon atoms starts at the carbon atom
bonded to phosphorus and increases sequentially
around the ring. Twenty percent ellipsoids

are shown.
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@
a oo BH (203
Y/ 5
1/

\J)P(1)

2.312(9)

Figure 10. The inner coordination sphere of the title

E
complex along with some relevant bond lengths

and angles.
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well above £he Ir(1)-Ir(2)-0(3) plane (by ca. 0.67 Az;
suggesting,3p3 hybridization of the oxygen atom. - ﬁ\}
Within the DPM framework the parameters are
unexceptional (see Tables 30 and 31) and are similar to
those found in related structures. Both’DPM methylene
groups are folded towards the bridging OH+Cl group allowing
the phenyl rings to occupy the relatively open positions on
the opposite side of the complex. This orientation also
allows the previously described interaction between the
methylene protons and the chloride ion to occur. As is
also shown in F¥gure 10 the Ir,(DPM), framework is skewed
somewhat, withﬂ?-Ir~Ir-P torsion angles of ca. 6.5° (see
Table)31). However, this slight degree of skewing is not
unusual. The Earbqpyl groups are also quite normal and are

essentially trans to the Ir-O bonds leading to a rather

undistorted "A-frame” geometry.

Results and Discussion

t

p

(a) Preparation and Characterization of Compounds.

The studies of Yoshida -and coworkers on catalysis of
'theVWGS reaétion by mononuclear rhodium phosphine complexes
demonstrated the involvement of metal hydroxides in the
catalytic cycle, part of which is outlined in equations

9-12 below.205 In this system, it was proposed that
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s
[Rh(0H) (CO) (PR3),] ~——— [Rn(COI(S)(PR3),]IOH] (9)

S = solvent ;o

[Rh(CO) (S) (PR,),1[0H] === [Rh(CO),(PR ),1[OH] (10)
3/2 : 2 58372

[RR(CO) - (PR4),I[OHI==——2[Rn(CO) (CO,H) (PR3) ] (11)
2 372 i 2 372

[Rh(CO) (CO,H) (PR3) ;] T———[RNH(CO) (PRy) ] (12)

hydroxide ion first dissociates from the complex and

subsequently attacks an electrophi;ic co lig§pd. We were

interested in developing complexes related to [Rh(oOH)(CO)~-
(PR3)2], én which as many ligands ag‘pbssible could be

- actively SZvolved in the reaction of interest (in this case‘
the WGS reaction) and therefore set ogt to synthesize a
binuclear iridium analogue of the above hydroxide, namely
trans-[{Ir(oH)(co)(DPM)],. We had observed the following

equilibrium in solution, involving the closely related

" _chloro species (xx1v) (see Chapter 2), and reasoned that

P/\P P/\p
| ’,Cl | "co . I "lc'\\ | ‘
/ Ir" ll’" .  — |'/ \‘lr ci-
7| o S
| P\\\\////P ' | ’\‘S;//’/P

XX1IV . : , . o XXV
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the hydroxide complex might behave similarly. Such
reversible hydroxide ion dissociation would parallel that
shown in eqn. 9 for the mononuclear system suggesting the
potential for catalysis of the WGS reaction by these
binuclear complexes. However, the reaction between trans-
[IrCl(CO)(DPM)]2 and excess NaOH does not yield a dihydroxy
analogue of species XXIV as was anticipated. Instead,
compound 22, which analyzes as [Irzcl(OH)(CO)z(DPM)zl, is
obtéined. This species, shown by its 31p (14} NMR spectrum

to be symmetrical on the NMR time scale, has two rather low

< N
1 and is a non-

»

carbonyl stretches at 1904 and 1882 cm”
electrolyte in CH2C12. Although Ao stretch attriﬁutable to
an O-H moiety was obvious in the I.R. spectrum,.caréful
examination of the lH NMR spectrum shoWéd a broad quintet

: o -
at 6 4.85 dugwto the hydroxide hydrogen atom coupled to

four phosphorus nuclei. As discussed earlier, the X—;ay
structure determination clearly established ﬁhe structure
shown below for this compound, in which the bridging "
hydroxide grbup‘is hydrog;n bonded to thé chloride ion. It
sée&s, based on the lack of conductivity and on the
similarities in the éolution and solid I.R. spectra, that
the chloride ion remains hydrogen ﬁound in CH,CL,
solution. The hydxogenvﬁondinq\involving Ehe hydroxide
group accodnts for our failure £§§obsefve the O-H étretch

in" the region normally associated with a free OH moiety.

fl
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[3e S ﬂ
oc/ I I \Co
P\\\"//,P

(22) ’
P

In the !H NMR spectrum of 22 the resonances for the DPM

~

methyléne prqtons are rather broad and unresglved with one
being shifted downfield from what is usually'obServed,
sqggestindjthat the interaction between'tﬁe chloride ign
and the methylene group, which was observed ih the X-ray
structure, persists in solution. Since there are only two
methylene resonances in the 1y NMR spec;fum and since

tﬁe 31p(lH) resonance appears as’a singlet down to -40°C, a
rapidlfluxional process must beﬁ;ccurriﬁg.which trgnsfers
the chloride ion from one meéthylene group to the othéf as

shown below. . &
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Although complex 22 can be viewed as containing a
bridgiﬁg hydroxide group wiﬁh a hydrogen-bound chloride
jon, an alternate viewpoint is to consider it as a bridging
oxide complex with a hydrogen-bound HC1l molecule. ‘fhis .
latter view is not totally unreasbnable since a comparison
of the carbonyl stretches in 22 with those ih the énalogous
sulfide-bridged complex, [Irz(CO)z(p—S)(DPM)2].151 (1918,
1902 cm~!l) indicates that they are very similar. .

Treatment of compound 22 with one equivalent oé
HBF4+Et50 results‘in the formation of [Irz(CO)z(p—

OH) (DPM),1[BF4] (23), presumably through loss of HCl
(although no.attempt was made to detect this). The O-H
stretch for the bridging hydroxide group in 23 appears as a
weak band at 3498 cm~1l, and the 1y NMR resonance appears as
a quintet at 5§ 2.6 ppm wlth 3JP H =.3.1 Hz. The carbonyl
bands in the I.R. spectrum, although still qulte low (1959,

1943 cm~1!), are higher than in the parent compound 22,

reflecting the positive charge .of compound 23. All of the

spectroscopic parameters (see Tables 24 and 25) are

consistent with compound 23 having an "A-frame" geometry
. l! N

like compound 22, but without the chloride ion. ~ Another

~

route for the preparation of 23 from 22 by reaction with

Ag+ does yield 23 in ca. 70% yield; unfortunately other

. \? . ;
products are also produced which appear to contain
. . [y °

coordinatead Ag+, as suggested by the observation of long-

J
¢
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range Ag-P coupling in the 31?{1H} NMR spectra (JP_Ag ~ 10
Hz). Owing to the difficulties in separating these Ag-
containing impurities from 23, the reaction of 22 with acid
is the route of choice. Silver adducts of these binuclear
iridium compiexes have been obtained by the direct reaction

166

The reactions of compounds 22 and 23 with CO take two

‘"rather different, although related routes. When a CH5Cl,
: s

solution of 22 is treated with an atmosphere of CO (unde%%
ambient conditions) the solution changes from dark orange

to brlght yellow after about 20 min. From this solution, a

" new compound 24 .can be 1solated in 90% yield as bright

yellow crystals. This. solid displays five bands in the
carbonyl region of the I.R. spectrum (see Table &4)

Elemental analyses of these crystals shows the presence of

|

two chlorine atoms. per dimer, however 1y NMR“spectra

’clearly show that these chlorines are due to CH2C12 of
. golvation. Furthermore, recrystallization of'thisfsolid

from THF/ether ylelds 24 with no CH2C12 appearing in the 1H

NMR spectra and w1th no chlorine detected in the elemental

analyses.‘ Apart from ‘the reSOnances due to the DPM phenyl

and methylene protons no other resonances appear between 157

and -40 ppm in thé 1y NMR spectrum. Compound 24 is very
4

susceptible to CO loss, such that flushlng the solutlon'

with N, causes it to darken, and a new compound 25 can be

\\
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isolated as a golden yellow solid. This species 1is
observed to be symmetrical in the 3lp{1H} NMR ;pecgrum
(between 25 and —60°¢), has three carbonyl bands in»the
I.R. spectrum of the solid at 1950, 1936 aﬁd 1857 cm~l and
contains no chlorine, as indicated by elemental analyses.
The rhodium analogue of 25 has been reéorted and éras -
suggested to hgye-the'“A-frAme“ structure éhown for XXVI,

with no metal-metal bond. This structure for 25 (and also

for the Rh dimer) is rejected-on the basis eof the I.R.

P

(o} 1 . P o
l '_,C\\ I *‘ -G i | e /‘\
an" ““Rh -z > SO, "
A T | e
\/ P‘vp P e
XXVI - XXVII XXVIII

stretch for the bridging carbonyl group. It would be-~
{ : ' R

\ ) . . ) 4 e ..

expected that a species like XXVI would have a much lower

carbonyl stretch (< 93;.17201ém'1).as has been obsefved in
all reliably characterized complexes of this
type42'66'741211. Based on tﬁe spectroscopic evidence we
favour a megil—metahbbonded structure for 25. One
possibility is £he doubly bonded structure XXVII‘which'
would give both metals 18—elec£ron configu;ations.

