I* National Library
of Canada

Canadian Theses Service

du Canada

Ottawa. Canada
K1A ON4

CANADIAN THESES

NOTICE

" The quality of this microfiche is heavily dependent upon the
quality of the original thesis submitted for microfilming. Every
effort has been made to ensure the highest quality of reproduc-
tion possible.

It pages are missing, contact the university which granted the
degree. -

Some pagds may have indistinct print especially if the original
pages were typed with a poor typewriter ribbon or if the univer-
sity sent us an inferior photocopy.

Previously copyrighted materials (journal articles, published
tests, etc.) are not filmed.

Reproduction in full or in part of this film is governed by the
Canadian Copyright Act, RS.C. 1970, c. C-30. Please read
the authorization forms which accompany this thesis.

THIS DISSERTATION
HAS BEEN MICROFILMED
EXACTLY AS RECEIVED

NL 339 (1 86/01)

Bibliotheque nationale

Services des théses canadiennes

THESES CANADIENNES

AVIS

La qualité de cette r-n%roﬁche dépend grandement de Ia qualité
de la thése soumise au microfilmage. Nous avons tout fait pour
assurer une qualité supérieure de reproduction.

S'il manque des pages, veuillez communiquer avec 'univer-
sité qui a conféré le grade.

La qualité d'impression de certaines pages peut laisser a
désirer, surtout si les pages originales ont été dactylographiées
a I'aide d'un ruban usé ou si 'université nous a fait parvenir
une photocopie de qualité inférieure.

Les documents qui font déja I'objet d’'un droit d’auteur (articies
de revue, examens publiés, etc.) ne sont pas microfilmeés.

La reproduction, méme partielle, de ce microfilm est soumise
4 la Loi canadienne sur le droit d'auteur, SRC 1970, c. C-30.
Veuillez prendre connaissance des formules d'autorisation qui
accompagnent cette thése. ’

LA THESE A ETE
- MICROFILMEE TELLE QUE
NOUS L'AVONS REGUE

Canadi

e A 4



. \ ¥-315-27¢080-2
.* National Library Bibliotheque nationale
of Canada du Canada
Qanadlan Theses Division Division des theses canadiennes

Ottawa, Canada
K1A ON4

PERMISSION TO MICROFILM — AUTORISATION DE MICROFILMER

e Please print or type - Ecrire en lettres moulees ou dactylographier

Full Name of Author  Nom complet de | auteur .

RaYm_ond €+an|€y Dncksofl o )

Qate ot Birth — Date de naissance Country of Birth - Lieu de naissance

December | 12,1957 ( anada

Permanent Address - - Residence fixe

12 Gfe/\ \UOO(J Avenue ’
Saskadoon Sask.
STLUAC

Tltle of Th951s — Titre de la these

SJfrchrural anc( Reaall\#\( S+MJIES On Bmucfeaw M("/’a/ Corrf)!m(f’%

' |
Universnty Unove;Asji—e o B S o
University of AH;m‘a
Degree for which thesis was presemed — Grade pour lequel cette these fut presentee o -
MSe.
* Year this degree conferred — Annee dobtention de ce grade Name of Superwsor — Nom du directeur de these >
g Dr. Mactin
{q% ' r. arhin CWI(’
O - e T T e e e , -
Permission is hereby granted to the NATIONAL LIBRARY OF L autorisation est, par la présente, accordée a la BIBLIOTHE-
CANADA to- microfilm this thesis and to lend or sell copies of QUE NATIONALE DU CANADA de microfilmer cette these et de
the film. . préter ou de vendre des exemplatres du film
The author reserves other publication rights. and neither the L auteur se réserve les autres droits de publication. ni la these
thesis nor extensive extracts from it may be printed or other- ni de longs extraits de celle-ci ne doivent étre imprimés ou
wise reproduced without the author's written permission autrement reproduits sans |'autorisation écrite de l'auteur.
Date Signature
Af’“] 19, 1984 nwo( H&r M
) ) ?
*

NL-91 (4/77)




bR,
"’f“-*“%}' . THE UNIVERSITY OF ALBERTA

o F
A )
Fa
RS “.l"'_»‘

R STRUCTURAL AND REACTIVITY STUDIES ON

BRINUCLEAR METAIL COMPLEXES
by

Raymond Stanley Dickson

A THESIS
SUBMITTED TO THE FACULTY OF GRADUATE STUDIES AND RESEARCH
IN PARTIAL FULFILMENT OF THE REOUIREMENTS FOR THE DEGREE

OF MASTER OF SCIENCE
’_*’

DEPARTMENT OF CHEMISTRY

EDMONTON, ALBERTA

SPRING, 1984



THE UNIVERSITY OF ALBERTA

RELEASE FORM \7
: ‘\\
J
NAME OF AUTHOR Raymond Stanley Dickson
TITLE OF THESIS Structural and Reactivity Studies on

Binuclear Metal Complexes.
DEGREE FOR WHICH THESIS WAS PRESENTED M.Sc.

YEAR THIS DEGREE GRANTED 1984

Permission is hereby granted to THE UNIVERSITY OF
ALBERTA LIBRARY to reproduce single copies of this thesis
and to lend or sell such copies for private, scholarly or
scientific research purposes only. “

The author reserves other publication rights, and
neither the thes?é nor extensive extracts from it may be

printed or otherwise reproduced without the author's

written permission.

(Signed) .RW}”.‘Q’M‘ (‘\ %d%n e

PERMANENT ADDRESS:

12 Glenwood Avenue
Saskatoon, Saskatchewan,
Canada -

Dated...APfi[.tﬁy...1984 ‘



THE UNIVERSITY OF ALBERTA

FACULTY OF GRADUATE STUDIES AND RESEARCH

The undersigned certify that they have read, and
recommend to the Faculty of Graduate Studies and Research,

for acceptance, a thesis entitled STRUCTURAL AND REACTIVITY
STUDIES ON BINUCLEAR METAL COMPLEXES submitted by RAYMOND

STANLEY DICKSON in partial fulfilment of the requirements

for the degree of Master of Scii:ffkj97rhemistzj::«&‘
. r V
’ Supervisor /47/
\ / ,__./A
/Q Urse / W'I‘

Apr ! 1% 1994

Dateooo * e 00 00 ® 0o 0 000 00 00



ABSTRACT

This thesis describes the synthesis and characteriz- .
ation of some diphosphine—briggéd, b@nuclear rhodium
complexes which contain bridging aceéylene ligands, and
some chemistry of these complexes wiéh selected small
molééules. The X-ray crystal structure of am unusual iron-
palladium—bondéd heterobinuclear complex is also reported.

The complexes [Rh,X,(u-RCCR)(DPM),] (1: Xx = Cl, R =
CF3; 2: X = I, R = CF3; 3: X =Cl, R = COZCH3; DPM =
bis(diphenylphosphino)methane) were synthesized by the
reaction of [RhC1l(CgH;,)]5 and two equivalents of DPM with
the appropriate activated acetylene, CF3C2CF3(hemefluoro-
‘2-butyne, HFB) or CH30(0)CC,C(0)OCH{{dimethyl-
acetylenedicarboxylate, DMA), followed by halidé metathesis
of 1 with KI to obtain 2. The crystal structure of
(Rh,C1,(u-HFB) (DPM) ;] (1) was determ;ned to establish the
mod? of acetylene pindiﬁg in this complex (space group P45,
a = 21.283(1) A, c = 14.255(1) A, Z = 4; 5243 unique .
reflections; R = 0.040, R, = 0.055). The complex was shown
to be a distorted "A-frame" complex, having a metal-metal
bond (Rh(1)-Rh(2) = 2.7447(9) A), two terminal chloride
ligands and a bridging acetyléne moiety coordinated

paféllel to the metal-metal axis, as a so-called cis-

dimetallated olefin. Most parameters of this group



suggested sp2 hybridization of the central two carbon
-~

atoms.
»
The reactions of compouns 1, 2 agb 3 with CO and SO,
were reversible and gave products in which these small

molecules had inserted into the Rh-Rh bonds. Protonation
.

r

by the strong acids CF3SO3H and HBF4-(ﬂéHS)20 also occurred
reversibly at the metal-metal bonds and was most probably
accompanied by anion coordination at one metal centre.
fowever, methyl isocyanide (CNMe) reacted quite |
differently, yielding complexes in which the isocyanide
ligands are bound terminally. Although all of compounds 1
-3 ;eacted with CNMe in a rather analogous manner there
were some subtle differences observed. Stepwise addition
of CNMe to compound 1 yielded two unsymmetrical, isomeric
1:1 adducts, ([(Rh,Cl,(CNMe)(u-HFB)(DPM),], followed by a 2:1
adduct, [Rh,Cl(CNMe),(p-HFB)(DPM),][Cl], and finally by a
4:1 adduct [Rh(CNMe)4(p—HFB)(DPM)2][Cl]z. The iodo
analogue species’' 2 gave analogous products except that the

isomer ratio of the 1:1 adduct differed and a second
*

symmetric 2:1 adduct, [Rh,I,(CNMe),(p-HFB)(DPM),], was also
observed. With the DMA—br}dged species 3 only one 1:1
adduct was observed and all other products were‘gnélogous
to the reactions of compound 1.

The unsymmetrical 2:1 adduct of compound 1 was

isolated as the BF,” salt, [Rh,C1(CNMe),(u-HFB)-



N

(DPM) 5] [RF 4] . 1ts Xsray crystal stfucture determination
(space group P21/n; a = 16.366(3) A, b = "18.685(3) A, c =

.
20.425(4) A, B = 104.35(1)°, 2 = 4; 6800 unique
ébservations; R\= 0;059, R, = 0.097) showed that the metal-
metal bonded complex retained tﬁé_gig?dimetallated olefinic
binding mode of the'acetylene group; one metal had a
terminal ch;oro 1igand whereas the other had two terminal
CNMe groups.

[(PPhy)PdFe(SCgH,) 51 was prepared and crystéllized as 
the hemitoluene solvate by Mr. T.G. Rucker, Dr. B.W. Hames
and Dr. Dietmar Seyferth at M.I1.T., via the reaction of
Pd(PPh3) 4 with Fe(CgHy),S3. The X-ray crystal strdc;ure
(space group C2/c, a = 39.258(5) A, b = 10.548(2) A, c =

101.69(2)°, 2 = 8; 3255 un{ébe observed

[}

g13-612(4) A, B

reflections; 'R 0.040, R, = 0.046) “showed that the

compound had an unusual iron-péaladium dative-bonded
structure (FesPd = 2.878(1) A) with the palladium chelated
at trans gpsitions by ‘the two cyclopentadienethiolato
sulfurs. The triphenylphosphine ligand is attached to the
palladium trans to the metal-metal bond. The tilt angle
found between the two cyclopentadienthiolate rings was ogly

19.6°, about half of those observed for other CpyML,

compounds.

vi
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ChaEter 1 .

Int roduct ion

The chemistry of small unsaturated molecules such as
CO,l'2 NO,1'3'4 802,5'6 acetylenes7'8 and olefins?-10 with
transition metal complexes has received considerable
attention over the last decade and a half. This interest
is partly due to the novel chemistry displayed by these
systems,l‘11 and partly due to the relevance of much of
this chemistry to important chemical processes which are
catalyzed by transifion metal complexes.l's'12 Much has
been learned, for example, about the natures of transient
intermediates in catalytic processes by studyfng somewhat
similar, but 1less labile, metal complexes which display
related chemistry.13"15 Using such model systems,
information has been obtained on aspects such as the small-"
molecule coordination_ modesll and the transformations of
the coordinated small molecules that are likely to be part
of catalytic reaction mechanisms. 12

The mode of coordination of a substrate to a metal is
one aspect which is of great importance in understanding

metal-centred chemical processes. Considerable attention

has therefore been directed towards determining these



coordination modes and trying to rationalize the bonding
involved. In the cases of unsaturated substrates such as
Co, olefins and acetylenes; one of the most generally
useful models for rationalizing the /beﬂaing of these
ligands to transition metals is that éf Dewar,16 Chatt and
Duncanson. 1’ Although this model was originally\gigyosed

for the binding of alkenes, it can readily be extended to

other unsaturated molecules. In this modet’ of alkene
<

. ;
QESP @B a8l
gi5ds, e

Jon,

N\

coordination, the filled = orbital on the alkene "donates
electron density into some empty metal orbital of o
symmetry, while simultaneously a filled x-symmetry- metal d
orbital donates electron density into the empty x* alkene
orbital. The extension of this g-donor-=x-acceptor bonding
model to alkynes is obvious, and differs only slightly when
applied to the bonding of carbon monoxide and other og-base-
r-acid ligands which bind to metals by only one atom (e.g.
CNR, NO*, s0,, pR3;'see Figure 1).

For alkenes and alkynes, the orbitals forned on
complexation resemble those of cyclopropane and

cyclopropene, respectively,9 so it is not surprising that



Filled o orbitals* Empty 7 orbitals*

’{Cf' QYs)
}a ClD

IR &

Figure 1. Orbital Symmetry Analogies for o¢-Basic-=x-
Acidic Ligands. i
*Symmetries are given with respect to. the
metal-ligand axis.