;N;However, the observation of only one DPM methylene’

NN

P
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resonance, instead'of the usual two, in the 1H,NMR spectrum.
- Y

at room temperature suggests that a fluxlonal process 1s

&

occurrlng which equlllbrates both faces of the dimer., Thls
could occur by rnterchange of a termlnal co with the

bridging ‘one as lndlcated in structure\xxg;II. Evmdence
ALY

for a non-statlc structure also comes from the solutlon =k

I1.R. spectrum Whlch shows four strong carbonyl bands

between 1994 and 1878'cm'1'as opposed to only three:ln.the

a.

I.R. of the solid. Further studies~arefneededfto
characterize 25 more fully in'solution and'ihfthe,solid-j;?

state. - s o Q-

A
[

‘Although compound 24 dlsplays five carbonyl stretchesc =
v S

in the I.R. spectrum, ranglng from 1886 to 1991 cm x,’we,

belieVe that it is only a tetracarbonyl‘speCLesf' A~f¥
N 1 .
symmetrlcal pentacarbonyl specles would, of necessxty, have

one brldglng carbonyl group and no. Ir-Ir bond in order fo '

avoxd eXceedlng an 18- electron conflguratlon at each

+

metal ' Such a brldglng carbonyl would Je expgcted

noted prevlously, to- have a carbonyl s retch far lower thanﬁ.

e ]

the range observed. . The NMR spectra

£ 24 sugg st that 1t

too is fluxional in solutlon» "th7 ectfum only

a sharp sxnglet appears at room temperature whlch broadens‘

)

,)

and beglns to coalesce 1nto ithe basellne by -4q C (the low-',

temperature limiting spectrum could not be obtained)
) ‘, : /

iy i

51m11ar1y, the fluxxonal process results in the lﬂ T

3
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resonance of the DPM methylene protons appearing as a broad
singlet at room temperature. 1£ seems therefore, that 24
exists in solution as a mixture of rapidly inperconverting
tetracarbonyl isomers, more than one of which also occursin
the solid state. A similar situation was observed for
Fe3(co)12.212 It is also significant that in the
reversible transformation of 25 to 24 by the slow stepwise
addition of CO, no other species is observed, supporting
-our contention that we are observing a conversion between
ﬁricarbonyl and tetracarbonyl species.

The formation of the Ir(OW‘oomplexes 24wand 25 from 22

<7

e ) .
is novel; in partlcular it should be noted that this does

not occur with the analogous Rh spec185208. One possibly
is that thlS reaction proceeds via a metallocarboxy11c>ac1d
intermediate as shown in SCHEME IV. If the chloride ion
remains hydrogen bonded, as ;ho&n,ﬂthen expulsionfof co,

.....

5

e
SCHEME IV . N
| Cl--_

Cl-_ - H

’ Py c-._,, N
//,0\\\ ) ///0\\\ Co
{
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and HCl, leaving the Ir(0) complex, is readily under-
stood. The reaction us outlined raises an interesting
point regarding the mec¢&anism of formation of the
metallocarboxylic acia intermediate. Usually, such species
are‘considered to result from nucleophilic attack on a
coordinated carbonyl ligand by free OH™. However, there
has been at least one reference to gn intramolecular
transfer of OH™ from a metal to a coordinated CO ligand213 N\
and we suggest that this may be possible iﬁ the present
reaction, as will be discussed lzter. Attempts to observe
intermediates in the above reaction in the 31P{1H} NMR
spectra, at -80°C, using stoichiometric amounts of CO were
unsuccessful; only compounds 22 and 25 were oObserved.
The corresponding reaction of compound 23 with excess
CO also proceeds readily at room temperature reéulting in
the eventual production of a yellow-orange solution. Upon.
reducing the volume of this éolution under Np. a dark red
colour appears from which a red-purple solid, 26, can be
isolated. This species displays three carbonyl bands in
the I.R. spectrum at 1981, 1967 and 1826 cm~l and shows a
quintet in the 1y NMR spectrum at 5 ~9.44 ppm (2JPH = 9.5 _
Hz). Based on this information and the observation of a
singlet in the 31lp{lH)} NMR spectrum, 26 can be formulated
as Llrz(co)2(p—H)(p-CO)(DPM)ZJ+ as shown below. Compound

26 can actually be isolated in two different forms in the

solid state: the aforementioned rea—purple solid, 26a, and
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o® 3 Co
; P "
(26)
4

a dark orange form, 26b. These two solids differ only in
the position of their bridging carbonyl and BF,~ stretches
in the I.R. (see Table 24). This is most likely due to “
slight conformational differences in the solid state, sinée
in solution both have identical spectroscopic pfgperties.
There appears to be no systematic method for obtaining 6ne\
or the other form and 26 is often isolated as a mixture of -
the two. An X-ray study has been carried out on the dark
orange.form and confirms the structure as shown above.-214
The initial pale yéllow—orahge colour which develops:
when 23 is treated with excess €O is likely due to the
formation of a ca£ionic tetra- or pentacarbonyl hydride
since thi§ species and the accompanying colour can.be
regeneratéd ﬁpon reacting a solution of 26 with CO. We
have n?t been able to characterize this compound (other
than‘b; 3lp(ly} NMR, where it appears as a singlet at 8
-10.5 ppm at -40°C) owing to the ease with which it .loses

co and reverts to 26 unless kept under CO pressures of

greater than 1 atmosphere.
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In the slow stepwise addition of CO to compdund 23 at
-40°C, a minor species is observed at intérmediate times
together with>compound§ 23 and 26. This intermediate is
observed as a singlet at 6 15.6 in the 31Pk1H} NMR spectrum

and its appearance is accompanied by the growth of two new TV

AN .
1.R. bands at 3687 and 1604 cm~1l. It may be that this

intermediate. is a metallocarboxylic acid complex since the
I.R. bands agree well with those rreviously reporﬁed for

such species 215-218, No other reatures in the éarbonyl

region of the I.R. spectra prove to Dbe helpful in assigning
|
g
a structure to this intermediate since these spectra are

dominated by Pands due to compounds 23 and 26. We were

a

also unable to observe the M-C(0O)OH proton in the VH.NMR

spectrum. CO,-loss from this metallocarboxylic %

intermediate could occur by fp-hydride transfer to the

i

metals yielding compound 26. Although this spectroécopi@
evidence above is not consistent with a formate

intermediate, one cannot be ruled out since the realtion of
. . .
- . . 14
[IrZ(CO)z(CH3CN)2(p—CO)(DPM)2][BF4] with sodium formate \\x\§

yields compound 5 as the only observed product (éeé '
‘xperimental section). When the‘irahsformation of ZL to 26
is carried out in deuterated solvents no eJidence ofz %
#deuterium incorporation into 26 is observed indicatinp that

the hydrido ligand in 26 does originate from the hydroxy

group in 23.
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/////ﬁéompqund 26 can also be formed by the prdtonation\of

25 with one equivalent'?f HBF4;Et20, however‘ﬁhe reverse
//// deprotonatlon has not been effected; even the strong base v
‘ 1,8- bls(dlmethylamlno)naphthalene219 leaves 26 unchqgged.-
The analogous rhodium hydride complex, [Rh;(CO),(p-H)-
(u—CO)(DPM)2]+, was found to be a catalysﬁ in the WGS |
\\\reaction, unde; relatively mild conditiOng,35 thever, none
of the intermediates in thé reaction was %learly character-
ized. With the iridium analogue'We’seemedﬁto have an
opportunity to examine in detail a model sYstem for this
react&on and thereby learn more aboﬁt the %teps involved.
The reaction of [Irz(co)z(pLOH)(DPM)z]+ wit¥ co |
accomplishes one of these steps, namely the%oxidatibnyof CO
to COzt The otheF important stegi the gene%ation of Hiy,
was ac¢omplished in the Rh system through tHe reaction
[ha(cé)z(u—ﬂ)(u-co)(DPM)2]+-with strong ac%d giving an
uncharécterized dicationic rhodium complex.3f We find that
compqud 26 also reacts with the strong acid} HBF,.Et;0,
but in this case H, is not produced and we instead isolate
the dih&dride [Ir,H(CO)5 (p-H) (p-CO)(DPM)51[BE4],. The I.R.
spectrum of 27 (see Table 24) shows an’Ir-H ﬁtretch at 2108

l
em~1 and carbonyl bands, at 2046 1961 and 1833 cm™-.

The 31P{1H1 NMR spectrum (see Table 25) indicates that the
species is unsymmetrical and the 13 wMR spectrum shows two

high field resonances, integrating as 1 hydrogen each. The
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highfield resqpaﬁCesatlb -13.2 ppm appears as a sharp
$ . 1 = 2 = 1.6

&trlplet of doublets.( Jp-n 10.5 Hz, “Jg-g Hz)

corresponding to a terminal hydride coupled to two adjacent

S ' ' |
phosphorus nuclei and to another hydrogen, while the

I
'