#There is another orbital similar to the one

depicted, but out of the plane of the diagram.
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complexation of these molecules is accompanied .by
lengthening of the carbon-carbon multiple bonds and bending
of the substituents away from the metal.? From another
point of view, these ligands 1lose electron density from
their highest occupied bonding orbitals and gain electron
density in relatively low-energy anti-bonding orbitals, so
they resemble their first electronically-excited states in
having their coordinatea'multiple bonds weakened and their
substituents bent back, away from their former planar or
linear geometries.18 These geometry changes also regemble
those which would be seen during addition react;ons of
these molecules 1involving bond order reduction (e.g.
hydrogenation, hydroformylation,” polymerization), thus
rationalizing the activ}t;'of transition metals and their
complexes in catalysis of 5uch reactions; not only would
coordinatioA to the metal Biing the reactants together, but
would also activate the substrate by bringing it closer to
the transition state, v

In order to obtain structuraL‘information about the
mode of coordination of a substrate molecule in a reactive
~metal complex, it is often necessary to stabilize the
substrate adduct to a deg;ée wﬁich will allow the
appropriate study to be made. Several approaches can be

taken to achieve this, including changing the metal, thes

ancillary ligands on the metal or the substituents on the



substrate molecule, in order to obtain an isolable analogue
of the labile intermed}ate ‘of interest. For example,
[RhCl(Nz)(PPh3)2]K an intermediate in some azide-induced
substitution reactions of [RhC1(CO)(PPhy),l, is. highly
unstable at room temperature and difficult to isolate even
at low temperature,19 but both [IrCl(Nz)(PPh3)é]20 and
[RhCl(Nz)(PScyclohexy1)3)2]21 have been isolated and have
reasonable stabilities at room temperature. Thus changing
from the second-row metal rhodium to the third—ro; iridium
or changing from the triphenylphosphine 1ligand to the
bulkier tricyclohexylphosphine stabilizes this type of
complex. . |
- A common approach to stabilization of acetylene and
olefin complexes is to substitute "activated™ olefins and
acetylenes for the “"unactivated"™ ones in more common
catalytic use, Two types of substituent generally lead to
more stable low-valent Group VIII metal complexes:-"22
(1) Electronegative substituents (e.g. -CF3, -F), which
withdraw electron density 1inductively from the bound
carbons, encouraging . metql n-back donation and
(2) n-conjugating substituents (e.g. -CN, —C02CH3), which
delocalize the substrate electron density and lower the n*
orbital energy, thereby also increasing the n-back donation
from the metal. This increased back donation helps bind

the unsaturated ligand more strongly to the metal, and also



resulté in a greater geometry change from the free state to
the coordinated state for ‘molecules with such
substituents. In this thesis, both the ancillary ligands
and the acefylene substituents will be varied in order to
stabilize desired products; changing the metal from rhodium
to iridium has been investigated by others within this
group.23

At the outset,\nost of the emphasis in the chemistry
of small molecules with transition metals dwelt on

24

mononuclear metal complexes (i.e. complexes containing

one metal centre). However, as more was understood about
/

these simpler single-metal systems, increasing attention
was turned to polynuclear metal complexes, which have a

25 pot only can

greater potential for chemical diversity;
the metals in a polynuclear compound function
independently, in a manner analogous to mononuclear
species, they can interact with the substrate molecule in a
cooperative manner, which is not possible in the
mononuclear case. It is this cooperative interaction which

-
has aroused the most interest in multicentre metal

s
systems. Structurally, we see the greater diversity
possible for multinuclear metal complexes with the
ubiquitous carbonyl ligand.26 In monometallic complexes,

only the terminal end-on carbonyl ligand, bound through the

carbon atom, is known, whereas in polymetallic complexes a



variety of further geometries and coordination- modes 1is
possible. Obviously, geometries in which carbonyls bridge
two or three metals, which are common in multicentre
complexes, are not possible with mononuclear species. ’But
even within the common_ doubly-bridged case a. variety of
geometries has been observed. The commonest case has the
carbonyl bound solely through carbon to each of the two
metal centres CoﬁCerned, in a range of geometries from
totally symmetric through to very unsymmetrical cases in
which the two metal-carbon distances are quite different,
though still within range for significant interaction.
Even within the symmetrically bridged case there are two
possibilities: the common one, in which there 1is an
accompanying metal-metal bond, and one that has only been
observed reéently, in which there is no accompanying metal-
metal bond.27-30 Asymmetric bridging modes 1include the
semi-bridging carbonyl,26 in which the carbon is bound
closer to one metal than to the other and the C-0 bond is
roughly perpendicular to the metal-metal axis, the o-n
carbonyl,31 in which the CO group is o-bound through carbon
to one metal and side-on bound to another metal, and the
so-called 'isécarbonyl',32'33 in which the CO group is
bound to one or two metals through the carbon and to

another metal through oxygen.



Apart from the increased diversity in the chemistry of
polynuclear species, the presence of more than one metal
centre has considerable relevance f rom a catalytic
viewpoint. Some transformations that oc¢cur in multinuclear
species may not be possible in similar ménonuclear
species,25 owing to the necessity for more than one mZial

site to act on the substrate(s) in a cooperative manner.

Also, it 1is not unreasonable to - assume that, if one metal

centre activates a substrate molecule, more than one centre.

will cause increased activation. This 1$1ter aspect can be
seen in the ways that acetylenes bind to metals, The
mononuclear "metallocyclopropene™ bonding hode has already
been mentioned. In binuclear complexes, acetylenes are
usually found in one of two coordination modes ;834 the
acetylene may bind parallel to the metal-metal axis, in
which case it may be described as a cis-dimetallated olefin
since the stéhctural parameters of the ligand are similar
to those in free olefins, or more commonly, the acetylene
may bind perpendicular to the metal-metal axis, reésulting
in a quasi-tetrahedral geometr6 of»the two ‘metal atoms and
the two acetylenic carbons, in what is called }he pz-nz
coordination‘?ode. As discussed previously, coordination
of an acetylene is accompanied by lengthening of the C=C
multiple bond and bending back of the substitgents,9 and as
a natural extension we might assﬁme that the coordination
__ v
_—

,—



qt

<

»

of)t?e.acetylene molecule by a greéter number of metals

@

should cause further C-C bond lengthening and greater bend-

!

back of the substituentg. These general trends are

.

observed,' though other factors are . sometimes involved which

- f
may obscure the trend. For exaaple, most mononuclear

~

acetylene complexes show C-C diayénces of 1.22(3) A to

~

¢
1.32(4) A and bend-back anglesTof 12° to 43°.9.35 In tfe

3

cis-dimetallated olefinic coordinat ion mode the c-C
a &

dist;nces range. from 1.27(3) A to 1.34X¥1) A and the bend-

-back*'angles ~have increased to 51(1)°-57.5(8)°.34 The

- L}

perpendicul§r uz-né mode exhibits C-C distances similar to,
though somewhat lon§§r }han, those for the parallel mode
(1.27(2) A - 1.42(1) Ay, accompanied by smaller -bend-back
angies tha; for the parailéi 'modél (29.4(5)° -

50(1)°).8,34 This trend of increasing C—Cqund distances

and bend-back angles .with increasing number of bound metals

‘

continues for acetylenes bound to %hree36-40 ang fourdl

-

metals (C-C distances: 1.33(3) A - 1.44(1) A; bend-back

;. -angles: 49(1)° - 62(1)°). Thus, a'qfeater structurél

activation is possible for polynuclédp complexes through

cooperative action of the metal centres; ?
An'additional consideration in polymetallic chemistry

is the ‘possibility of metal-metal bonding, which again

permits chemistry not observed with mononuclear

species.25 For example, insertion reactions resulting in

¢

'dh"



metal—métal " bond rupture and de—insertion react ions
resulting in metal-metal bond formation are possible only
in polynuclear compounds. Many types ot chemistry observed
with mononuclear camplexes change when performed in the
presence of metal-metal bonds, or sites where metal-metal
bonds may be formed. For example, in photolysis,
cexcitat ion involvind the metal-metatl honaing and

“antibonding orbitals may occur. In substitution reactions,

-

metal-metal bonding sites are available for electxophilic

attack by . the incoming {igand. In oxidative addition and

“‘
reductive elimination reactions, oxidation state changes of

one unit on each of adjacent metals may be accomplished
<« *

through metal-metal bond formation or rupture. Though this

brief overview has concentrated oen metal-metal single

*

ponds, similar considerations apply to metal-metal multiple

bonds. Thus, metal-metal bonds are large contributors to
L 3

the potential reactivity of polynuclear complexes.

The simplest of the polynuclear metal complexes are

A L

the binuclear ones. These can display ‘much of the
chemistry observed for higher-order polynuclear species,zs
vet ére often mqre convenient to study than the more
complex species. In fact, some higher-order complexes,
especially trinuclear and tetranuclear species with a
redctive pair of adjacent metals, can ‘be considered as

reactive binuclear complexes bridged by one or two nearly

inert metals.

r

10



In studying binuclear complexes, it is often
advantageous to have strongly bound, robust bridging

group825’42

which permit the complex to remain structurally
intact during metal-metal bond formation or rupture,. Such
a ligand should therefore be chosen to have sufficient
flexibility to allow the metals to assume either “normal”
non-bonded contact distances or metal-metal bonded
distances. With the above‘ criteria in mind, a common
ligand of choice 1is bis(diphenylphosphino)methan925'43'44
(DPM) ; its bite distance (ca. 3.0 A) is intermediate
between normal bonded and’ non-bonded metal-metal distances,
and it is flexible enough to allow a significant range of
metal-metal distances to be spanned (a range from 3.492(1)
245 to 2.138(1) A% has been observed in DPM-bridged
complexes). In addition, it is closely related to PPh3 and
even more closely to PMePh,, allowing ready comparison with
the large body of mononuclear chemistry which utilizes
these ligands.‘”"”'48

Unlike 1its higher homologue bis(diphenylphosphino)-
ethane (DPE) which almost invariably binds as a chelate,43
DPM has a greater tendency to bridge the metals when in
binuclear complexes,25'43'44 although many complexes with
chelating DPM are also known.43,44 The majority of

binuclear DPM complexes studied to date have two bridging

DPM groups with the phosphorus atoms attached to each metal

11



in mutually trans positions. Most of these are complexes

of the heavier Group VIII metals (rhodium,2q'30'44'4q‘qa

iridium'23,44,51—53,57,59,61,88,90,94 pallad-

27,86,88,95-115 44,85—87,113,114,116—164);

ium and platinum
the well-established catalytic activity of these metals and
their complexes in a variety of processes12 makes these
metals an obvious choice for study. Furtherwore, complexes
of these metals, in their common l16-electron configuration,
exhibit a strong tendency to undergo oxidative addition or
simple ligand addition reactions;11'47'48 such complexes
are ideally suited to investigations of such small molecule
additions.

Oour group has, for the past six years, been involved
in the investigation of t he chemistry of
ha(DPM)zzq'Sl'C’8'72—80 and Irz(DPM)223 systems with small
molecules, analogous to the previous studies of
RhC1(PPhy)447 and IrCl(CO)(PPh3)2.48 At the time when this
project was undertaken, however, there had been few reports
of chemistry of such complexes with unsaturated organic
ligands,se'165 in spite of the obvious catalytic
implications of such reactions. However, several such
reports have been published during the course of this
w0rk.23,29,30,44,54,61,68,70,79,80,83,88 Some investiga-

tions in the sub-area of acetylene complexes constitute the

next two chapters of this thesis.

12



The final chapter of this thesis reports the
structural determination of a novel heterobinuclear
compound synthesized by the group of Professor Dietmar
Seyferth at M. T.T. Our group has recently become
interested in heterobinuclear chemistry for a number of
reasons, and is engaged in attempts to synthesize mixed-

%
metal DPM-bridged dimers. One reason for the recent
increase of interest in heteronuclear compounds is that
the&xhave a wider potential range of ligand reactions and
binding modes than homonuclear complexes, due to the
different characteristics and affinities of theé
metals, 166 For instance, the only known examples of
isocarbonyl bonding have been found in heteronuclear
Complexes32'33 (mostly d-block-main group heterometallic
compounds), demonstrating the possibility of tailoring
different metal sites to react specifically with different
moieties. Also, heterometallic metal-metal bonds and their
reactivities are of interest, because of the differences in
radii, polarizability and available orbitals among metals,
which may induce unusual patterns in photochemistry, bond

strengths and general reactivity.167

13
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ChaQter 11

The Synthesis and Characterization of Some
Binuclear Rhodium Complexes Containing Bridging
Acetylene Ligands, and the X-ray Crystal Structure

Introduction

A major theme in the research interests of this group
has concgrned the chemistry of small molecules with
transition metal complexes.l—12 In particular, our efforts
over the past six years have concentrated on suchbchemistry
in complexes with metals held in close proximity to each
other by bridging DPM 1ligands. In such complexes, we
encounter the possibility of cooperative binding and
activation of substrate molecules by both metals, as was
briefly discussed in Chapter I. Cooperativity of metals
has important implications for reactions catalysed by
multinuclear complexes.