_enresolved peak}@ gi is probable that ‘the latter resonance
is due to the brldglng hydride which is coupled to two
pairs of chemlcallyﬁlnequlvalent P nuclei and to the
terminal hydride. Our féilure to resolve this resonance
into‘its expetted triplet of triplets of doublets is not
surprising given the probable'similar magnitudes of the
coupling constants.“Two'structures are possible for this
diprotonated speciés as shown. We sudgest thaf.compound‘27
has structure XXX, owieg to itsAfailufe to reductively

eliminate H, vide infra). Although the H-H coupling

N 7 ¢ ) /\
P P oL P ~p L,
N Ir— e -
/|\ /‘\Co /ioc/l\c/l\ﬂ
. XXIX | XXX

2
observed is rather small for what might be expected'for'
‘ o
trans hydride llgands,zzo we have observed 51m11arly small

coupling constants for [IrZH(CO)z(p-H)z(DPM)2]+ (see

Ci

-
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Chapter 6).- It appears, based on the facile loss of H,,

that protonation of the rhodium analodue35® yields structure
o

XXIX. Such a notion is consistent with the~structural
\é-

dlfferences between 26 and [Rh (CO)Z(p—sT(prO)(DPM)2]+
IS RN \‘\L
In the rhod*um compound the (p-H)-Rh-CO anglg is much

greater than the ( p-CO)-Rh-CO angle’(155(4)” Xg;
114.6(9)°)35-favouring progon addition cié to the bridging
derlde, whereas 1in compOund 26 the correSpondlng angles
%;tween the bridging CO and the termlnal ones are ca.
120.0°.214 'Itsls also 51gn1f1cant that in the solid state
structure of 26 four phenyl groups block the sites ad]acent
to ;he bridging hydride ligand whereas in the rhodium

analogue it is the sites adjacent to the carbonyl ligand

which are blocked. Although we recognjze that these are

Y solid state comparisons, the solid state differences do

/
parallel the observed differences in the chemf%try of these
. |

two speCLeségnd therefore appear to be significant.
Upon ;tanding in solution for about éne'week 27

réarranges to a-new éompouhd 28 in which the two hydride

and three éarbonyl ligands are now all terminal (see Tables~¥

24 and 25). The 3lp{lu} NMR\spectrum indicate that the .-
molecule is still unsymmetrical, making structures XXXI to

XXXIII, shown below, the most likely poSsibiliﬁies. of

i

- these we favour XXXI since 28 can also be obtained by the

rapid reaction of [Ir,(co)y(MeCN) 5 (u-co) (DPM)51%% (31) with

Hy. We have demonstrated that a similar side-by-side
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XXX1I XXXI1I ‘ XXXIII

arrangement of hydrides, as shown in XXX1, occurs upon the

reaction of [IrCl(CO)(DPM)], with Hy (see Chapter 4).

7

Structure XXXI is also more cdnsistent with the oxidative

addition of Hjp occurring in a concerted manner leading to a

cis hydride complex. Significantly, no evidence. of 27 isa
‘ }

[f\
observed in the reaction of 31 with H,, further suggesting

a trans arrangement of hydrides for 27.

The isomerization of 27 to 28 undoubtedly occurs Dy a

)

deprotonation and reprotonation step wiﬁg\compodng 26 as
the intermediate. It seems that protonation of 26 gives 27

as the kinetic product, having structure XXX, which then

/

rearranges to the thermodynamifcally favoured species 28,

having structure XXXI.ﬁ Wwhen weaker acids, such as
)

P . IS ' ‘
trlfluoracetlc.ac1h$ are used to protonate 26 an excess

must be used and 28 is formed instead of 27~ The more
“ ; 7y
\ 1=

facile rearrangement with the stronger conjugate base 1s in

agreement with a deprotonation mechanism for the ;
, -

isomerization. It should be noted that compounds 27 and 28
w

are readily deprotonated by weak bases such as acetone and

water to rapidly regenerate compound 26.

AN
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The conductivity measurements for compounds 27 and 28

(and*also of 29) are too low for normal 2:1 electrolytes,

--however 'the spectral and chemical information leaves no

’

doubt concerning their stoichiometries. For example,
compound 31, shown to be a normal 2:1 electrolyte, reacts
with H, to yield 28, and as will be ®xplained, 31 can
ultimately be regeneratéd from 28. We conclude that the
low conductivity measuremegté are due to ion pairing in the
solvent having a low dielectfichOnstant. Unfortunately,
SéfVents which w;jld ;edqg; the amount of ion pgiring also
result in deprotdnation of these dihydrides and so cannot
be used. /f

Attempts to induce H, loss from either 27 or 28 by

/
\ /
refluxing in CH,Cl, for up to 4 h failéd and only starting

materials were recovered. However, Hj, loss can be induced
by two routes, first by the addition of /O and secénd by
refluxing in acetonitrile. It had beenygbserved that the
reactionlbf [IrZ(H)4(CO)2(DPM)2] with bé leads to Hj
elimination and the formation of compog%d 24 (see Chapter
6) suggesting that a sim%lar prbéess might be possible with
compounds 27 and 28. When either 27 or 28 are stirred
under an atmosphere of CO an immediate reaction occurs
producing a pale yellow solution, from which:a white solid

(29) can be isolated. The I.R. spectrum of 29 shows

carbonyl bands at 2080, 2061, 2038 and 2017 cm™! and the lH
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> . NMR spectrum shows a ﬁigh field quintet, (ZJP-H = 5.1 Hz)

inteqgrating as two protons, for the two bridging

4
{ . 7 -

hydrogens. BYsed on these data and on the 31?{ H} NMR

#
~ )

spectrum which shows a singlet we propose the following

>
structure for 29. Heating this species in CH,Cl,

regenerateé only 27, again suggesting the trans hydride

oc. | ML , co oc. l el , \"co
L ey P N
\ P P - :
\\\ S~— P\/P
29 ) 30

geometry (XXIX) for this latter species; loss of a terminal
carbonyl grbup in 29 would readily yield 27 by ﬂgving one H
to a terminal site and one terminal carbonyl to the vacated

bridging'position. Significantly, since 29'is formed from

the reaction of both 27 and 28 with CO, this suggests that

2 - . . .
the reaction invdlves more than si%pke Co additicn. It 1is

possible that CO addition results in the labilization of

one of the hydride ligands resdlting in proton ldss and the
formation of a common intermediate [Irz(H)(CO)4(DPM)2]DBF4]
which cah\sub$equentlyBreproténate to give 29. Support for

this comes from the observation that the reaction of{ 26

with acid under a CO atmosphere leads directly to 29/
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Although the major product from the reaction of 27

¥ :
with CO is still a hydride, another product is observed in

about 10% yield' ‘This was subsequently\identified as
[Irz(co) (p—CO)(DPM)z]{BF4]2, 30, which wa's prepared ¢
1ndepeqdently from the reaction of [Ir2Cl(CO)3(u—CO)*‘
(DPM)Q][CI] with two equivalents of AgBF,4 under a CO
atmosphere (éee Experimental Section). The infrared
sDeétruﬁ of 30 shows‘four terminal and one bridging

carbonyl bands 1nd1cat1ng that compound 30 probably has the

structure shown above in which the geometry is slmlaar to

/

that observed for [Irzclz(CO)z(p—CO)(DPM)z] (see\Chdpter
£ . : ‘ .
1
2). ‘

4
H

\ The productién of some 3C ..om (2 re. _cion of ‘27 and

\wﬁ\\‘aa with CO shows that reductive elimination of H, nas

occurred. 'This further supports =2 mechanism " volving

proton loss and recoordination for the formation of 29 from

27 and 28. Although most ¢ e proton recod . dination

¢ R . .
occurs opposite the bridging proton, some must Occur Cis to

it to allow the-reductivq elimination of H,. Compound 29
also convefts to 30, a%beit very s?@wly, when left under an
atmosphere of CO for up ;o(two weeks. Again a deprotona-‘
It%pnAreprotonation mechanism is implicated, however, in
this case botﬁ‘the bridging hydriée ligands appéar to be
more strongly bound than the terminal hydrides in 27 and

28, judginyg by the Jery slow formation of 30.

v

3t
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Hp, removal from Zawgan also be partially effected by
heating in acetonitrile for ca. twenty or more mlnutes,
yleralng the tricarbonyl species [Irz(CO) (CH3CN)§(u-CO)-
(DPM) 5 12% (31). This latter product can also be prepared
in high yield'by the feaction of 30 w%}ﬁ acetonitrile (see
Expérimental section) and has carbonyl bands in the I.R.
spectrum at 2005, 1980 and 1731 cmi~} and bands due to the
acetonitrile lgéands at 2312 and 2284 cm’l. Based on these.
‘data and on 3}P{IH}'NMR spectrum which indicatés that 31 is
symmetric, the following two %tructdres are possibfe. |
‘Altﬁough differén;iation of these two spécies based on the
available data is not possible, the low stfetch for the
bridging :ar?onyl\group may suggest that it is trans to the

better o-donor acetonitriles rather than the n-accepting

P o P +2 e o P 42
bl oc\‘ l ’,’c\‘ 'co b'.cu\ | "c - ’Ncu.
./\Ir" “Irg My =y
. &.cN l l } NCH. OC/I ) \CO )
P P P )
7‘\\7 XXX IV | M XXXV

carbonyls; Although this hydride-free product - is obtained -
readily in refluxing acetonit%%}e, it is obtained as only a
minor product (ca. 10% yield); the other products have not

; .

been identified and their number increases with increased

reflux time.
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‘Both compounds 30 and él react with hYdroiide i!d.
The reaction of 30 with onevequivelent of NMe4oH-éﬁ20
results in the formatlon of only compou;d 26. This .
feactlon probably occurs by OH~ attack at one of the
carbonyl lidands resulting in the formation of‘a
metallocarboxylic acid species. The high carboﬁyl o
stretches for the terminal ea;bonyls in the dicéiionig
species 30 suggest that these groups will be suscegtible to

Y

nucleéphilic attack. Direct attack at the metals is less
likely since both metals have 18- electron configurations
and CO dissociation would flrst have to occur. Subsgﬁuent )
loss: of CO, from the metallocarboxyllc 1ntermed1ate,,v1a B~

\

hydride ‘transfer to the metals, would then yield ‘a
tetracarbonyl hydride comple% which after CO loss wbu%d
yield 26‘(vide infra). |

Reaetion of 31 with OH™ also occurs readily but‘pased
on the prOducts.obéained; appears totproceed byga different;
Foute. In this reaction, both compoundé 23 and.26 are
obtained, in the ratio of 3:1, respectlvely ‘Futhermore,
if the reactlon vessel is flushed with Ny durlng the course
of the reaction this ratio changes to 5:1. Th;s
information suggests that 1n this case OH attack ddes hdt
occur directly at a carbonyl group since thlsﬁwould be
expected to yield, after CO, loss, the hydride [IrZ(CO) (p-