At the time that this work was undertaken, the
chemistry of similar binuclear complexes with small
molecules such as CO, SO, and H, was being actively studied

by several other groups (most notably those of Professors
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Baléh, Eisenberg, Mague and Puddephatt),13 yet little had

been reported regarding the chemistry of olefins and

acetylenes with these _ binuclear complexes.

.
therefore undertook the present study into binuclear
rhodium-acetylene complexes. Since this work was started,
several studies involving acetylene coordination in similar
binuclear rhodium,7'8'17_21 iridium,11'21 palladium22'23
and platinum23"2S complexes have been reported or are’known
to be underway. We were particularly interested in
complexes in which the acetylene molecule was
simultaneously coordinated to both metals, and, more
specifically, in such complexes that were also
coordinatively unsaturated,rhaving as few ancillary ligands
as possible,. Such coordinative unsaturation 1is important
for the subsequent reactivity of .these compounds.26
Complexes of the type [haxz(p—acetylene)(DPM)2] were
chosen as a reasonable starting point for these studies,.
.Such species would be analogues of two closely related
series of complexes prepared and studied in this group,

namely [haxz(u—CO)(DPM)Z]4-7'9'10'12

and [haxz(p-
SOZ)(DPM)2]2, and tb two of the few similar acetylene-
bridged complexes known at the time, [Pd,Cl,(p-CF3C,CF3)-
(DPM) 5115722 and  {C0,(CO) ,(u-PhC,Ph) ( PhyASCH,ASPh,) 5] .27

One aspect of interest in binuclear, acetylene-bridged

complexes concerns their acetylene binding modes; the two
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possibilities commonly encountered are seen in these
palladium and cobalt systems. / In
[szClz(p—CF3C2CF3)(DPM)2] the acetylene g¢group 1is bound
parallel to the Pd-pPd axis, and may be regarded as a cis-
dimetallated olefin, while in [COZ(CO)Z(p—PhCZPh)—
(thAsCHZAsth)zl the acetylene 1is bound perpendicular to
the Co-Co bond, in a pseudotetrahedral geometry. What the
factors are that favour one acétylene binding mode over the
other are not clear, although it is naturally of linterest
to establish these factors and to determine how the
different binding modes affect the subsequent chemistry of
the acetylene moiety.zg"32

Oone of the proposed species, [Rh2C12(p—CF3C2CF3)—
(DPM),], would be very similar to the known complex
[szClz(p-CF3C2CF‘3)(DPM)2],15'22 differing only in the
metals. It was therefore of interest to compare these
compounds, especially with regard to the binding of the
acetylene ligands. There are two obvious structural
possibilities for the rhodium complex, which has two
electrons less than the palladium analogue; like the
palladium species, it could have the acetylene bound as a
cis-dimetallated olefin, buf this time accompanied by a
metal-metal bond, or it could have the acetylene bound

perpendicular to the metal-metal axis, with no metal-metal

bond present.
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This chapter describes the preparation and
characteri1zation of some thZXZ(p—acetylene)(DPM)2]
complexes, 1including the X;ray structural detérmination for
one of these compounds, which was carried out 1in order to
establish unambiguously the acetylene binding mode 1n these
species. some of the subsequent cnemnistry of these species

will be presented in Chapter III.
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Experimental

All non-aqueous solvents were deoxygenated and dried,
either by distilling them over the appropriate drying

agents under an atmosphere of N, (see Table 1) or, for the
v

-

cases

Table 1. Solvents and Drying Agents

CHC13 P205
THF Na/benzophenone
CH3OH CH30Na
EtZO molecular sieves
C6H6 ' molecular sieves

of ether and benzene, by placing them over molecular sieves
and bubbling a stream of N, through them. Water was also
deoxygenated by bubbling a stream of N, through it. All
reactions were routinely performe& under Schlenk conditions
using an atmosphere of either N, or the reactant gas.
Bis(diphenylphosphino)methane (Strem), hydrated rhod ium®

chloride (Research Organic/Inorganic Chemicals or
&



Engelhard), hexafluoro-2-butyne (Pierce Chemicals or PCR

Research Chemicals), dimethyl acetylenedicarboxylatéf
i

(Aldrich) and potassium iodide (BDH) were used as

received. (RhC1(CgH )1, was prepared by the reported

procedure.33

Infrared spectra were run as Nujol mulls on
KBr plates utilizing Perkin-Elmer 467 or Nicolét 7199 IR
spectrometers, and ij{IH} spectra were run at 36.4 MHz on
a Bruker HFX-90 NMR spectrometer at -40°C.

P

Preparation of Compounds

i) [Rh2C12(H‘CFBCZCF3)(DPM)2], 1: 200 mg (0.406 mmol)_

of [RNC1(CgH;,)], and 302 mg (0.786 “mmol) of ground
bis(df?ﬂ‘g;Iﬁhosphino)methane (DPM) were dissolved in 10 mL
of CH,Cl, and a stream of gaseous hexafluoro-2-butyne (HFB)
was passed over the stirring solution. The orange solution
gurned dark green almost immediately, but was left under an
atmosphere of HFB for several hours. A green solid was
precipitated in about 75% yield by the addition of diethyl
ether. The infrared spectrum showed an acetylene stretch
at 1638 cm~l but was otherwise rather uninformative. The
molar conductivity of a 1.00 mM solution of 1 in CH,Cl, was
0.9 @1 em2 mol-l, the 3lp{1lyg} NMR spectrum displayed a
resonance at 7.5 ppm (positive chemical shifts are

downfield of H3PO,) with a splitting of 112.0 Hz between



the two major peaks and the 19¢ NMR spectrum contained one
sharp singlet at -49.93 ppm (positive chemical shifts are
downfield of CFCly). The l!H NMR  spectrum contained a
complex multiplet in the phenyl region (7.03-7.62 ppm 6, 40
H) and two higher-field multiplets corresponding to two
methylene hydrogen resonances (3.59 ppm 6, 2H; 2.92 ppm 6,
2H) . Elemental analyses were consistent with the above
formulation. (Found: c, 52.78; H, 3.49; F, 9.07; Cl,
8.01. Calculated for Rh2C12P4F6C54H44: C, 53.71; H, 3.67;

F, 9.44; Cl1, 5.87.)

{

i1) [Rh,T,(u=CF3C,CF3) (DPM),), 2: 200 mg (0.166 mmol)

of [Rh,Cl,(p-HFB)(DPM),] and 300 mg (1.81 mmol) of KI were
placed in a flask under N,, then 10 mL CH,C1, and ~10 mL
CH30H were added. The colour of the resulting suspension
changed from green to dark brown within 15 minutes. This
mixture was stirred overnight, then most of the solvent was

removed by a stream of Nj-. The brown powder was dissolved

in 10 mL CH,Cl,, then KCl and KI were removed by two.

extractions with 10 mL of water. CH,Cl, and residual water
were removed by N, stream, then by vacuum. Samples for
elemental analysis and conductivity were recrystalliied
from CH2C12/ether. \mhe_ infqared spectrum showed "an

acetylene stretch at 1635 cm~l, the molar conductivity of a

1.00 mM solution in CH,Cl, was § 0.4 a~l cm? mo1-l, and the
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31P{1H} NMR spectrum showed a resonance centred at 9.1 ppm
with a major-doublet splitting of 110.0 Hz. The 19F NMR

St

spectrum”éhowed a sharp singlet at -50.03 ppm and the ly
NMR ébectrdm consisted of three sets of peaks as for 1
(complex multiplet, 6.97-7.70 ppm, 40H; multiplet, 4.14
ppm, 2H; multiplet, 3.22 ppm, 2H). Elemental analysis was
consistent with the above formulation. (Found: C, 46.69;
H, 3.20; F, 8.03; I, 14.27. Calculated for
RhyI PaFeCgqtygg: C, 46.65; H, 3.29; F, 8.20; I, 18.25.)

-

({0.813 mmol) of CH302FC2C02§HB (DMA) "was added to a flask
containing 200 mg (0.406 mm&l) [RhCl(C8H12)]2 and 302 mg
(0.786 mmol) DPM under N,. Three mL of CH,Cl, was added
immediately, whereupon the solution becéme dark green.
After stirring for 15 minutes, 10 ;g of ether was added to
the suspension and the light‘green §olid was filtered off
and recrystallized from Cﬂzéﬁg/ether. The infrared
ROEN
spectrum showed a broad organic carboxylate stretch at 1705
cm™l and a stretch attributed to the coordinated acetylene
rmoiety at 1610 cm™l, The conductivity of a 1.00 mM CH,C1,
solution was ¢ 0.4 2! com? mol~! and the 3lp{lu} nMr
spectrum showed a resonance centred at 8.6 ppm with a
e

separation of 115.0 Hz tween the two major peaks. The ly

\
N

NMR spectrum revealed a sharp singlet‘ at 2.64 ppm

L}
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attributable to the two equivalent DMA methyl groups as

well as DPM phenyl and methylene resonances 1in the

“

‘appropriate regions (compleﬁimultiplet, 7.01-7.70 ppm, 40H;
§

multiplet, 3.64 ppm, 2H; multiplet, 2.87 ppm, 2H) .

FElemental analyses were consistent with the above

formulation: (Found: c, 55.33; H, 4.25; Cl, 6.14,

Calclllated for Rh2C12P404C56H50: C, 56 .64; H' 4.24; Cl,

5.97.)

X—ray Data Collection

Crystals of [Rh2C12(p—HFB)(DPM)2], 1,»suitab1e for a
single-crystal X-ray study were obtained by the slow
diffusion of diethyl ether into a saturated CH,Cl, solution
of 1 under an atmosphere of HFB. One of these dark green
crystalsbwas mounted in air on a glass fibre. Preliminary
film data showed that the crystal belonged to the
tetragonal system with diffraction symmetry 4/m and
extinctions (00%:%2#4n), characteristic of space groups P4,
and P45. Accurate cell parameters were obtained by a
1east—squaresi}nalysis of_12 carefully centred reflections
chosen from diverse regions of reciprocal space (50° < 26 <
65°, CuKa . radiation) ané obtained using a mnarrow X-ray
source. See Table II for pertinent crystal and data

collection details. The width at half height of several
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strong reflections (w scan, open counter) lay 1n the range

0.08-0.09°.
a
Data were collected on an automated Picker tour-circle
diffractometer equipped with a scintillation counter and

pulse height analyser tuned to accept 90% of the CuKa

peak. Background counts were measured at both ends of the

scan range. with crystal and counter stationary. The

intensities of three standard reflections were measured
every 100 reflections thrdughout the data collection, A
second set of four standards was monitored twice a day. No
significant decay in any of the standards was observed over
the course of the data collection. The intensities of 5944
unique refleétions (3° «« 26 « 120°) were measured using
CuKa radiation and the data were processed in the wusual
manner, correcting for Lorentz and polarization eftfects.
The standard deviations in the measured ~F‘2 values were
calculated using a value of 0.05 for p.34 A total of 5243
‘reflections had F02 > 30(F02) and were used 1in subsequent
calculations, Absorption corrections were applied to the

.data using Gaussian integratior{.35

o \s

Structure Solution and Refinement

The structure was solved , ,n space group P4b'using a

sharpened Patterson synthesis to-locate the two independent

A
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Rh atoms, subsequent refinements and difference Fourler
syntheses led to the location of all remaining non-hydrogen

atoms, In the full-matrix least-squares refinements the

function which was minimized was

L w
hkl “hkl

D = 2

(IFOl—IKFC|)
where « 1is the inverse of the scale factor used to bring
the data to absolute units and w ﬁs the weighting factor
and equals l/oz(Fo(hkl))z. Atomic scattering factors were
taken from Cromer and Waber's tablulation36 for all atoms
except hydrogen for which the values of Stewart et al37
were used. Anomalous dispersion terms38‘for Rh, Cl, P and
F were included in F.. All phenyl ring carbon atoms were
refined as rigid groups having idealized Dgp symmetry and
C-C distances of 1.392 A. The carbon atoms were given
independent isotropic thermal parameters. The ﬁydrogen
atoms were included as‘ fixed <contributions 1nd not
refined. Their idealized positions were calqulaéed from
the geometries of their attached carbon atoms using a C-H
distance of 0.95 A, These hydrogen atoms were assigned
isotropic thermal paramters of 1 A2 greater than those of
their attached carbon atoms. All other non-group atoms
were refined individually with anisotropic ‘thermal

s
parameters. Initial refinements were carried out in space



group P4,, converging to R = 0.056 and R, = 0.082.39
Refining in the enantiomeric space group P45 resulted in
‘the significantly improved c¢rystallographic residuals R =
0.044 and Ry, = 0.062, indicating that the latter was
probably the correct choice. Since both of the possible
space groups are polar and, with atoms displayiné high
anomalous scattering, can give rise to polar dispersion

40,41 significant differences in bond lengths were

errors,
observed Dbetween the two space groups. In P43 the

chemically equivalent P-C distances, for example,

phenyl
showed a narrower range (1.822(5) to 1.844(5) A) than those
in P4l (1.808(7) to. 1.852(7) Ay, offering further
confirmation that P45 is the correct choice. At this stage
of refinement a comparison of. the observed and caICUléted
structure amplitudes of strong, 1low angle reflections
suggested that they suffered from extinction effects.
Application of an isotropic secondary extinction
correction4? yielded R = 0.040 and R, = 0.055 and greatly

improved the agreement between [F_| and |F in the

cl
affected reflections. The highest 20 residual peaks on a
final electron density difference map (0.78 - 0.50 ehA™3)
were all in the vicinities of the phenyl groups. A typical

carbon atom on earlier Fourier syntheses had an electron

density of about 2.3 eh~3,
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The final positional and thermal parameters of the
non-hydrogen atoms and the group atoms are given in Tables
ITI ’and Iv, respectively. The idealized hydrogen
parameters are g¢given 1in Table VvV and a listing of the
observed and calculated structure factor amplitudes is

available.43
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Results

Table II. Summary of Crystal Data .and Intensity Collection
Details for [Rh,Cl,(u-HFB)(DPM),]

compound {RhCl5(u—HFB) (DPM) ;]

formula weight 1207.5

cell parameters

21.283(1) A

a, A

c, A 14.255(1) A

YA 4

v, A3 6457 .3 .
density, g/cm3 | 1.242 (calculated),

1.244 (measured by flotation)

space group P44
crystal dimensions, mm 0.28x0.40x0.42‘
crystal shape tetragonal prism with 20 faces

of the forms: {100}, {110},
{101}, {111}, {310}, {410},
{122}, (113}.

crystal volume, mm3 0.0213
temperature, °C 23

radiation Cu Ka
w, cm~1 63.587

(continued...)
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Table 11. (continued)

range 1in absorption
correction tactors

recel1ving aperture,
min

takeoff angle, deg
scan speed, deg/min
scan range, deg

background counting
times, s

26 limits, deg
unique data measured
unigque data used

.2 2
(Fo© 2 30(F, ))

final number of
parameters varied

error 1n observation
of unit weight (GOF)

R

Ry,

0.179-0.341
3x4 (at 30 c¢cm trom crystal)

3.0
2 1in 28
0.95 below Kal to 0.95 above K.2

10, 2.5° < 206 < 61°; 20, 61° <
20 « 95°; 40, 95 < 28 < 120°,

2.5 < 26 < 120
5944

5243

278

1.530 r

0.040

0.055
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Table VI.

Selected Distances (A) in {[Rh,C1,(u-HFB)(DPM) ;]

Bonding Distances

Rh(1)~Rh(2) 2.7447(9) C(4)-r(4) 1.34(1)
Rh{(1)-Cl(1) 2.384(2) C(4)-F(5) 1.34(1)
Rh(2)-Cl1(2) 2.377(2) C(4)—F(6f 1.31(1)
Rh{(1)~-P(1) 2.318(2) P(1)-C(5) 1.816(8)
Rh(1)-P(3) 2.345(2) P(2)-C(5) 1.831(9)
Rh(2)-P(2) 2.346(2) P(3)-C(6) 1.823(8)
Rh(2)-P(4) 2.309(2) P(4)-C(6) 1.813(8)
Rh(1)-C(2) 1.994(9) P(1)-C(11) 1.822(5)
Rh(2)-C(3) 1.997(9) P(1)-C(21) 1.826(5)
C{2)-C(3) 1.315(12) P(2)-C(31) 1.828(5)
C(1)-C(2) 1.49(1) P(2)-C(41) 1.827(5)
C(3)-C(4) 1.50(1) P(3)-C(51) 1.826(5)
C(1)-F(1) 1.32(1) P(3)-C(61) 1.844(5)
C(1)-F(2) 1.34(1) P(4)-C(71) 1.827(7)
C(1)-F(3) 1.35(1) P(4)-C(81) 1.830(6)
Nonbonding Distances

P(1)-P(2) 2.959(3) Cl1(2)-H(76) 2.80

P(3)-P(4) 2.981(3) Cl(2)-H(46) 2.82

Cl{(1)-H(56) 2.70 H(72)-H(1C6) 2.11

Cl(1)-H(62) 2.78 H(12)-H(2CS) 2.18

Cl(2)-H(32) 2.80




Table VII.

P(1)-Rh(1}-Rh(2)
P(3)-Rh{(1)-Rh(2)
P(2)-Rh(2)-Rh(1)
P(4)-Rh(2})-Rh(1l)
P(1)-Rh(1)-P(3)
P(2)-Rh{(2)~P(4)
Cl1{1)-Rh(1)-Rh(2)
Cl(2)-Rh(2)-Rh(1)
P(1)-Rh(1}-Cl(1)
P(3)-Rh(1)-C1(1)
P(2)-Rh(2)-C1(2)
P(4)-Rh(2)-Cl1(2)
P(1)-Rh(1)-C(2)
P(3)-Rh(1)-C(2)
P(2)-Rh(2)-C(3)
P(4)-Rh(2)-C(3)
Cl(1)-Rh(1)-C(2)
C1l(2)-Rh(2)-C(3)
:E(Z)-Rh(l)-Rh(Z)

C(3)-Rh(2)-Rh(1)

-

2

Selected Angles (Deg) in [haflz(p—HFﬁ)(DPM)Z]

47

Rond Angles

90.02(6)
94.71(6)
94.95(6)
90.94(6)
174.87(9)
173.03(9)
149.97(7)
145.39(8)
87.21(8)
89.68(8)
89.28(9)
87.96(9)
91.5(3)
88.3(3)
89.1(2)
89.6(2)
140.9(3)
145.6(3)
69.0(3)

68.9(2)

C(21)-P(1)=C(5)
C(31)-P(2)-C(41)
C(31)-P(2)-C(5)
C(41)-P(2)-C(5)
C(S1)-P(3)-C(61)
C(51)-P(3)-C(6)
C(61)-P(3)-C(6)
C(71)-P(4)-C(81)
C(71)-P(4)-C(6)
C(81)-P(4)-C(6)
Rh(1)-P(1)-C(11)
Rh(1)-P(1)-C(21)
Rh(1)-P(1)-C(5)
Rh(2)-P(2)-C(31)
Rh(2)-P(2)-C(41)
Rh(2)-P(2)-C(5)
Rh(1)-P(3)-C(51)
Rh(1)-P(3)-C(61)
Rh(1)-P(3)-C(6)

Rh(2)-P(4)-C(71)

104.7(4)
102.5(03)
103.9(4)
103.0(4)
104.0(3)
102.7(3)
103.3(4)
102.2(4)
103.3(4)
103.9(4)
115.8(2)
115.4(2)
113.6(3)
112.9(2)
121.8(2)
110.8(3)
115.3(2)
119.0(2)
110.8(3)

115.1(3)

(continued...)

T



Table VII (continued)

48

Rh(1)-C(2)-¢C(3)
Rh(2)-C(3)-C(2)
Rh(1)-C(2)-C(1)
Rh(2)-C(3)-C(4)
C(1)-c(2)-C(3)
C(4)-C(3)-C(2)
F(l)—C(l)—C(Z)
F(2)=-C(1)-C(2)
F(3)-C(1)-C(2)
F(4)-C(4)-C(3)
F(5)-C(4)-C(3)
F{(6)-C(4)-C(3)
F(1)-C(1)-F(2)
F(1)-C(1)-F(3)
F(2)-C(1)-F(3)
F(4)-C(4)-F(5)
F(4)-C(4)-F(6)
F(5)-C(4)-F(6)
C(11)-P(1)-C(21)

C(11)-P(1)-C(5)

111.0(7)
111.0(7)
120.8(7)
121.6(7)
128.3(9)
127.4(9)
114.0(8)
114.0(8)
112.9(9)
112.9(9)
112.6(8)
114.5(8)
105.8(9)
105.0(9)
104.2(8)
105.7(9)
104.6(8)
105.9(9)
102.3(3)

103.5(4)

Rh(2)-P(4)-C(81)
Rh(2)-P(4)-C(6)

P(1)-C(5)-P(2)

T P(3)-C(6)-P(4)

P(1)-C(11)-C(12)
P(1)-C(11)-C(186)
P(1)-C(21)-C(22)
P(1)-C(21)-C(26)
P(2)-C(31)-C(32)
P(2)-C(31)-C(36)
P(2)-C(41)-C(42)
P(2)-C(41)-C(46)
P(3)-C(51)-C(52)
P(3)-C(51)-C(56)
P(3)-C(61)-C(62)
P(3)-C(61)-C(66)
P(4)-C(71)-C(72)
P(4)-C(71)-C(76)
P(4)-C(81)-C(82)

P(4)-C(81)-C(86)

117.0(3)
113.6(3)
108.4(4)
110.1(4)
120.5(4)
119.0(4)
119.6(4)
120.4(4)
118.8(4)
121.2(4)
119.4(4)
120.6(4)
121.8(3)
118.1(3)
121.3(4)
118.6(4)
121.4(7)
118.6(7)
119.3(5)

120.5(5)

(continued...)



Table VI1 (continued]

P{1)-Rh{1)-Rh(2)-P(2)
P(3I)-Rh(1)-Rh(2)-P(4)
P(1)-Rh(})-Rh{2)-P(8)
\ P(2)-Rh(2)-Rh(1)-P(3)
CESY=-PL1)-P(3)-C(6)
("(5)—P(2)—P(4)—(‘(‘~)
COIY =P -PE3)-CLSD)
C{21)-®»{1)-P(3)-C(61)
(L3I -PE2)-P(4)-C(TD)
C(A1)-P(2)-P(4)-C(R])
Ce~-Ce2)-C(3)-C(4a)
RH(1)-CL2)-C(3)-Rnh(2)
Cli1)=PRh(1)-Rh(2)-C1(2)
COI) =P =-P(2)-CC31)
C(21)-P{1)-P(2)-C(4])
C(51)-P(3)-P(4)-C(T1)
C(61)~P(3)-P(4)-C(81)
C(11)-P(1)-Rh(1)=-Cl(])

C(21)-P(1)-Rh(1)-C1l(1)

Torsion

-6.16(8)

-4.43(9)

177.56(9)

171.85(8)

13.1¢04)

10.3(4)

16.0(3)

11.504)

12.4(4)

10.6(4)

-2.8(1.6)

-3.4(8)

5.302)

-19.3(%)

-11.7(3)

~-11.2(06)

-5.704)

-57.5(3)

62.0(3)

Angles

C(S1)=-P(3)-Rh(1)-Cl(1)

C(61)-PO3)-Rh(]1)-C1(1])

C(31)-P(2)-Rh(2)-C1(2)
C(41)-P{2)-Rh(2)-C1(2)
C(71)-PL4)-Rh(2)-C1(2)
C(81)-P{4)-Rh(2)-C1(2)
CI1)-PCL)-RR(1)-CC2)
C(21)-P(1)-Ra(1)-C(2)
C(S51)-P(3)-Rh(1)-C(2)
C(61)-P(3)-Rh(1)-C(2)
C(31)-P(2)-Rh12)-C(3)
C({41)=-P(2)-Rh{2)-C(3)
C(71)-P(4)-Rh(2)-C(3)
C(81)-P(4)-Rh(2)-C(3)
C(S5)-P(1}-Rh({1)1-C(2)
C(5)-P(2)-Rh(2)-C(3)
C(6)-P(3)-Rh(11-C(2)

C{6)-P(4)-Rh(2})-C(3)

73.7¢

-50.9¢

78 . 8¢

-43.8¢

-66.1¢

53.9¢(

83.4¢

-157.1¢(

168.2¢(

~66.9(

170.6(

79.6(

-160.4¢

-36.1¢

49 .2¢(

48 .8¢(

-39.3¢(

4)

3

4)
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Discussion

Based on the group's previous success 1in preparing

complexes of the type [Rh,X,(u-L){(DPM),] (L = CO, SO,) or

their precursors via the reaction diagrammed below, we

o p— P
r‘:
A,M_"”}": N

-
{ "hp\\fﬂf//"”h

+2 PR PCH PP, L=S0,
‘l" PM?//CWP\,“5
B |
. T
"5"\1}5//’"5
L=CO

attempted the preparation of the acetylene-bridged
analogues by a modification of the same route, \This method
has only proven successful for acetylenes having strong
electron—withdrawfng groups (i.e., -CFy or - -CO,CHjy
groups). In the other cases tried, largely uncharacterized

complexes were obtained, 44 whose 31p(lH} NMR spectra were

in the region’ normally‘ associated with chelating DPM

. ligands in similar complaxets.“'45



The 3lp(lny NMR spectral parameters of the
[haxz(u—acetylene)(DPM)Z] species bear a close resemblance
to those for the u~CO and u-5S0, analogueg. The 3lp(lu) nNMR
speatra are of the type previously observed for symmetric
DPM-bridged species, which are AA'A"A"'XX' spin systems.
The spectra for such species are dominated by two major
peaks, the separations of which (héreafter called J) are
tabulated for species 1, 2 and 3 and their u-CO and p—SO2
analogues in Table IX. This value has been calculated to

be essentially that of 1JRh_p18 and is closely comparable

among

Table 1X. Jlp{lH}) NMR Spectral Parameters for 1, 2 and 3

and Related Complexes

31p NMR
5( ppm) J(Hz) Reference
[Rh,Cl,(p-HFB) (DPM) 5], 1 7.5 112.0 This work
[Rh,I,(u=-HFB)(DPM) )], 2 9.1 110.0 This work
[Rh,Cl,(u-DMA) (DPM),], 3 8.6 115.0 This work
[Rh5Cl,(p-CO) (DPM),] 19.8 116.0 4
[Rh,I,(u=CO)(DPM) 5] 16.3 113.7 4

[Rh,C1,(u=SO;) ( DPM) 5] 22.5  115.0 2

h 4
X




all these species. Although we have often used this major-
doublet splitting as an empirical indication of whether or
not the complex is metal-metal bonded, the values 1in the
present case are ambiguous. values of J less than 100 Hz
have so far indicated the presence of a Rh-Rh bond while
values of J greater than 120 Hz have been associated with
complexes having no metal-metal bond. values in the 100-
120 H; region, however, present an ambiguity;
[ha(co)z(u—CI)(DPM)z]* has a J of 113.4 Hz and lacks a
metal-metal bond,l'3 while [haClz(p—CO)(DPM)zl has the
slightly greater J of 116.0 Hz but has a metal-metal
bond .45 Therefore the acetylene bonding mode cannot be
inferred from the 31p NMR spectroscopic data.