» _ o~
H)(DPM)2]+, which is not observed. /The observation of the

b
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hydroxy bridged gpecies 23 indicates that OH™ attack ?§§ars
at the metals at some stage of the reaction. It seem;
llkely that the réactlon of 31 with OH™ occurs with
coordination of the hydrox1de llgand at®the metal;,
agcompanied by a?etonltrlle loss to give [Irz(CO)z(p-OH)(p~
o) (DPM),1* (XXXVI), a short-lived intermediate which is
not observed. This proposed intermediate is very similar to
the previously characterized chloro-bridged species,
[Irz(CO)z(p-Cl)(u‘COi(DPﬁ)2]+, apd CO-loss from this
speci;s would yield one of the observed products, 23. It
‘is expected that CO—lOSSffﬁpa XXXVI would be guite facile
since, as described previously, when the steé&ise addition
of CO to 23, is monitored, such é tricarponyl intermgdiate
is never observed. The otﬁer product in the reaction of 31
with hydroxide ion, 26, could' arise by several routes,
although it is clear that based on its reduced yield when
the solution 1is flushed W1th N2, additional CO is required
for its,formatlon.‘ One possibility is that CO lost from
XXXVI can be picked up by'compound 31 to give either 30 or
a dicationic tetracarbonyl species and that subsequent
nucleophilic attack by OH™ at one of the carbonyl groups
yields 26 after CO, loss. However, XXXVI may itself be an
intermediate in the production of 26; it could coordinate
additional CO lost by other molecules of XXXVI and after

ntramolecular hydroxide migration to a carbonyl group

et e
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could yield a metallocarboxylic acid intermediate, which
‘-

though loss of CO, would yield 26. Although such an

intramolecular pathway has not often been proposed, it

cannot be ruled out as a viable pathway.

Consistent with the attack of the OH ™ at the metal is
the obseryation that the reaction of 31 with methoxide ion
does not\yield a methoxycarbonyl species but instead gives
26 in essentially quantitativecyield. Again, it‘seem§
that methoxide attack at the metals occurs to yield an

intermediate, [Irz(CO)Z(OMe)(p—CO)(DPM)2]+, which then B-

hydride eliminates to give 26.

(b) Water Gas Shift Catalysis.

We have demonstrated in the foregoing chemistry that
the hydroxy-bridged species 23 presents a uéeful model for
WGS catalysis. These reactions are summarized in scheme V,
depicting ths conversion of CO and H,0 (o™ + HY) to Co,
and H,. In the present system the model catalyst precursor
is [Irz(CO)z(u—OH)(DPM)2]+, however the involvement of the
hydride-bridged species [Irz(CO)z(p—H)(p—CO)(DPM)2]+»fn
this cycle suggests that the chemistry may be applicable to
the catalytic cycle reported by Eisenberg and coworkers
which utilized the analogous rhodium hydrid; [ha(CO)z(p;

,H)(u-CO)(DPM)2]+ as the catalyst precursor.33 Although
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detailed kinetic studies on this system have not been
i ¢

carried outf parallel comparative runs using [ha(CO)z(p—

OH)(DPM)2]+!and [ha(co)z(p—ﬂ)(p-co)(DPM)ZJ+ as catalyst

precursors,lunder the conditions studied by Eisenberg and
coworkers (see Experimental Section), show that thé two
have equivalent turnover rates after a 48 h period
(turnover rate = 0°15 equiv. Coz/h). ‘Furthermore, I.R.
spectra run on the solid isolated from the catalytic
reaction involving the hydroxy-bridged species indicates
that the maijor species present is the hydrido-bridged
tricarbon cation.
A

The question then remains as to how well this iridium
system models the rhodium-catalyzed reactioné. This stde
does show the possible involvement of hydroxy-bridged
species in a catalytic cycle%ayd it is pbssible that such a
cycle, involving metél—coordinated hydfoxidexion is
feasible as a;catalytic pathway. However, it is likely
that this is not £he most important pathway. Instead, it
is felt that nucleophilic attack by free OH™ on a
coordinated CO ligand in a dicationic intermediate is a
more favourarle foute. In the iridium cycle, the species
ihvolved was! a dicationic pentacarbonyl complex (see Scheme

\

V). Whether or not such a species actually exists with

rhodium or whether the catalytically active rhodium species

is a tetra or tricarbonyl analogue\@s not known, but in
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such dicationic species, the carbonyl ligands should- be

very susceptible to nucleophilic attack by OH -

1t was noted in the study of the Rh systemjs that the
addition of such salts as LiCl to the reécﬁion/mixture
imprdVed the turnover rate. Based on the obss&ved hydrogen
bonding between C1~ and the bridging OH gfoup/in both the
iridium species, [Irz(CO)z(p—OH-Cl)(DPM)2] aqé the rhodium
analogue,208 we initially considered that suéh species
A /

could offer an explanation for the‘observed%rate enhance-~

' {
ment upon Cl~ addition. However, it has been found that
. {
|

!

‘[ha(CO)Z(p-OH-Cl)(DPM)z] is not»aniactive
catalyst.l66'208 Undgr-the'conditions stuJied, this
{
species is converted into trans—[RhCl(CO)(ELPM)]2 and
[ha(CO)z(p-Cl)(DPM)]+;bo§h of which afe catalytically
inactive. This further sudgests that the im?ortant steps
in the catalytic cycle do not involve\metal—bounq
hydroxides. N
Nevertheless, this study indicateé#that these iridium
systems can function as useful models for active rhodium
catalysts. Further studies are necessary to illucidate the
steps in the above WGS‘Eafalysis with emphasis on isolating
and characterizing the proposed metallocarboxylic acid
intermediates. Of special interest 1is the nature of the
binding modes of such groups in the presence of a second

/
metal centre.



CHAPTER 6

The Preparation and Characterization of Some DPM-Bridged
Iridium Polyhydride Complexes and the Structure of

_[Irz(ﬁ)(co)z(p—ﬁ)z(DPM)ZJ[cu.-l.2CH2c12
Introduction

One of the aims of this thesis was to prepare a series .

of DPM-bridged binuclear Ir hydrides with the eventual goal
|
of using them to model catalytic systems. One approach,

used in Chapﬁer 4, involves the direct reaction of H, with (
metal compleies and has obvious relevance to catalytic K
processes which utilize Ho as a reactant. Another

approach, which forms the basis of this chapter, uses

borohydride reagents to replace inactive ligands such as

Cl1~ by the more catalytically active hydrido ligana. The

o

strategy of this latter approach is to prepare complexe; in
kybich as many of ghe ligands are chemically active. It.was
decigéa\EOxtgz‘and preparé complexes such as

. —
[IrH(qo)(DPM)]z,.g\BTﬁuelggr iridium analogué of

tRhH(CO)(PPh3)2], the catalytically-active species in
| 20-24

olefin hydrogénation and hydroformulation reattibns.A

This chapter describes the results of this study.

-~
5
[

133
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{ 14
Preparation of Compounds
=

a) [1r,(H)4(cO),(DPM)g) (32). .

An“?tmOSphe&E;Sﬁ hydrogen was placed over a slurry of
trans-[1rc1(co)(pPM)15, 3, (200 mg, 0.159 mmol) and NaBHy

(25 mg, O.éGIPmmol); The mixture was stirred for 24 h
during which time all of 3 was consumed and a bright yellow
solution was formed. 00 pl of degassed water was then
added to theimixturé to Aestroy the excess borohydride,

" resulting in significant gas evolutidn. When this subsided
(ca. 30 sec) the solution was taken to dryness under
vacuum resulting in the isolation of a bright yellow
powder. The solid was redissolved in THF (10 mL) and was
then filtered unde;/gitrogeﬁ;“Yiélding a clear bright

e

yellgg,soiuiign, Zd\h%\of hexanes was added, the volume
e

reduced to 10 mL under vaéuum‘aAd the solution stored

T

overnight at -15°C.  This yiéid%d 32 as a yellow
microcrystalline proéuct'invaboqt 75%‘yield, Spectroscopic
parameters for this and ail suﬁéequent compoundé are given
in Table 32. When dissol;ed in_g§2C12, cémpound 32 proved
to be non-conducting (A(1073M) = 4:0 0”1 cm? mole‘l).170
Anal. Calecd for Ir,Pa0,CsoHgg: C, 51.48%: H, 3.99%.

Found: C, 51.61%; H, 4.08%,
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]
b) [Irz(H)S(CO)2(DPM)2][BF4] '1/2 CH2'C12 (33)"

Method A. To a solution of 32;15 CH,Cl, under an
atmosphere of hydrogen (150 mg, 6.124 mmol in 10 mL) was)Mgg
added one equivalentxof HBF4 *Et 50 (i7 8 pl, 0.124 Mmoig ©
causing an immediate colour changefto paIe yellow. 30 mL

|

of dry Et,0 was then added and the solution volume reduced

S

to 15 mL under a rapid stream of H2 causing the

precipitation of 33 as a white mlctocrystalllne solid in

"R\ N -

- ca. 85% yleld. Compound 33 was ddtermined to be a non-

electrolyte in CH,Cl, solutions (A(lO 3M) = 4.6 71 cm?