The IR information available ™Bn parallel and
perpendicular binuclear acetylene complexes suggests that
the acetylenes in 1 and 2 are bound as cis-dimetallated

2

olefins. For po=n acetylenes, C-C stretching values from

1595 cm~1 to 1491 cm~! have been reported;46'47 for cis-
>

dimetallated olefins, values from 1643 em~ !l to 1639 cm~1

have been reported for CF3C,CFy4 complexes, No other

48,49
acetylene has had a cis-dimetallated élefinic c-C
stretching frequency reported. Thus, the limited number of
data make this inference somewhat uncertain, but the X-ray
crystal structure, described in the next section, confirms

that the acetylene ligand is coordinated parallel to the

lmetal-metal axis and accompanied by a Rh-Rh bond.



Desgyiptiqnhgf Structure

&

The unit cell of [RhZClz(p—CF3C2CF3)(DPM)2] consists

of four discrete molecules of the complex, in which there
are no unusually short intermolecular contacts (see Figure
2 and Table VI). A perspective view of the molecule
together with the numbgring scheme is presented in Figure 3
(phenyl hydrogens have the same number as their attached
carbon atoms), and a representation of t he inner
coordination sphere in the plane of the rhodium atoms and
the acetylene molecule is shown in Figure 4. Distances and
angles of Iinterest are contained in Tables VI and VII,
respectively, and some least-squares plane calculations are
shown in Table VIII.

The complex has a geometry typical of DPM-bridged
binuclear complexes, in which the two rhodium atoms are
bridged by two transoid DPM ligands. In the equatorial
plane, approximately perpendicular to the Rh-P veqﬁors, the
metals are bridged by the hexafluoro-2-butyne molecule,
which is coordinated as a cis-dimetallated olefin, A
terminal chloro ligand on each metal and a rhodium-rhodium
bond complete the rhodium coordinations. The molecule has
approximately C,, symmetry with the one pseudo mirror plane

bisecting the Rh-Rh bond and the other lying in the metal-
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Figure 3. Perspective View of [Rh,Cl,(u-HFB)(DPM),l.
The numbering scheme is as shown; the
numbering on the phenyl carbon atoms starts at
the carbon bonded to phosphorus and increases
sequentially around the ring. 20% thermal

ellipsoids are shown.
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acetylene plane. Each rhodium has a somewhat distorted
trigonal bipyramidal coordination with the trans phosphines
in the axial sites and the chloro ligand, an acetylenic
carbon atom and the other metal occupying the three
equatorial sites. The major distortion from idealized
trigonal bipyramidal geometry results from the acute

C -Rh-Rh angles (Figure 4) and the concomitant

acetylene
larger angles involving the chloro ligands. These acute
angles at rhodium are typical for metal-metal bonded

complexes which are bridged by acetylenes in the cis-

)

dimetallated olefinic geofnetry.so'51

‘\dithin the DPM framewbrk the parameters are
essentially as expected; the Rh-P distances (range,
2.309(2) to 2.346(2) R) compare well with other
determinations as do the phosphorus-carbon distances (both
methylene and phenyl). Similariy all angles within the DPM
ligand are normal. As is often observed in these systems,
the bridging methylene groups of the DPM ligand are both
bent in the direction of the bulkier'equatorial ligand (the
acetylene ligand) allowing the phenyl groups to minimize
their non-bonded contacts with this group. All phenyl
groups are essentially staggered with regard to the
equatorial ligands (as shown by the torsion angles in Table

VII), again minimizing non-bonded contacts.
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The Rh-Rh distance in the present compound (2.7447(9)
A) 1is typical for a Rh-Rh single bond; it compages well
with other such distances in analogous compounds containing
Rh—-Rh single bonds (range: 2.731(2) Al7 to 2.9653(6) A20)
and in particular is close to the values of 2.7566(9) A for
[Rh,Br,(w=CO) (DPM) ,1° and 2.7838(8) A in
[Rh,C1,(u-S0,) (DPM),],2 to which it is closely related.
This distance can also be contrasted with the very 1long
Pd-Pd (3.492(1) A) and Rh-Rh (3.3542(9) A) distances 1in
[Pd,C1, (u=-HEB) (DPM) ] 15722 and [Rh,C1,(1=CO) (n=-DMA) (DPM) 5}’
respectively, 1in which the bridging acetylene groups are
not accompanied by metal—metal bonds. The presence of a
Rh-Rh bond in 1 is further substantiated by the intraligand
P-P distances (2.959(3) A and 2.981(3) A) which are
significantly longer than the Rh-Rh distance, suggesting a
mutual attraction of the metals. This compression of the
Rh-Rh axis is clearly evident in Figure 3.

Both Rh-Cl distances (2.377(2) and 2.384(%) A) are
normal for terminal chlorides and are significantly shorter
than those observed 1in the analogous carbonyl adduct
[Rh2C12(p-CO)(u—DMA)(DPM)zl,7 where these bonds are nearly
trans to a o-alkenyl group of high trans influence. In the
present compound the rhodium-alkenyl bonds (Rh(1)-C(2) and
Rh(2)-C(3)) are inclined to the Rh-Cl bonds by 140.9(3)°
and 145.6(3)°, respectively, significantly bent from the

trans geometry.



As noted, the coordinated hexaftluoro-2-butyne group
can be régarded as a cis-dimetallated olefin; all angles
about C(2) and C(3) are close to 120°, as expected for sp2
hybridization of these atoms. The slight distortion from
idealized sp2 hybridization seems to result from the strain
imposed by the Rh-Rh bond, which compresses the Rh(1)-C(2)-
C(3) and Rh(2)-C(3)-C(2) angles to 110.0(7)°. In other
metal-metal bonded species having similarly bound acetylene

d,SO’Sl whereas

ligands similar distortions were observe
when no metal-metal bond is present (as in [Pd,Cl,(u-
HFB)(DPM)Z] and thZClz(p—CO)(p-DMA)(DPM)Z]) the acetylene
ligands are found to approach more closely the undisturbed
plefin geometry. In spite of this strain in the acetylene
molecule, imposed by the short Rh-Rh distance, the rhodiunm
.at&ms and the carbon atdm framework of the acetylene ligand
are quite planar (Table VIII). " Based on the observed

strain in the molecule, one might expect that the resulting

metal-acetylene orbital overlap would be less than 1in

unstrained cases, resulting 1in less activation of the

.

acetylene. However the other structural parameters 1in the
ligand do not confirm this expectation. The rhodium-
acetylene bonds (av. 1.996(9) A) are among the shortest
observed for second or third row, acetylene-bridged
complexes g(range 1.985(12) —_'2.12(3))&), suggesting that the

acetylene moiety is strongly bou/r{,)and the C(2)-C(3) bond

/

¥
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(1.315¢(12) A), although somewhat shorter than those 1in the
complexes without metal-metal bonds, 1s not signi{icantly
different, and 1s still close to that expected tor a C-C
double bond (1.337(6) A).22 oOnly the C(1)-C(2)-C(3) and
C(4)-C(3)-C(2) angles, at 128.3(9)° and 127.4(9)°,
respectively, 1indicate a slight tendency towards a more
linear acetylenic geometry, relative to the species without
metal-metal bonds, where comparable angles ranging from
122(1)° to 124.7(11)° have been reported.

The C(1)-C(2) and C(3)-C(4) bonds are exactly as
expected for single bonds between an sp2 and an sp3
hybridized carbon atom, and agree well with the analogous
distances. 1in other binuclear HFB complexes.ls'so'53
Similarly the C-F distancesb and all a s at the CF;y
groups are normal. |

thZClz(p—HFB)(DPM)ZI is now the third member of a
series of complexes- structurally characterized 1in this
group, each of which contains a rhodium-rhodium bond,
terminal halide ligands and a bridging =n-acceptor ligand;
the other members are [haé}lf(~ p=S0,) (DPM) 2] 2 and
[haBrz(p.—CO)(DPM)Z].5 Structurally these three species
are remarkably similar, having very similar Rh-Rh

s
distances, similar rhodium-DPM frameworks and even similar
orientations of the DPM phenyl groups. Significantly, all

,

display short bonds between the metals and the bridging
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&
small molecules, implying strong coordination of these
groups to the metals. Although the, change in the

geometries of the CO and SO, ligands on coordination is not
obvious, the acetylene molecule is obviously structurally
activated, resembling as it does a cis-dimetallated olefin
(vide supra). Apart from the obvious differences resulting
from the different bonding modes of 802, CO and CF;CZCF3,
the major difference of possible chemical significance in
the three related compounds 1is found in the Rh-Rh-halide
angles. In the acetylene complex, these angles (ca. 148°)
are significantly smaller than those 1in the SO, and CO
complexes (ca. 166°), suggesting that the sideways
orientation of the acetylene group and the CFj groups may
force the two Cl ligands towards each other. Although the
Cl and F atoms are well beyond van der Waals contact, the
phenyl hydrogen atoms H(32) and H(56) are aimed into the
spaces between the CF; groups and the Cl groups and may be
responsible for transmitting this stegég interaction.
Another possibility is that the orientation of the
terminal halide ligands with respect to the bridging groups

may be determined by electronic factors. In compound 1,

the‘rp—CO complex and the u-SO, complex, the terminal
halide-metal-bridging 1ligand angle has remained nearly

constant (near 145° in all three céses).
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Coﬁsidered simplistically, an angle similar to the 145°
value above might be thought to lie between the Rﬁ—halide
bonds and the orbitals resﬁ‘bsible for the metal-metal
bond. The dotted lines in the above figures show the
directions of these hypothetical orbitals. If the metal-
metfl bonds - in these three species were therefore
considered as bent bonds, they would be increasingly bent
in the order 1 < p-CO <lu5802. This is consistent with the
order of the metal-metal bond lengths (1 < pu-CO < K=50,),
with the most linear bond (1) presumably having the best
orbital overlap conditions. Hoffman and Hoffmann?8 have
considered the halide-rhodium-bridging ligand angles in the
p-SO2 and p-CO compounds, but concluded that they ;esulteé
from "a balance between various trends in the lower filled
orbitals”", There seems to be no reason obvious to us why

values near 145° are favoured.
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The previously mentioned additional crowding by the
CF3 groups may also result in chemical differences between
the acetylene-bridged species and the S0, and CO analogues
by blocking the terminal sites of attack (i.e.; t hose
between C(2) and Cl1(1) and between C(3) ‘and Cl(2) in 1.)
N\ some cohpariséns in reactivity between 1 and the S0, and CO

a

species will be given in Chapter II11.

From the outset, the major uncertainty in the
[haxz(u—acetylene)LDPM)2] species has concerned the
acetylene coordination mode . M™is study unambiguously

establishes that the acetylene group is bound as a cis-
dimetallated olefin accompanied by a Rh-Rh bond. As such
the present compound {pears a strong resemblance to
[szClz(u—CF3C2CF3)(DPM)2FS difﬁsrﬁﬁg' only in the metals

and in the presence of a medgl—metal bond in our Rh

species. Essentially all structural differences between

by N
& :

these two species are a'consequence of this difference in -

metal-metal bonding. Tha%ihoth above complexes have the
cis-dimetallated olefin céérdination of their acetylene
gro&%& is significant given that their electron counts
differ by 2. The fact éhat this coordination mode is
retained for  the Cco adducts of 1, 2 and 3,

[szxz(u—CO)(u—acetylene)(DPM)Z], is also sig

the transformation of [CpZha(CO)z(u-CF3

[szha(u-CO)(p—CF3C2CF3)]48,50,54 the
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A

L d
rotates with respect to “the Rh-Rh bond by ca. 90° and the

Rh-Rh bond is retained.

29-31

Calculations by Hoffmann and co-workers confirm

that the cis-dimetallated . olefinic coordination of the
acetylene ligands 1is favoured over the perpendicular. mode

in these compounds for electronic reasons. Howevers these

authors suggest that the favoured acetylene binding mode. - in

i

[Rh2C12(p-CF3C2CF3)(DPM)2] should have this acetylene
t;istéd significantly from the parallel configuration.
This wag not observed in  the presenE structural
detérmination. Furthermore, a sgmewhat less accurate
structure deterﬁination of this Eompound in a different
sp%qe group44 (absorption correction not applied; space
group P432,2 or P4,2,2) dlso showed essentially no twisting
of the acetylene ~;hhit, suggesting that packing

. )
considerations are . ndt responsible for the observed
—_

-

: : “ T -’ ' .
orientation in this species. It is, of course, possible
R : . " 1‘..
that the twisted configZation suggested by Hoffmann and

co-workers -is only slightly favoured electronically, and

that non-bonded forces are enough to result in the non-

3 4

twisted geometries in the two cases studied. However, we

M . 2 \

feel that there 1is no e&}dencé to ‘suggest that any
structire othér than that in which the acetylene lies

! 4 . , ; . .
essentfal}yn'parall? to the metal-metal bond is the most

[l

favoured oOne.
c"‘ ’

R4
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Chapter III

Some Reactions of [Rh,X,(u-acetylene)(DPM),] Complexes

with Small Molecules and the X-ray Crystal Structure

of One Product, [RhZCl(CNMe)2(u—CF3C2CF3)(DPM)Z][BF4]
»

Introduction

In Chapter II, we described the synthééis and
characterization of the binuclear acetylene-bridged

\complexes [haxz(p—RC2R)(DPM)2] (R = CF3, X =Cl1 (1), I(2);
A

'Y N
R = CO,Me, X = Cl (3)) and showed, by an X-ray structure
determination of 1, that the actylene group in this complex

bridges the metals, bound as & cis-dimetallated olefin and

accompanied by a rhodium-rhodium bond . ! Some structural

4

resemblances were also noted between this compound and two
other types of compound previously studied in this group, 

namely -[haxz(p—CO)(DPM)ZT (X = cl, Br, 152-4 and
i . e
[RhyX,(p=S0,) (DPM) ,]1 (X = Cl, Br);2/3 all three types of

compounds are distorted A-frames having bridging =n-acid

groups, accompanying Rh-Rh single bonds and termina{/ﬁglide
' t

ligands.

One aspect of interest to us "in these complexes
regarded their possible .Rh-Rh bond reactivitiess

. L]
A
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[haxz(p—CO)(DPM)zl (X = Cl), for example, had been shown
to undergo protonation at the Rh-Rh bond® while the three
halo derivatives (X = Cl, Br, I) reacted with activated
acetylenes with insertion of these groups into the Rh-Rh
bond .4 In contrast, neither the CO- nor the SO,-bridged
dihalides showed evidence of Rh-Rh bond reactivity with
ligands such as CO, S0, or CNR, but usually instead reacted
to give complexes with these ligands bound terminal-
ly.2'3'5'7 Complexes 1, 2 and 3, on the otheY hand, seemed
to be likely candidates for displaying metal-metal bond
reactivity with 1igands such as CO since the products of
such reactions would be exactly the compounds obtained on
reacting [Rh,;X,(u-CO)(DPM),] with the appropriate activated
acetylene, CF3C,CF3 or CH3OC(O)C2C(O)0CH3‘.4 This also
suggested that compounds 1, 2 and 3 might display metal-
metal bond reactivity with other small groups such as CNR,
SO, and H*. p -

We were also interested'in the possibility of ligand
insertions (particularly of CO, CNR and $0,) into' the Rh-
acetylene bonds of species like compound 1. For these
reasons a study was 1n1t1ated to investigate the chemistry
of compound 1 and related complexes wlth‘hmall molecules
such as €0, SO, and CNMe, and also with Ht. The results of

this study are reported herein.
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Fxperimental

All solvents were purified according to standard

8 and deaerated with a dinitrogen purge.

procedures
Reactions were perférméd in Schlenk apparatus using inert
atmosphere techniques. Sodium tetrafluoroborate (Alfa
Inorganics), silv;r tetrafluoroborate (Aldrich),

)
!

-~

trifluoromethylsulfonic acid (Aldrich), sulfur dioxide
(Matheson) ‘aAd carbon monoxide (Matﬁesoﬁ) were used as
received. - [Rh,C1,(u-CF3C,CFy)(DPM),] (1),
~[Rh,I,(u-CF3C,CFy) (DPM),] ~ (2) ) and
[Rh2C12(u—CH3OC(O)C2C(O)OCH3)(DPM)zl (3) Qere‘prepared as
describéd in Chapter 1II. Methyl isocyanide (CNMe) was
prepared by a literature method? and its purity was

ascertained by 1y NMR spectroscopy. Infrared spectra were

obtained as CH,Cl, solutions {n KCl cells or as Nujol mulls

between either NaCl or KBr plates, using Nicolet MX-1 or

7199 FTIR |spectrometers. NMR spectra. were obtained at

ambient témperature on Bruker WH-200 or WH-400 spectro-

/!

meters, or at _-40°C- on a “Bruker HFX-90 . spectrometer,
<@

thductiy}ties of 1.0 x 10'3 M CH2C12 solutions were

measured using a Yellow Springs Instruments Model 31

conductivity bridge and 3401 cell.10
-
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(a) Protonation of Compounds 1, 2 and 3: A green

suspension of [haClé(p—HFB)(DPM)ZI *(1) (HFB = CF3C2CF3)

(40 mg, 0.033 mmol) in 1.5 mL CH,Cl, was placed in a 10 mm,

NMR tube in @®hich a concentric 5 mm sealed insert
containing acetone—d6 was present, and then cooled to
-80°C. Addition of 6uL (0.045 mmol) CF3504H causéd the
solid to dissolve ygielding a yellow solution. a 3lp(ln)
NMR spectrum of the product, [haClz(u—H)(p-HFB)(DPM)zl—
[CF3803] (4@), was then obtained at -40°C, revealing a
pattern ceatred at 1110 ppg which was dominated by two
majo;‘peaks separated by 92.0 Hz; the observed pattern is
typical of AA'A"A"'XX' spin systems.11 The lH NMR spectrum
of 4a exhibited a multiplet centred at ;20.44 ppm ('lJRh_H =
.23.4 Hz; 2J,_, = 8.4 Hz) attributable to a bridging hydride
1jgand.

‘Reactions of compounds 2 and 3 with CFySO3H were
carried out by the method described above, giving the

analogous products Sa and 6a, respectively, and the

protonation of'compOUnds‘ 1 - 3 using HBF,+<OEt,, yielding
' L]

compounds 4b - 6b, was also performed in a similar

manner. - For the compounds containing the bridging HFB

[ 4

group (% and 5), the. 31p{lu} NMR spectra were very similar

to that reported for 4a (see Table X). ° However,
. \

the 3YpP{lH} NMR spectra for the DMA complexes (6a and 6b)

differed significantly, most notabl in having a larger
\ i o )
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splitting between the two msjor peaks. H}dride resonances
in the lu NﬁR spectra were observed for compounds 4b and
Sb, énd resembled that of 4a (Table X), but no such
resonances were observed for complexes Sa, 6a or 6b over a
range of temperatures from -80°C to +20°C. The slightly
. .
Qeaker acid CF3CO,H failed to protonate ‘compounds 1 - 3,
When warmed to room temperature, the solutions of 4-6
decomposed within a few hours. All attempts to isolate the
protonated species at low temperature were unsuccessful.

Spectral data for the protonation reactions are given in

Table X.

(b) Reactions of Compounds 1, 2 nd 3 with CO and

S0, . The reactions Of = the three acetylene-bridged
complexes 1, 2 and 3 with CQ to give 7, 8 and 9,
l‘

respectively, were performed by syringing the appropriate

-volume of’CO, at ambient tempefature a&d-pressyre, into a
solution‘br suspension of the starting complex in CH,Cl,.
In a typical reaction this was cagried out by adding 6.73
mL of CO (0.028 mmol) to 30 mg of compound 1 (0.025 mmol)
in 3 mL CHyCl, in a. 10 mm NMR tube for acquiring

"the 31P{IHL NMR spectrum or by adding 0.25 ﬁL of.bo'(0.00QS

mmol) to 10.0 mg of .compound .1 (0,0083 mmol) in 1.0 mL

CH,Cl, in a 10 mL flask fitted with serum gtoppers for

observation of the solution infrared spectrum. Spectral

Lok
- .

*

’
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results for the reactions with CO and 50, are given in
Table X.
The 3lp(lu) MR spectra of the reactions of compounds
A

: “\
1, 2 and 3 with 1 equivalent of CO were observed at -40°C,

immediately after the injection of gas into the solution,

" which had been precooled to -40°C, in attempts to observe

possible intermediates. In all three cases the solutions
darkened almost immediately, and the - precipitation of
considerable amounts of dark green or brown solids occurred

]
within a few minutes. The 3lp{lH} NMR spectra showed only

the symmetric species 7, 8 and 9 ({see Téble X), and the IR

spectra of the isolated solids were identical to those

previously reported for the complexes [Rh, X5 (p=-CO) -

-

‘(p-acetylene)(DPM)2]4 (see Table X).

>These reactions with 1 équivalent of CO could not be
reversed to any observable extent by flushing the solutions
with 'a stream of N, at room témperature. - Previous
experiments with [Rh2C12(p-Cp)(p-HFB)(DPM)2] (7) had shown
that an overnight reflux in CHCl3 with a slow Nz purgé was
necessary to produce compound 1.4 Similar conditions

resultéd in the loss of CO from 8 to yield i, but refluxing

_[Rh2C12(u_CO)(u—DMA)(DPM)Z] 9, for 48 hours in CH613 caused

-

only partial reversal of this reaction; complete

consumption of- the complex required refluxiﬁg 200 mg of 9
R . ) -8
in 50 mL CgHg with a slow N, purge for 2 %Q«days. However,
\ ' .

—
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under these conditions some [haclz(p—CO)(DPM)Z] was also
formed in addition to the expected compound,
(Rh,C1,(p~-DMA) (DPM),] (3).
The reactions of SO, with compounds 1 and 2 to give
compounds 10 and 11, respectively, were performed by
saturat ing CHZClé solutions of the appropriate complex (100
mg in S mL), in 50 or 100 mL flasks, with SloPe The initial
green solutions turned -dark brown almost immediately.
After 48 hours under‘aﬁ Soé atmgfphere 31p(1x) NMR spectra
were run at -40°C and showed éwo}symmetrical species in
each case, one due to startiné material and the other
attributable to the SO, adduct (10 or 11)-: ‘ For the
reaction yielding 10; ébout’JIS% reméined as unreacted
_compbund 1, and for 11 about .7% remained as 2, even under
these conditions of high so, goncentration. Evaporation‘gf- y.
tHese solutions by a nitrogen stréam, followed by
redissolving of the solids in CH,Cl,, revealed that .only

he respective starting materials remained. -;§

The reaction of SO, with 3 was done”in a manner

'sim“lar to the reactions with CO; that is, 0.73 mL (0.02R
mmol’ at ambient temperature and pressure) 50, were injected
into a solution of 30 mg (0.025 mmol) of 3 in 1.5 mL CH,Cl,
in a 10 mm NMR¥ tube at room femperature. The green
soiutién immediately turned a dark yellow-brown and: a dark

’

brown solid began precipitating after a few minutes, A



\

3lp(lu) nNMr spectrum at -40°C showed only a symmetrical
}
pattern due to 12, which was the gnly product observed even

with an excess of SO,. A 20 minute N, purge reversed the

reaction to the extent that abouts 15% of compound 12

‘ L]
reverted td 3. _
¥ . «

Due to the lability of the SO, 1lijgand g‘fn'comp/ounds
10-12, bthey could not be isolated as pure solids. A

summary of their 3lp(lH} NMR and IR spectral details is

*

given in Table X.