1\) . i

mole
|

Anal. Calcd for Ir2c1p4F402C52.SBH5E: ‘C, 46.52%; H, 3.72%;
Ccl, 2.61%. Found: C, 46.88%; H, 3’76%; Cl, 2.09%. The
presence of and amount of solvent m lecules was confifmed
by lH NMR for this and other compounds.
- - \
Method B. An atmosphere of herogen was ?laced over a
solution of [Irz(CO)z(p.—E:I)(u—CO)(DPN)z][BFll] (26) in CH,Cl,

(200 mg, 0.151 mmol in 10 mL) and the resulting mixture

stlrred for 16 h, during which time the solution changed
colour from intense red to light yeUlow. The addition of
30 mL Et,0 followed by reduction of the volume to 15 mL
under a rapid stream of hydrogen resulted in the
precipitation of a white solid which was shown to be

identical in all respects to that isolated by Method A.
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c) [Ir,(n)(co),l( p—H)z(DPM)z][B;‘4]-CH2C12 (35a).

¢
Method A. To a solution of 32 in CH,Cl, under an
atmosphere of nitrogen\(lSO mg, 0.124 mmol in 10 mL) was

\
added one equivalent of HBF,4+Et,0 (17.8 ul, 0.124 mmol)

o

\
causing the solution colour .to change to light yellow. The

solution was then stirred for 24 h under a very slow
nitrogen stream during which time the colour deepened to
golden yellbw. The volume was feduced to 5 mL under
nitrogen and then 25 mL of'Eizo was added causing the

precipitation of a golden yellow solid in 90% yield.

Compound 35a proved to be a 1l:1 electrolyte in CH,Cl;

(A(1073M) = 45.7 ol cm? mole”}).
Anal. Calcd for Ir2812P4F402C538349: C, 45.99%; H, 3.57%;
Cl, 5.12%. Found: C, 45.60%; H, 3.59%; C1, 5.09%.

Method B To a solution of 32 in CH,Cl, (150 mg, 0.124
mmol in 5 mlL) was added dropwise one equivalent of
Ph3C+BF4‘ (37.3 mg, O.i24 mmol) in 2 mL CH,Cl, which
produced a rapid colour change from bright yel}ow to dark
golden-yellow. After 30 min, the solution volume was
reduced to 5 fi. under an N, flow and the addition of 25 mL
of Et,0 resulted in the precipitation of a golden yellow
solid which was identical in all its properties to that

prepared by Method A.
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d) [Irz(H)(CO)Z(p—H)z(DPM)Z][Cl].ZCEz%EZ (35b).

~T

L
Anhydrous HC1l was bubbléd into a solution of 32 in
v

CH,Cl, (150 hg, 0.124 mmol in 10 mL) under an N, atmosphere
until the colour changed from bright yellow to pale yellow
(~ 30 sec) indicating the formation of [Ir;(H)3(CO),-
(u-H),(DPM),][C1]. The HCl was then shut’ off and the
solution stirred for 16 h during which time the colour
darkened to golden brown. 10 mL of Et,0 was then added and
the resulting mixture stored at -10°C for 16 h. This
resulted in the precipitation of 35b as golden yellow

N
prisms which were subsequently collected and dried under an

N, stream. Typical yields werea45%. Compound 35b proved

to be weakly conducting in CH,Cl, (4(1073M) = 10.4 o1 cm?
1 ) !

mole™
Anal. Calcd for Ir,ClgP40,Cg4qHgy: C, 45.75%; H, 3.53%; C1,

12.51%. Found: C, 45.82%; H, 3.65%; Cl, 12.48%.

ef (Ir,(H)(CO)p(u-H),(DPM),][0Me] (35c)',

| To a solution of 32 in CHyCly (150 mg, 0.124 mmol in
10 mL) under a N, atmosphere was added 2 mL of d;y‘MeOH.
N, was then rapidly bubbled through the soiution (ca. mL
minTl) resulting in a colour change from yellow to c
orange. The solvent was then removed under vacuum leaving

a dark orange precipitate. This solid was then recrystal-

lized from CH,Cl/Et,0 giving 35c as a yelow orange

N
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péwder. Typical yields were 80%. Compound 35c proved to
| N /

| - ‘ -
be weakly conducting in CHyCl,(A(1073m) =°11.7 @71 cn’ d

méle’l);

£) [Iry(H)4(c0),(DPM),1(BF4], (36).
e

To a solution of 35a in CH2C12 (150 mg, 0.108 mm@% in

10 ml,) was added an excess qf HBF, +EtO (45.0 p1, 0.313
mmol) under a slow N, stream which caused the immediate
precipitation of a white solid. Complete precipitation was
induced by the addition of 20 mL of E%30. The solid was

. c@iiected and washed with a further 10 mL portion of Et,0
ahd finally dried in vacuo for 2 ﬁ. The—lack of solubility
of the compound in most common solvents and its tendency to
deprotonate in others such as acetone precluded its
complete characterization in solution. Typical isolated
yields were about 90%.

Anal. Calcd for Ir,P,FgO,C5oBoHgg: C, 45.04%: H, 3.41%.

Found: C, 45.12%; H, 3.328.

?eaction of [Irz(H)(CO)Z(u—H)z(DPM)z][BF4] (35a) with NaBHg.

A suspension of 35a (150 mg, 0.708 mmol) and NaBH4 (25
mg, .0.661 mmol) in 10 mL THF)was stirred for 24 h during
which time the solid dissolved and a bright yellow solution
formed. 500 pl of degéssed water was thé%’added to\the

solution to destroy the excess borohydride and the solution

/
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N
was taken to dryness in vacuo leaving a bright yellow -
powder.. The solid was redissolved in THF and filtered
under NZ yielding awbright yellow solution. The addition
of 30 mL of hexanes followed by concentratidi of the
solution under vacuum resulted in the precipitation of a

A

yellow microcrystalline product which was identical to 32

in all of its spectroscopic properties.

Attempted reactions of [Ir,(H),4(C0),(DPM),] (32) and

: /
(17, (#) (CO) 5 (=), (DPM),][BF,4] (35a) With Bases.

To a solutioh of 32 in CH,Cl, (150 mg, 0.116 mmol in
10 mL) was added an excess of proton spbnge219 (75.0 mg,
0.350 mmol) in 2 mL CH,Cl,. The solutign was allowed to
stir for 24 h withtno‘apparent change. Both 31P{1H} NMR
and I.R. spectra after this time showed only starting
material indicating that no reaction had occurred. Similar

results were obtained with 35a. No change in solutions of

32 and'35a occurred when NEt3 was used as the base.
/

Reaction of [Ir,(H),(CO),(p=-H),(DPM),]1[BF4], (36) with Proton

219
Sponge.
2Ponges

To a suspension of 36 (150 mg, 0.108 mmol) in 10 mL
- CH,Cl, was added a solution of one equivalent of proton
sponge (23.1 mg 0.108 mmol) in 2 mL CH2Cl£. A rapid

reaction occurred as evidenced by the dissolution of the
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solid and the formation of a ‘lark yellow solution.
~ Addition of ether to this solution resulted in the
precipitation of a golden yellow solid which was shown to

be 35a based on its infrared and 31p(1g) NMR spectra.

X-ray Data Collection

' Suitable X-ray diffraction quality cfystalé of
[Irz(H)(CO)Z(p-H)z(DPM)z][CI] (35b) were obtained after
several days by the slow diffusio? of ether into a CH,Cl,
solution containing & mixture of [Irz(H)4(CO)2(DPM)2] (32)
and anhydrous HCl under an N, atmosphere. . These crystals |
proved to be indistinguishable from samples of the BF4T
salt 35a in all spectroscopic properties except for the
absence of a BF,~ band in the I.R. spectrum. Severai
crystals Qere mounted in thin walled glass capillaries
under nitrogen to minimize decomposition. Unit cell
parameters were obtained from a least-squares refinémentvof~3
the settigé angles of 25 reflections in the range 13.0° <
28 < 22.0° which were acéuraﬁély centred on ?n Ehfaf—Nohiﬁs

CAD4 diffractometer using MoKa radiation. Since four

f e
S

crystals were used for data collection, the cell parameters
reported are those from the best crystal:; all Otﬁeps'gave‘

similar values. The systematic absences (hox:.’h + 2=
. ’ & .-

odd, 0kx0: Xk = pdd) were consistent with the space group

P21/n.

4
JE—



202

. Intensity data were collected on a CAD4 diffractometer
in the bisecting mode employing the w-26 scan technique up
to 26 = 50.00° with graphite monochromated MoKa
radiation. Backgrounds were scanned for 25% of the peak
widtﬁ on either end of the peak scan. The crystals proved

v
to be susceptible to slow decomposition in the X-ray beam
as evidenced by the decline in the intensities of three
standard reflections monitored every 1 h of exposure
time. When these standards dropped to 75% of their
original intensityf data collection was stopped and a new

crystal was used. Attempts to collect data at low

temperature (-40°C) were unsuccessful since the

decomposition was not slowed significantly and crystal

movement in the cold stream caused additional
difficulties. 1In all, four different crystals were
employed to collect the data. A‘};near décomposition
correction was applied to the@?%fﬁ

from each crystal. 9461

unique reflections were measured and processed in the usual

“wady using a value of 0.04 for p;153 of these 3543 were

considered to be observed and were used in subsequent
calculatiorns. Absorption &orrections were applied to the
data by using Gaussian inte ration.1%4 See Table 33 for

pertinent crystal data and d}tails.of data collection.

N
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Table 33. Summary of Crystal Data and Details of Intensity

Collection f?r [Irz(H)(CO)Z(u—H)z(DPM)zl[Cl]-l.2CH2C12

5

[Irz(ﬂ)(CO)Z(u-n)z(DPH)zl(C1)01.Z\anclz

comnpd
£, 1349.59
foreula Ir2C13.‘P‘02C58.2H‘9.4
cell parameters a = 12.794(4) A
b = 20.468(5) A
c = 20.433(8) A
8= 91.58(4)°
A(calcd), g/cm3 1.654
space group P2,/n
temp, °*C 22
radiation (A, A) grnphite-nonochromated Mo Xa (0.71069)

receiving aperture, ®m 2.00 4+ (0.500 tan 8) wide x 4.0 high,
173 from crystal

4

take off angle, deg 3.05

scan speed, deg/min variable between 10.06 and 0.91

scan width, dea 0.75 + (0.347 tan 6) in w

20 limits, deg 0.20° < 286 < 50.00°
no. of unigue collca 9461 {(+h, +k, t2X)
no. of unique data 3543 ;

2 2
used (F_° 2 30 (F ))

range of transmission factors 0.3535-0.7423

final no. of parameters refined 24

error in obsern of unit weight 2.367
R ‘ 0.080
R, _ 0.102
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Structure Solution and Refinement .

The structure was solved "in the space group\§21/n
using standafd Patterson and Fourier technigues. All non-
hydrogen atomi were ultimately located. IQ the full-matrix
least-squares refinements, the data from each crystal were
independently scaled. Atomic scattefing factors were taken
ffom Cromer and Waber's tabulation155 for all atoms except
hydrogen, for which the values of Stewart et a11%® yere
used. Anomalous dispersion term5157 for Ir, Cl, and P were
included in F.. The carbon atoms of the phenyl rings were
refined as rigid groups having Dg, symmetry, C-C distances
of 1.392 A and independent isotropic thermal parameters.
All hydrogen atoms of the DPM ligands were located and
included as fixed contributions but were not refined.

Their idealized positions were calculated from the
geometries about their attached carbon atoms using C-H
distances of 0.95 A. Hydrogen atoms were assigned
isotropic thermal parameters of 1 A2 greater than the
isotropic thermal parameﬁer (or equivalené isotropic
éhermal parameter of anisptropic atoms) of their attached
carbons. Attempts to locate thekhydride ligands using
standard techniques were unsuccessful. The C and O atoms
of the carbonyl groups did not refine well anisotrépically

and so were left isotroPic.
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Altﬁough tﬁe analyses indicated the presence of two
CH,Cl, solvent molecules in the a?y?metric unit, only ca.
1.2 CH,Cl,'s were located. FEach molecule refined to an
occupancy of 0.6 suggesting the disorder of two molecules
over three sites, each with an occupancy\of_gg; 2/3., A
third area of smeared out electron density was IOCated.in
the cell near the two other partial occupanéy~CH2Cl2
molecules but attempts to fit this density to onégor more
CH,C1, orientations failgd,'therefore this density was left
unaccounted for. The hfarogen'atoms‘of the solvent
molecules were not included gying to -the large thef%al
parahetérs of the Cargbn atoms. A |

The fin;g model in the space group P2;/n with 241
parameters re%}ned converged to R = 0.680 and R =‘
0.102.158 'In(;he finai difference Fourier map,?the 20
highest residuals (1.4 - 0.4 e/A3) were in the vicinity of
the solvent molecules and thetIr atoms. A typical car%on
on an earlier synthesis had an.electron density df 4.0

e/R3. The parameters -for theAindiVidual; non-hydrogen

-~

atoms and those of the groups are‘given in Table 34 and 35,
respectively. The derived hydrogen parameters are listed
in Table 36.‘ A iisting of the Qbserved and calculated

structure amplitudes 1is available.12?
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Ir(1)-Ir(2)

Ir(1)=-C(1)
Ir(1)-P(1)
Ir(1)-pP(3)
Ir(2)-C(2)
1r(2)-P(2)
Ir(2)-P(4)

Cl(1)-H(2C4)

C(1)-0(1)
c(2)-0(2)
P(1)-C(3)

P(1)-P(3)
P(2)-P(4)
0(1)~nH(74)

a) Interatomic distances and angles for the CH2C12
molecules are listed in the supplementary data.

£§Bond Distances

2.855(2)
1.91(4)
2.331(9)
2.330(8)
1.90(4)
2.306(9)
2.307(9)
2.65
1.15(4)
1.05(4)
1.82(3) .

P(2)-C(3)

P(3)-C(4)

P(4)-C(4q)

P(1)-C(11)
P(1)-C(21)
P(2)-C(31)
P(2)-C(41)
P(3)-C(51)
P(3)-c(61)
P(4)-C(71)
P(4)-C(81)

Nonbonded Distances

3.01(1)
2.98(1)
2.49

C(2)-H(72)
C(2)-H(86)
0(2)-H(86)

b) Molecule at J& + x,’& - vy, J& + 2z

T,

RN

2.74
2.76
2.89

solvent
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Description of Structure
L3

Attempts to obtain X-ray suitable crystals of compouna
35 as the BF,  salt proved unsuccessful, however it was
isolated in crystalline form with a chloride counterion
from the reaction of 32 with HCl. The asymmetric unit of
the unit cell contains one molecule of 35b along with two

unexceptional partial occupancy (0.6) CH,Cl, solvent

%

molecules. 'There are no unusual contacts invol%ing the
solvent molecules. The chloride counterion is hydrogen
bonded(to one of the DPM methylene hydrogens of the dimer
(v%de infra).

The complex cation, shown in Figure il togetber with
thé hydrogen-bound chloride ion, appears aé a rather
typical DPM-bridged complex.173 Both DPM 1ligands bridge
the two metals in essentially mutually trans pgsitions
about the metals and the orientations of the phenyl groups

are such as to minimize non-bonded contacts with the

- v

ligands in the equatorial plane. Therefore, four phenyl

gr&ups (2,3,5 and 7) are thrust into the relatively vacant

positions on the side of the complex oppOsite the carbonyl

'grgub C(l}P(l) (see Figure 11). f .
| ! #

g Altho?gh the hydride ligands were not crystallograph-
! ; :
ically located, their approximate positions are obvious

baée%/on the positions of the other ligands in tQF




Figu = 11.

213

'g a)

Dces)

L

CI(1)

Perspective view of [Ir2H(C0)2(p—H)z(DPM)zl[Cl].

Hydrido ligands, which were not 1$cated, are shown in
their idealized positions. Thermal ellipsoids are

L J
drawn at the 20% level except for methylene hydrogens

which are drawn artificially small. Phenyl hydrogens

have the same number as their attacled carbon atoms.
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structure and on the spectroscopic data observed for 35.
The lH NMR spectrum clearly‘indicates that two hydride

ligands bridge the metals (probably on opposite faces of

the complex) while another is terminal (vide infra).
Location of the termiﬁal hydride ligand becomes obvious
upon examining the geometries about each metal. Th
carbonyl group C(2)0(2) is almost linearly disposednalong
the Ir-Ir bond (Ir(l)-Ir(2)-c(2)angle = 163.6 (12)°) N

whereas >group Cc(1)0o(1) is bent away from this vector

forming and Ir(2)-Ir(1)-Cc(1) angle of 129.2(11)°, leaving a
/

4

conspicuously vacant coordination site on Ir(1), adjacent
to C(1). Clearly the terminal hydride ligand must occupy

this coordination site as diagrammed below.

/

In(2)—C(2) —0(2)

The resultiné coo;dination geométries about each metal
differ significantly. If the férmal metal-metal bond is
ignored, the geometry about Ir(l) is pseudo-octahedral
whereas that %bout';r(2) more closely aﬁproximates a

- /£

trigonal bipyrami@f; Although the metal-phosphofu54

distances are normal they can be grouped into two pairs,
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with those on Ir(l) (av. 2.331(9)A) being slightly longer
than those on Ir(2) (av. 2.307(9)A4). This difference is
consistent with the different coordination numbers og;the
metals. It has previously been observed in similar cases
that the longer metal-phosphorus distances are associated
with the metal having the higher coordination
number'l65'174 The carbonyl geometries are'normal: the
slight bead in these groups, (166(4)° and 169(4)°) is not
unusual and most probably results\from{pon-bonded contacts
involving the phenyl groups 7 and 8 (see Figure 11 and
Table 38). sSimilar bending of the carbonyl gfoups was
observed in the two 1ndependent molecules of [Rh2C12(CO)-

P\

(C,S,4)(DPM),] and again short non-bonded phenyl contacts
were responsible;67 | ' \
The Ir-Ir separatioﬁ’ié.BSS(z)A) is ﬁormallfor a
.single bond and is consistent with the range of values
observed for other Ir-Ir bonded DPM-bridged
systems.151'l66'173 This metal-metal distahce is
(average 3.00(1)A&) indicating ‘compression along the Ir-Ir -
Naxis and'mutua} attraction of the metals.
_ As noted earlier, the‘ch;oridé ion is hydrbgén baund '
to H(2C4) of one of the DPM ligands,’ at a distanca’of

approximately 2.7 A. This contact is somewhat uncertain

since the hydrogen atom was included in the idealized
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position for an unperturbed CH, group, at 0.95 A from

it e A

carbon, and was not refined; nevertheless it indicates a
substantial interaction. We have previously observed 3
hydrogen bonding between DPM methylene protons and chloride
ligands in [Ifz(CO)z(pEOH-Cl)(DPM)z] (see Chapter 4) so
this in itself is not surprising. However, what is

3.
surprising is that the chlbride ion does not coordinate to
one of the metal centres in this cationic complex;

presumab;;\\Qis reflects the inertness of the metals in 35

Py

towards attack by nucleophiles.