(c) Reactions of Compounds 1, 2 and 3 with qﬁ%e: In a

typical experiment 150 mg of compound 1 (0.124 mmoﬂ‘ was

- } ¥
suspended in 0.7 mL CDZCIZ in a 5 mm NMR tube, Successive

additions of 0.062 mL of a 1.0 M CH,Cl, gelution of the

isocYanidé’(O.O62 mmol) were made with NMR monitoring of

the reaction mixture after each addition. 1In this manner a

*

series of . NMR spectra was obtained (3lp{lH} at 161.92 MHz,

199 at 376.41 MHz (for 1 and 2) and lHcat 400.14 MHzJ for
-«

the realtions of compounds 1, 2 and 3 with CNM - over the

v

range from 0 to 6 equivalents of.j ,hidé per ﬁomplex

T5(1ny, 19F and 'lH NMR

-

molecule. Typically,-matching. the

78
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sidnals arisigg from -a given complex in the reaction’

sequence was- straightférward on the basis of molecular

symmetry, signal “integration and amount of ‘isocyanide
s . <
added; where necessary all three spectra were obtained

e



using the same sample to confirm the assignments,ewhich are
given in Table XI. Similaf IR monitoring of the reaction
sequence was carried out and, where possible, the
isocyanide stretching frequencies were assigned (see Table

XI). The conductivities of 1.0 mM CH2C12 solutions of 1, 2

RN

and 3 were also monitored as successive additions=®of CNMe

were made (see Table XII).

\
\

Preparation of [RhCl(CNMe)Z(u~HFB)(DPM)2][BF4] (15b):

340 uL (0.35 mmol) of 1.04 M CNMe in CH,Cly was added with
séirring to a suspension of 200 mg (0.166 mmol) of 1 in 10
mL CH,Cl, in a 100 mL 3-necked round bottom flask. Five mL
of methanol was added to the green solution, followed by a
solution of 100 mg (0.911 mmol) of NaBFy in 7 mL of
methanol . A stream of N, was péssed over the stirred
solution for about 3 h, reducing its volume to about 8 mL
and causing the precipitation of a purple micro-crystalline
sol id. The 1light yellow supernatant was removed and the
solid was washed twice with 5 mL of methanol. A sample for
e}gmentql analysis was recrystallized from CH2C12/ether; it
analyzed as a hemi-dichloromethane solvate (Found: C;
50.82; H, 3.69; N, 1.86; Cl, 4.98) Caled. for
Rh2C1234F10N2C58.SBH51: ¢, 50.79; H, 3.72; N, 2.02; C1,
5.13.. A 200 MHz lH NMR spectrum of this species in CDCl4

solution confirmed the presence of dichloromethane. This

-
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spectrum alsQ displayed resonances in the phenyl region (5
6.9 - 8.0, 40H, m), one of two expected DPM methylene
pésonances (6 3.72, 2H, m) and two singlets in the region
appropriate for the isocyanide methyl protons. One of
these singlets was superimpbsed on a broad multiplet,
attributable to the othér DPM methylene protons (6§ 3.17,
SHi whereas the other was a sharp singlet (§ 3.49, 3H). An
IR spectrum of 15b as a Nujol mull revealed two isocyanide

stretches at 2244 and 2216 cm‘l.

Preparaiion of [Rh,(CNMe) 4 (p—HFB) ¢ DPM) 5] [BF 4] ,(16Db) :

The preparation of compound 16b was similar to that for
15b, except that 0.70 mL (0.73 mmol) of the 1.04 M CNMe
solution was added to a suspension of 200 mg (0.166 mmol)
1. The resultant product was a yellow powder which was
only slightly soluble in methanol or methylene chloride.
The lH NMR spectrum (see Table XI) revealed the presence of
four CNMe groups per complex molecule. Two isocyanide
stretches were observed at 2234 and 2217 cm~l in the IR
spectrum of a CH2C12 solution of }6b.

Analysis, Found: C, 48.89; H, 3.91; N, 3.49; Cl, <1w,.
Calcd’for Rh2P4N4F14C6282H56:, ¢, 50.51; H, 3.83; N, 3.80;

cl, 0.00.
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X-ray Ddté&&pllection on Compound 15b.

purple crystals of [Rh,C1(CNMe) ,(u-HFB) -
(DPM)2][BF4] (15b) were obtained by slow diffusion of
diethyl ether into a CH,C1, solution ‘of the complex. A
suitable cfystal was mounted on a glass fibre. Preliminary
film data showed that the <c¢rystal belonged to the
monoclinic system, and had systematic absences (h0Oft: h + 2
odd; 0kO: k odd) characteristic of the space group P2y/n,
a non-standard setting of P2;/c. Accurate cell parameters
were obtained by a least-squares analysis of the setting
angles \of 12 Ca}efully centred reflections chosen from
diverse regions of reciprocal space (50° < 26 < 60°, CuKa
radiation) and obtained using a narrow X-ray source. See
Table XIII for pertjghent crystal data and details of
intensity collection. The widths at half-height of several
strong low-angle refleéctions (w scan, open cod;ter) lay in
‘the range 0.20 - 0,26°, Data were collected on a Picker
four-circle automated diffractometer equipped with a
scintillation counter and a pulse ﬁeight analyser tuned to
accept 90% of the CuKa peak, Background counts were
measured g at both‘enés of the scan range with both crystal
and counter statioﬁary. The intensities of three standard
reflections were measured every 100 reflections during the

'

data collection, and second set of four standards was
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monitored twice a day. No significant decay of these

-

standards was observed over the course of the éLta collec~

-\

tion. The intensities of 9428 unique reflectiong (3° < 286
< 120°) were measured and processed in the usualiway, using
a value of 0.05 for p.l2 Of these 6800 had F2 > 34(F2) and
were used in subsequent calculations. Absorption
corrections were applied to they data  wusing Gauésian

integration.13

Structure Solution and Ref inement.

The structure was solved by using a sharpened
Patterson synthesis to 1locate the two independent Rh
atoms, Subsequent refinements and difference Fourier

-

syntheses led to the location of all atoms of the anion and

cation including hydrogens. Atomic scattering factors were

taken from Cromer and Waber's tab“ulation14 for all atoms

except hydrogen, for which the values of Stewart et a1ld

were used. Anomalous dispersion term516 for Rh, Cl1 and P
were included in F,.. The carbon atoms of all phenyl rings
were refined as rigid groups having Dgp symmetry and 1.392
"A C-C distances, but with independent isotropic thermal
parametefs. All hydrogen atoms located were included as
fixed contributions and were’ not refined. The idealized

positions of the phenyl and methylene hydrogens were
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calculated from the geometries about the attached carbon
atom using C-H distances of 6.95 A. The methyl hydrogens
were located approximately from difference Fourier maps,
then idealized such that the methyl carbon atoms had Cj,
symmetry with C-H bond lengths of 0.95 A, All other non-
group atoms were vrefined independently with anisotropic
thermal  parameters. Since the geometry lgf the
tetrafluoroborate anion appeared to be irregular and its
fluorine atoms all exhibited 1large thermal parameters,
these atoms were removed from the refinements. However, a
subsequent *difference Fourier map, phased on the model
without these atom contributions, reaffirmed their
positions and showed the rather diffuse nature of the peaks
so these atoms were reinserted and refinement was continued
as previously. At this time a region of electron density

(0.99 - 2.33 ‘eA‘3) was located remote from the anion or

complex cation, Although both CH,Cl, and Et,0 were

observed in lH NMR spectra of the solid redissolved in’

CDC13 and the presence of CH,Cl, was suggested by the

elemental analysis, all attempts to assign the electron
density to disordered CH,Cl,, Et,0 or both were
unsuccessful, In all ati{empts, the peaks did not fit any
simple disorder paktern, yielding chemically unreasonable

geometries and badly behaved thermal parameters. In any

case, the refinements involving the various disordéred
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solvent models did not cause a significant change.in the
parameters associated. with either the anion or cation as
compared to the results in refinements without these
~
disordered groups so this e{éctron ‘density was left
unaccounted for 1in sybsequent refinemeéts. In the final
differe;ce Fourier map the top five residual peaks (0.99 -
2.33 eA™3) were associated with the assumed disordered
solvent molecule(s) and the next twenty (0.46 - 0.94 eA™3)
were in the vicinities of the metals, the tetrafluoréborate
anion and the phenyl rings. A typical carbon atom on
earlier Fourier syntheses had a peak intensity of ca. 2.9

eA~3. The final model with 367 parameters varied converged

to R = 0.054 and Rw = 0.097.17 No doubt the refinement

suffers from our inability to adequately assign the portion

of electron density which we assume corresponds to
disordered solvent, The absorption coefficient used was

the one assuming no solvent was present. With partial

occupancy of solvent (as suggeste% by crystal density‘

measurements and the elemental analysis) the absorption
coefficient is not sufficiently different to result in a
significant variation in the correction applied, so this
should produce no adverse effects in the refinements

The fin;I positiona{» and thermal parameters of the
non—hfdrogen atoms and the group atoms are given in Tables

XIv and XV, respectively. The idealized hydrogen
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parameters are given. in Table XVI and a listing of the
opserved and calculated structure factpr amplitudes s

available.18
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Results

a

rable X. Spectra% Data for Reactions of Compounds 1,

2 and 3 with H+, CO and §02.

~

Comlex . o) we®  Infrared
| s(ppm)  J(H2)© v(é-") assignment
1 [RN 01, (u-HFB) (DPM) ] 75 1.9 1642 w (C=C)
2 [RhyI,(u-HFB)(DPM), ] 9.1 10-0 . 1635 w (C=C)
3 [R,C1,(u-0MA) (DPM) ] 8-6 115-0 1615 w (C=C)
1705 br,m (CO,Me)
4 [Rh,C1, (u-H) (u-HFB) (0PM),]* 1.0 92-0
5 [RhyI,(u-H) (u-HFB)(DPH),]*  14.5 93.3
6 [anclz(u-n)(u-onA)(opﬁ)zj’ 9.9 109-5 N
¢ T [RnyC1,(u-CO)(u-HFB) (OPM),] 8.9 131-8 1705 m (CO)
8 [Rh,1,(u-CO)(u-HFB)(DPM),]  9-5 131-0 1690 m (CO) ,
9 [Rn,C1,(u-CO) (u-OMA) (DPM),] 1.0 140-6 1720 m (C0)
1660 m ('3c0)
) 1700 br, m (CO,Me)
10 [RR,C1,(u-50,) (u-HFB) (DPM),] 16-0 1301 1140(w), 1030(w) (50,)
11 [Rh,1,(u-50,) (u-HFB) (OPM), ] 18-5 127-9 1128(m), 1072(w) (S0,)
12 [RnyC1,(u-50,) (u-0MA) (DPM),] 13-0 1355 1162(m), 1068(w) (50,)

2 For compounds 4a (CF3SOS anion) and 5!_)(8?'4’ anion) the ]H NMR spectra show a
triplet of quintets at § = -20-4 ppm (]JRh-H = 23-4 Hz; ZJP-H = 8-4 Hz) and

for Sb (BF" anion) a broad unresolved resonance is observed at & = -21-4 ppm.

b Spectra were run on a Bruker HFX-90 spectrometer.

c LYy ] [}
J 1s the splitting between the two major lines of the AA'A"A™ XX' spectra.
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Table XII. Molar Conductivities?® for the Stepwise Addition

b
of CNMe to [haxz(u—RCZR)(DPM)Zl .

-

2

Stofchiometry® Condué(&vity (A". 'ﬂ-'cmzml-])

. _ .. Compaund 1 2 3
0:1 0-9,.” <0-4 <0-4
0-5:1 1-6 0-4 41
1:1 2-8 6-2 9.7
1.5:1 6-8 10-5 28.5
2 12-4 . 1n-8 31-0
2-5:1 16-8 12.9 33.9
3 20-0 14.6 32-3
3.5 22-9 14-8 316
4:1 = 22-7 14.8 31-6

a 1-0 mM solytions of the compl/exes in CHZCI2

Complex 1, X = €1, R = CFy5 2, X = I, R = CFy5 3 X = CI, R = CO,Me.

3 2

Moles of CNMe per mole of complex.



Table XIII., Summary of Crystal Data and Intensity
' Collection Details for [RhZCl(CNQS)z(p—HFB)—

(DPM) 5] [BF 41-

K
‘ ,
compound . [Rh,C1(CNMe)  (p-CF3C,CF3) (DPM) ]~
(BF 4] '

formula weight 1341.0'
formula Rh,C1P,F o N,CogBHg
space group C%h - le/n (non-standard setting of

h P2,/c) )
éell pépameters
a, A : 16.366(3)
b, A » 18.685(3)
c, A , 20.425(4)
8,° . 104.35(1)
v, &3 ' 6051 .1 \
Z 4
density, g cm~3 1.472 (calculated)

1.521 (measured by flotation)?