LN
% -

Results and Discussion

The reaction of trans-[IrCl(CO)(DPM)]2 (3) with an %

excess of NaBH, under H; gives rise to a new compound 32

with the fgrmula [Irz(H)4(CO)2(DPM)2]{ \The_highfield

P

region of the 1y NMR spectrum shows only two featureless
peaks which could in principle arise frém jeither bridging
or terminal hydrides. However, the fact tgét-both peaks
have identical shapes and inteénéte aé two hygrogens each,
combined with the observation of terminal Ir-H stretches at

2076 and 2107 cm~! in the infrared spectrum |suggests that

. 1
all of the hydride ligands are terminal.. Thé'alp{lﬁ} NMR

- J

spectrum shows only a singlét over the temperature range
\ e -

+25 to -60°C, indicative of a symmetrical species. Based

?%g,;:i?@g‘v‘:‘.;c.ﬁ—'ﬁr s
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on this information, two structures are possible for 3 as
shown below. Structuge XXXVII, in which the carbonyls are
mutually cis, has Cy,, sYmmetry, while XXXVI1II, where the

L
carbonyls are trans, has Cpj symmetry. Structure XXXVII

P
(0] (o] (8]
. l . c l H
V4 , P , P P Ve
n;//h I H Hc//" é/)f H
H l H I l o , l
P P P~ P b
\/ \/ Y
XXXVII XXXVIII

would appear to .be the‘correct choice based on the
observation of two v(CO) bands in the infrared spectrum and
two DPM methylene fesonances in thé room temperature 1y nMR
spectrum; for structure XXXVIII only one methylene ”
resonance would be expected (see Chapter 2). However,
based on the reaction of 32 with trityl cation (vide
infra), XXXVIII cannot be ruled out. The lack of
resolution of the hydride signals is possibly due té our
inability to resolve the various phosphine-hydride (2JP-H
and 3JP-H) and hydride-hydride couplings. Lowering the
temperature to -80°C produced no noticeable effect on the
péak shapes, arguiﬂé agaiﬁ;t a fluxional prgces§ being

responsible for the broadness.
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A dihydrogen atmosphere is not necessary for the
synthesis of 32 from 3 and NaBH,. If the reaction is
performed under N,, 52 is still the major product formed,
but the yield is'slightly lower and the reaction times
longer. 1If, however, ths reaction 1is done under a CO
atmosphere, the only product observed after 24 h is the
previcusly charatterized Ir(0) compound, [Ir,(CO)4-
(DPM),]. This latter product can also be formed by
allowing a solution of 32 to stir under CO for 12 h.
Similarly, adding H, to [Ir,(C0)4(DPM)], gives 32 after 12
h. Attempts at using single hydride sources such as
LiB(C2H5)3H were unsuccessful and led only to mixtures of
unidentified products as determined by 31P{1H} NMR.

The f;rmation of 32 from the reaction of trans-
[IrC1(CO)(DPM)], with NaBH, is in contrast to initial
reports of the equivalent reaction with the Rh analogue

<wheré no hyaride species were observed and only the Rh(O)

'éompound [ha(CO)z(DPM)2] was isolated.35 However, a more

Krecent report sdggesté that when the reaction is performed
under Hé, some hydride-containing products are formed.zz1
The reaction of 32 with HBF4 *Et,0 under an Hj
atmosphere leadslto,the isolation of a white solid 33 which
displays thrée“terminal Ir-H stretches, two terminal

carbonyl bands and a broad BF,  band at 1050 cm™1 in the

infrared spectrum (see Table 32). Based on this
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information and on the solution properties of 33 (vide
infra), the most probable structure for 33 is the proton

addition product shown below. 1In solution under H,, this

Oc. l Mo I M
¥ H— 1 iy
H/|\”/|\co
. P
P~\\\v’,,' .
33

specieshshows a .singlet in the 31P{1H} NMR spectrum (+25 to
-60°C) and only two hydride resonances, each integrating as
two protons, in the H NMR spectrum. One of these hydride
reson#hces appears as a quintet while the other apgears as
a featureless peak much as was observed for compound 32.
This informati.n, along with the observation of only one
DPM methylene/resonance °in the 1y NMR, is inconsistent with
the formula};on drawn for 33 and suggests the existence of
a new compound 34 in solution whose possible structure 1is
shown below. It appears that when the pentahydride 33 is
dissolved in CHyCljp. proton dissociation océurs resulting

!

' \ | ’ .
in the formation of the neutral tetrahydride 34. Attempts

\ f
to obtain\an I,R. spectrum of this solution were

l j . .
unsuccesséul due to apparent reaction of the free acid
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é’//’\\\\P .
S = Y
H/|\H/|\co | L
P- P L
\/ '

§
)/
and/or the complex with the I.R.” cells. When ether is added
to this solution, compound 33 is again isolated. This
suggests the existence of an equilibrium betweedi3$ and 34
r' \
in solution as shown in equation 13. The isolatipn of only

o : L g
the cationic species 33 from solution is likely a reésult of

RS
\
.
1\
N

[Ir,(H)5(CO),(u-H)5(DPM)5] + HY e

[1rp(H)3(C0O) 5 (u-H),(DPM) 51" (13)

its lower Solubility. This equilibrium can also be
¢onfirmed by the addition of-a large excess (ca. 200 x) of
acid to 32. 1In addition to the original singlet due to 34,
the 31P{1H} NMR spectrum shows a new complex pattern at §
-2.0 and -10.4 ppm which likely corresponds to the
unsymmetrical speciés 33. Attempts to monitor the same
process in the 14 NMR spectra have been unsuqcessful since
the hydride resonances due to 32, 33, 34, and 35ﬁ the last
of which is genefated by H, loss from 33 (vide infra), all

occur in the same region, making the assignment of peaks



221
difficult. It is clear g%at ﬁhe reaction of 32 with acid
to give the equilibrium mixture of 33 and 34 involves only
one equivalent of acid; monitoring the 31P{IH} NMR spectra
during the stepwise addition of HBF4-Et20 to 3 shows
signals due to both 32 and 34 in the appropriate ratio
until exactly one eguivalent of acid has been added, at

<
which point only the signal due to 34 is observed.

@

Allowing any of the intermediate mixtures to stand for

several hours produces«no change in the .ratio of 32 and 34.
. RN *

SR

Acids other than HBF4+Et,0 can be used to accomplish

‘the protonation of 32. Both HCl and MeOH, when added to

solutions of 32( produce 34 as observed in the 3lp {1y}
NMR. However, excess acid must be used in both cases (seé
Experimental). .

If the reaction of 32 with HBF4 +Et,0 is performed
under an atmosphere of nitrogen ins;ead of hydrogen, the
solution begins to darken after seQéral minutes and a new
complex pattern typical of an unsymmetrical\species appears
in the 3lp(ln} NMR spectrum. After stirring overnight, .
only this latter pattérn is observed. The reaction can ~._
actually be accelerated by sléwly bubbling Nj through the
solution. Adding ether to the solution leads to the

P -
isolation of a golden yellow solid, 35, whose solution ‘and

solid spectroscopic parameters (see Table 32) indicate that

it is the cationic trihydride shown below. Confirmation of

~ -t

.
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P P4 !
H . ;

Oc

-~

-

-

ir =lr——CO

e
—~P—_ "

(35)

- ~
- -
' RN

this comes from the £¥§%al structure determination of this
~compound with é chloride CQEp;exign‘(BSb) (See'Figﬁre

11}:- Compound 35 ié{uﬁaoubtedly generated via Hy, loss from
33 since placing a solution of 35 under hydrogen rapidly .
regenerates 34 (actually an equilibrium mix;ure of 33 anaq
34) as identified by 3lp{ln) NMR.

Compound 35 can also be produced by H -abstraction
from 32 using trityl cation (see Experimental) and
conversely reaction of 35 with sodium borohyride
regenerates 32 as the only observed product. These
. observations suggest that the actual geometry for 32 is
XXXVIII (Cop geometry) and notiXXXVII. However, the
reaction of 32 with trityl cation may not proceed by a
simple route. Evidénce for this comes from an experiment
in which less thanéone equivalent of trityl cation (0.9:1)

was added to 32 and the reaction monitored by 31P{1H} NMR

spectroscopy. Afteér 30 min the spectrum showed a small

.

— | .
peak aE“46t6*ppm~édemigrgpmpoun 34 in addition to the . -
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signal due to 35. Significantly, noisignal due to 32 was

(n intermediate in the
LN A

transformation of 32 to 35. . It s éieaf'that hydride
v

abstraction from 34 shgulé;ieaa ?ireétiy to 35,but the

.

l& i
observed. This suggests that 34 is:

; . \ s f
guestion remains as, to how 34 arlsesifrom 32. Further
o / }

evidence for a complex reacilo paghﬁay _Eomes from the

s cK as]proJon ponge 219
/ f

i . |

of $5 ﬁrom 32 drastically

observation that strong bas

reduces the rate of formatio

(several hours vs. ~ 20 min).\ A 31PCIH} NMR pectrum of

this mixture showed signals due to 32, 34, and 35. 1It is
. . ;

not clear at this point what pr céssgs are involved in the
formation of 35 from 32 and further %tudie; are needed.

A épin saturation transfer e peniment performed by
irradiating the terminal hydride resonance in the 1y NMR-

i

spectrum of 35 indicates that it an dne ‘of the bridging

hyrides are undergoing site exchange. \The other bridging
hydride signal remains unchanged. Thiskpbservation éan_be
rationalized in terms of the process shown below. This
interchange is slow on the NMR timescale since both |
the 31P{IH} and lH NMR~spectra are sharp at room
temperature and no averaglng of the signals due to Ha and
Hb is observed. ‘ \

Acids other than HBF4}Et£Q,can be used to pfoduce 35;
the use of HCl yields 35 with a\Cl~ counterion (35b) while

MeOH gives 3% with an OMe~™ countérion (35c). In the 1a£ter



o

these compounds are very low compared to\normal 1:1
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/\ R
+ l H | c©
oc‘\ I ,"Hc\‘\ | ’,, 6\\\ r’,
\"/ \Ir—CO -~  0C T, It
d l Ny v I | e I \Hb

;
case, large excesses (2 mL) and a rapid N, stream must be

used. The solid and solution properties of these compounds

are identical to those of the BF, salt apart from a

"downfield shift of one of the DPM methylene resonances
N | . {

(from 4.12 to 4.97 ppm) for the Cl  and OMe'/Speéies,
. |

consistent with the occurrence of hdeOgeh p@nding between

these counterions and one of methyleneé hydrogens as was
: \
observed in the structure of the chloride| adduct (see

Figure 11). Furthermore, the cénductivkyg measurements for

~

electrolytesl70 suggesting significant association of the
Vo

anion with the complex cation. It is somewhat surprising

\

that with neither Cl1~ nor OMe~ anions is there any evidence
' \

of anion coordination to the unsaturated Ir centre.

\

Attempts at deprotonating 35 to give a nedtral

dihyride have been unsuccessful. The addition o% nitrogen

bases such as NEt3 or proton sponge219 produces no change

in the 31p{!H} NMR spectra even when used in large excess
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(~ 200 x). Successful deprotonation of these complexes
might be accomplished by using more powerful reagents such
as tBulLi.

The reaction of 32 with a three-fold ex¢ess€§§
HBF4+Et,0 under N, results in the precipitation of'a highly
insoluble white compound 36. Monitoring the addition of
acid by 31p(lh) nNMR spectroscopy shows the appearance of a
new siﬁglet at 6 9.0 ppm in addition to the peak due to
32. Complex 36 is also formeé rapidly upon reaction of 35
with one equivalent HBF,+Et,0. Based on the 31p{ly} NMR
and infrared data, the latter gf which shows one terminal
CO band and one terminal Ir-H band, 36 probably has the
structure shown below. Unfortunately, 36 is very insolublé

in most solvents and deprotonates in acetone and other

weakly basic solvents (see below) precluding its further

chdaracterization in solution. It is 1likely that the
reaction of 32 with excess acid proceeds‘ﬁhrough compound

33, which loses H, to give 35, which is then subsequently
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protonated to produce 36. That 36 is a simple adduct
formed from H* addition to 35 and does not involve H, loss
can be shown by the reaction of 36 with one equivalent d%'
" strong base which rapidly regenerates 35, as oObserved

by 31P{1H} NMR. Strong bases are not needed to effect the
deprotonation of 36; even the addition of 2 mL of acetone
results in significant deprotonation of 36 after several
minutes (~ 50% by infrared) and ;fter 1 hour only 35 is

observed.
~ J
In contrast to the reaction of 32 with acids, weaker

>

acids such as’ HCl1 and MeOH do not react with 35 to produce
S
36. Only the powerful protonating agent HBF,+Et,0, -~hen

used in excess, results in the formation of 36.

\

Summary

The rea,ction of trans-[IrCl(co)(DPM)], (3) with NaBH,
in THF yields the tetrahydride complex [Ir,(H)4(CO),(DPM),]

in which all hydrido ligands are terminally bound. From

this prodgg} a series of cationic binuclear polyhydrides,

3

ranging from trihydrides to pentahydrides, can be prepared;
all of these cationic species have two bridging hydride
ligands with the remaining hydride ligands terminally
bound. These results are in apparent contrast to the :

analogous borohydride reaction with trans-[RhC1(CO)(DpPM)],
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,fhydrido species are very labile and are apparently
égerved under an Hp atmosphere 221, 1n the absence

{ “é.the Rh(0) dimer [Rh(po)(DPM)]2 is produced

;tead35. Such a differen;e between the Rh and Ir
hemistry is in agreement with the known greater lability
%;f second row metal hydrides compared to their third row
iécounterparts. wWhether the iridium chemistry reported here
sffectively models the rhodium chemistry or whether the
éhodium cﬁemistry is limited to simple metathesis under H,
* give [RhH(CO)(DPM)]2 is n~. .nown. However, it is clear
tr.at with iridium the simple metathesi§ product

'{FO)(DPM)]z is not observed, and attempts at Obtaining

;e so far been unsuccessful.

The reaction of [Irz(CO)z(u—H)(p—CO)(DPM)zj[BF4] (26)
with Ho to give an equilibrium mixture of [Irz(H)3(CO)2(u-
H),(DPM),][BF4] (33) and [1r,(H),(CO),(u-H)(DPM) ] (34)
has obvious relevance to the reported hydrogenation of e
acetylenes -and olefins by the Rh analogue of 26.35

Although no intermediate species weré reported in these Rh-
catalyzed reactions, it is possible that species analogous
to 33, 34, and ayso [Iré(ﬂ)(co)2(p-H)2(DpM)2][BF4] (35),
the last of which is fbrmed by H, loss from 33, are
analogous to the catalytically actives species in these
hydrogenations. With these ideas in mind the chemi%try of

these hydrides with unsaturated organic substrates guch as

r
- -

- <



olgfins and acetylenes should be examined, in hopes of
gaining information on the natures of intermediates in
reactions catalyzed by polynucledr complexes, and on the
involvement of the adjacent metal centres in such

reactions.
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CHAPTER 7
Conclusions

As stated in Chapter One, the aims'of the etudies in
this thesis were two-fold: to prepare binuclear Ir-DPM
compounds analogous to those known for Rh, and to examine
.~ these compounds as model systems for the Rh chemistfy with
the emphasis on examining the role of DPM—bridged binuclear
hydrides in catalysis. The results of these studies
suggest thét to a certain extent, both of these objectives
have been met.. -

The similarities and differences between the Rh and Ir
chemistry 1is best dlsplayed in Chapter Two. Although with
both Rh and Ir binuclear DPM bridged complexes are prepared
by essentially the same route, the final products differ
* significantly. wlth Rh, the reaction of thCl(C8H14)2]2
with DPM and CO leads to the negtral d1carbonyl complex
[RhCl(CO)(DPM)]z.- Iin contrast,dstartlng with

os
[IrCl(C8H14)2]2, the product isolated ls the catlonlc
tetracarbonyl complex [Ir2c1(co)3(p—co- 5PM)2][C1]
Refluxing solutions of this product results in.carbonyl
loss yielding first [Ir2C12(CO)2(u—CO)(DPM)zf and flnally .

[Irci(co)(ppPM)],- This different behaviour is a reflect}on'

229



230

of the greater basicity of Ir versus Rh which results in a
greater tendency to coordinate n-acid ligands and bind them
more strongly. This is also reflected in the reactions of
theée'Ebmpounds with alkynes. With both Ir and Rh, alkynes
‘react to give complexes in whi¢h the alkyne bridges the two
metals as a cis-dimetallated olefin. However, with Rh,
only alkynes such as DMA aﬁd HFB which have strong
electron-withdrawing substituents react to -give isolable
products; With Ir, this 1is hot a necessary requirement, as
evidenced by the reaction of [1rc1(co)(DPM) 1, with
acetylene. The lower value of v(C=C) in the Ir complexes
also indicates that thé bridging alkyne ligands are'also
moré strongly bound than in their Rh analogues. These
studies show that despite the obvious similarities between
the Rh and Ir chemistry, differences do exist énd'cére \
should be taken in drawing analogies between the two.

It can be seen that a key feature of this Ir-DPM
chemistry is the ability of the Ir complexes to form stable
adducts with certain reactants when none are observed with
'Rh. This has obvious uses in modelling the catalytic
processes observed with Rh. An examplé of this is the
reaction of [IrC1(Co)(DPM)], and [Ir,(CO),(p-C1)(DPM),]1-
[BF4] with Hy. Although no reaction is observed with the
Rh analogues, it must occur since these Rh complexes are

known to hydrogenate alkynesu34'35 By isolating discrete

i e A L L e b T
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Ir—hydrogen.adducts and subsequently studying their
reactions with alkynes it was possible to éuggest sohe 1
possible intermediates in the Rh system. Unfoftunately, it
is not clear from these studies what effect, if -any, the
two metal centres‘have on each other or whether they act

independently. This work suggests that further studies are

|
|

Wa:ra2§ed espeQially £o-ex§@i?e the’effect of different
conditions and différent alkynes.

Another reaction where Ir-DPM complexes provided a
useful model was for the cataleis of the water gas shift
reaction by [ha(co)z(p—ﬂ)(p—co)(DPM)Z]f. Using such
coﬁplexes it was éossible to demonstrate an alternqtive
mechanism from that originally prOposed.35 0f significance
was the observed involvement of ﬁhe bridging hydroxide

/
complex [Ir2(CO)2(p—OH)(DPM)2]+ in the model catalytic (
cycle. The unique reactivity displayed by this complex is
likely a direct result of the cooperative interaction of .
the two metal centres apd sugg;gzg\{urther studies be
carried on éomplexes of this sort. -

The preparation of binuclear Ir-DPM hydrides as
outlined in Chapter Six has obvious relevance to the (
hydrogenation of alkynes and olefins by [Rh,(CO), (p-H)~-
,(p—CO)(DPM)2]+.35 The next logical step, having isolated

these hydrides, is to examine their reaction with

&
unsaturated organic molecules such as alkynes. It is



likely that a study of this sortiwill shed some light on
the mechanism of the Rh catalysis

J \
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Solvents and Drying

APPENDIX I

Agents

(CH3),CO
CH3CN
CH,Cljp

THF

CH3O0H \ ,

Et,0
CeHe

C7H8

CasOy
Caﬁz
P,0g
Na/benzophenone
Mg turnings
molecular sieves
Na/K

Na/K
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