"crystal dimensions, 0.41 x 0.31 x 0.47

mm

crystal shape monoclinic pri with faces of the
forms {010}, {Qq11}, {111} and {212}

crystal volume, mm3 0.0125

temperature, °C 23

radiation CuKa L



w, cm 1

range 1n absorption
correction factors

receiving aperture,
mm

take off angle, deg
scan speed, deg min~ 1
scan range, deg

background
counting times, s

20 limits, deg
unigue data measured
unique data used

final number of
parameters varied

error in observation
of unit weight (GOF)

R
Ry

)
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65.407 ’ y

0.258-0.417

3.5 x 4.5 (at 30 cm ftrom crystal)
5.0
2.0 in 29

1.00 below Kal to 1.00 above Ka2

10, 3° < 206 < 60°; 20, 60° 26 < 78°;
40, 78° < 29 < 120

3 < 26 < 120
9428
6800

367
2.009

0.059

0.097

agee the text for an explanation of the poor agreement -

between the calculated and observed densities,
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Table XVII.

(DPM)Zl[nF4]

Selected Distances (A) 1in [Rh2C1(CNMe)2(p—HFB)—

Rh(1)-Rh(2)
Rh(1)-C1
Rh(1)-P(1)
Rh(1)-P(3)
Rh(2)-P(2)
Rh(2)-P(4)
Rh(1)-C(2)
Rh(2)-C(3)
Rh(2)-C(5)
Rh(2)-C(7)
C(2)-C(3)
C(1)-C(2)
C(3)-C(4)
C(5)-N(1)
C(7)-N(2)
C(6)-N(1)
C(8)-N(2)
C(1)-F(1)
C(1)-F(2)

C(1)-F(3)

‘

Bonding Distances

2.7091(8)
2.400(2)
2.301(2)
2.302(2)
2.371(2)
2.384(2)
2.025(8)
2.067(7)
2.009(9)
1.972(8)
1.322(10)
1.523(10)
1.486(11)
1.162(10)
1.148(10)
1.389(12)
1.420(12)
1.349(}0)
1.309(9)

1.329(10)

C(4)-F(4)
C(4)-F(5)
C(4)-F(6)
P(1)-C(9)
P(2)-C(9)
P(3)-C(10)
P(4)-C(10)
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)
B-F(7)
B-F(8)
B-F(9)

B-F(10)

1.342(9)
1.360(10)
1.338(9)
1.815(8)
1.821(7)
1.831(8)
1.821(7)
1.831(4)
1.823(4)
1.835(4)
1.838(4)
1.827(5)
1.822(5)
1.826(5)
1.833(5)
1.35(2)
1.25(2)
1.27(2)

1.27(2)



Table XVII (continued)
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P(1)-P(2)
P(3)-P(4)
Rh(1)-C(3)
Rh(2)-C(2)
Rh(1)-F(2)
Rh(2)-F(6)
F(6)-C(7)
Cl-H(62)

Cl-H(22)

Non Bonded Distances

2.961(3)
2.982(3)
2.902(7)
2.660(7)
3.033(5)
3.369(5)

2.981(10)

Cl-H(12) 2.82
C(5)-H(76) 2.50
C(5)-H(32) 2.58

H(1Cl0)-H(72) 2.05
H(2C9)-H(36)  2.10
R(1)2-H(73)P  2.59

R(2)2-H(34)€ 2.61

R(3)2-H(3C6) 2.61

a. R(1), R(2) and R(3)

Fourier peaks.

b. H(73) of the molecule at

(1-x,

are 3 of the 5 most intense residual

“Yr -z).

c. H(34) of the molecule at (1) -x, y- ¥y ¥, -2z).
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Table XVIII. Selected Angles (Deg) in [haCl(CNMe)z(p—HFB)—

(DPM)2][8F41-

P(1)-Rh(1)-Rh(2)
P(3)-Rh(1)-Rh(2)
P(2)-Rh(2)-Rh(1)
P(4)-Rh(2)-Rh(1)
P(1)-Rh(1)-P(3)
P(2)-Rh(2)-P(4)
~Rh(1)-Rh(2)

C1-Rh(1)-P(1)
C1-Rh(1)-P(3)
C1-Rh(1)-C(2)
P(1)-Rh(1)-C(2)
P(3)~Rh(1)-C(2)
P(2)-Rh(2)-C(3)
P(4)-Rh(2)-C(3)
C(5)-Rh(2)-C(3)
C(7)-Rh(2)-C(3)
C(2)-Rh(1)-Rh(2)
C(3)-Rh(2)-Rh(1)
C(5)-Rh(2)-Rh(1)
C(7)-Rh(2)-Rh(1)
C(5)~Rh(2)-C(7)
P(2)-Rh(2)-C(5)
P(4)-Rh(2)-C(5)
P(2)-Rh(2)-C(7)
P(4)-Rh(2)-C(7)
Rh(1)-C{2)-C(3)
Rh(2)-C(3)~-C(2)

Bond Angles

92.56(5)

94.37(5)"-

93.49(5)
92.22(5)
172.61(7)
168.34(7)
130.35(6)
88.57(7)
88.91(8)
163.1(2)
90.2(2)
90.2(2)
85.9(2)
86.012)
159.1(3)
105.3(3)
66.6(2)
73.5(2)
85.7(2)
177.9(2)
95.6(3)
95.3(2)
95.3(2)
88.2(2)
85.9(2)
118.8(5)
101.2(5)

Rh(1)-P(1)-C(9)

Rh(1)-P(1)-C(11)
Rh(1)-P(1)-C(21)
Rh(2)-P(2)-C(9)

Rh(2)-P(2)-C(31)
Rh(2)-P(2)-C(41)
Rh(1)-P(3)-C(10)
Rh(1)-P(3)-C(51)
Rh(1)-P(3)-C(61)
Rh(2)-P(4)-C(10)
Rh(2)-P(4)-C(71)
Rh(2)-P(4)-C(81)
C(9)-P(1)-C(11)

C(9)-P(1)-C(21)

C(11)-p(1)-C(21)
C(9)-P(2)-C(31)

C(9)-pP(2)-C(41)

C(31)-P(2)-C(41)
C{10)-P(3)-C(51)
C(10)-P(3)-C(61)
C(51)-P(3)-C(61)
C(10)-P(4)-C(71)
C(10)-P(4)-C(81)

C(71)-P(4)-C(81) -

P(1)-C(9)-P(2)
P(3)-C(10)-P(4)
P(1)-C(11)=-C(12)

112.2(2)
121.6(2)
111.5(2)
110.9(2)
118.8(2)

- 118.4(2)

111.6(3)
120.6(2)
110.9(2)
112.1(3)
117.8(2)
115.7(2)
101.9(3)
104.8(3)
103.2(3)
107.3(3)

103.4(3)

96.5(3)

103.7(3)
104.4(3)
104.2(3)
105.6(3)
103.8(3)
190.1(3)
109.1(4)
109.5(4)
120.2(3)
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Table XVIII continued
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Rh(1)-C(2)-C(1)
Rh(2)-C(3)-C(4)
c(1)-Cc(2)-Cc(3)
C(2)-C(3)-C(4)
F(1)-C(1)-C(2)
F(2)-C(1)-C(2)
F(3)-C(1)-C(2)
F(4)-C(4)-C(3)
F(5)-C(4)-C(3)
F(6)-C(4)-C(3)
F(1)-C(1)-F(2)
F(1)-C(1)-F(3)
F(2)-C(1)-F(3)
F(4)-C(4)-F(5)
F(4)-C(4)-F(6)
F(5)-C(4)-F(6)
Rh(2)-C(5)-N(1)
Rh(2)-C(7)-N(2)
C(5)-N(1)-C(6)
C(7)-N(2)-C(8)

116.3(5)
129.4(5)
124.9(7)
129.3(7)
111.1(7)
114.2(7)
112.5(7)
114.4(7)
112.8(7)
113.6(7)
104.8(7)
106.4(7)
107.1(7)
104.0(7)
105.:9(7)
105.3(7)
178.9(7)
174.2(8)
176.2(9)

177.6(10)

P(1)-C(11)-C(16)
P(1)-C(21)-C(22)
P(1)-C(21)-C(26)
P(2)-C(31)-C(32)
P(2)-C(31)-C(36)
P(2)-C(41)-C(42)
P(2)-C(41)-C(46)
P(3)-C(51)-C(52)
P(3)-C(51)-C(56)
P(3)-C(61)-C(62)
P(3)-C(61)=-C(66)
P(4)-C(71)-C(72)
P(4)-C(71)-C(76)
P(4)-C(81)-C(82)
P(4)-C(81)-C(86)
F(7)-B-F(8)
F(7)-B-F(9)
F(7)-B-F(10)
F(8)-B-F(9)
F(8)-B-F(10)
F(9)-B-F(10)

119.5(3)
117.4(3)
122.6(3)
119.2(3)
119.9(3)
121.7(3)
117.7(3)
120.0(3)
119.8(3)
116.5(3)
123.5(3)
121.1(3)
118.9(3)
121.5(3)
118.2(3)
97(2)
108(2)
96(2)
125(2)
114(2)
111(1)



XVIII (continued)
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P(1)-Rh(1)-Rh{(2)-P(2)
P(3)-Rh(1)-Rh(2)-P(4)
P(1)-Rh(1)-Rh(2)-P(4)
P(3)-Rh(1)-Rh(2)-P(2)
C(9)-P(1)-P(3)~C(10)
C(9)-P(2)-P(4)-C(10)
C(11)-P(1)-P(3)-C(5]1)
C(21)-P(1)-P(3)-C(61)
C(31)-P(2)-P(4)-C(71)
C(41)-P(2)-P(4)-C(81)
C(1)-C(2)-C(3)-C(4)
Rh(1)-C(2)~C(3)-Rh(2)
Cl-Rh(1)-Rh{(2)-C(5)
C(11)-P(1)-P(2)-C(31)
C(21)-P(1)-P(2)-C(41)
C(51)-P(3)-P(4)-C(T1)
C(61)-P(3)-P(4)-C(8]1)
C(11)-P{1)-Rh(1)-Cl
C(21)-P(1)-Rn(1)-Cl
C(51)-P(3)-Rh(1)-Cl
C(61)-P(3)-Rh(1)-Cl
C(31)-P(2)-Rh{2)-C(5)

Torsion Angles

3.94(7)
-3.65(7)
173.77(7)
-173.47(7)
-1.7(0)
0.3(4)
~2.8(3)
-2.7(3)
~1.3(3)
0.6(3)
5.1(1.3)
-0.9(6)
-0.8(2)
0.4(3)
~2.4(4)
-0.4(3)
2.9(5)
-39.9(2)
82.1(2)
37.1(2)
-84.9(2)
-16.6(3)

—

C(41)-P(2)-Rh{2)}-C(S)
C(71)-P(4)-Rh(2)-C(5)
C(81)-P(4)-Rh(2)-C(5)
C({31)-P(2)-Rh(2)-C(7)
C(41)-P(2)-Rh(2)-C(7)

C(71)-P(4)-Rh(2)-C(T)~

C(81)-P(4)~-Rh(2)-C(T)

<
C(11)-P(1)-Rh(1)-C(2) _
C(zl)—p(x)—ah(l)-ctzpf

C(51)-P(3)-Rh(1)-C(2)
C(61)-P(3)-Rh(1)-C(2)
C(31)-P(2)-Rh{2)-C(3)
C(41)-P(2)-Rh(2)-C(3)
C(71)-P(4)-Rh(2)-C(3)
C(81)-P(4)-Rh(2)£C(3)
C(9)-P(1)-Rh(1)-C(2)
C(10)-P(3)-Rh(1)-C(2)
C(9)-P(2)-Rh(2)-C(3)
C(10)-P(4)-Rh(2)-C(3)
C1-Rh(1)-C(2)-C(1)
C(5)-Rh(2)-C(3)-C(4)
C(7)-Rh(2)-C(3)-C(4)

-133.0(3)

15.4(3)
133.8(3)\\\\///
78.8(3)

-37.6(3)
-79.8(3)
38.5(3)
156.9
-81.0
-159.8(3)
78.2(3)
-175.7(3)
67.9(3)
174.5(3)
~67.2(3)
36.1(3)
-37.7(3)
-51,1(3) .
51.6(3)
2.6(12)
-174.7(8)
6.4(8)
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Description of Structure of Compound 15b

The unit cell of [Rh,C1(CNMe),(u-HFB)(DPM),][BF,},
shown in Figure 5, consists of discrete, well-separated
anions and cations. A perspective view of the catidn,
together with the numbering scheme (phenyl hydrogens have

the same number as their attached carbons) is shown in

Figure 6 and a representation of the inner coordination

sphere in the plane of the acetylene and the rhodiym
atoms, together with some " relevant bond distéhces and
angles 1is given in Figure 7. More complete listings of
interatomic distances and angles may  be found in Tables
XVII and XVIII, respe@tiv?1f7’~and the results of some
least-squares plane calculations are collected in Table
XIX. “ O

The tetrafluoroborate anion has a near-tetrahedral
geometry, but . is significantly ‘distorted from the
idealized case; the B-F distances rangq‘from 1.25(2) A to
1.35(2) A and the F-B-F angles range from 96(2)° to
125(2)°. As noted earlier, this group 1is probably
diéordered, so the geometry, afthough. not completely
satisfactory, is not unexpected and compares adequately

with geometries observed for other disordered BF,

anions,19-22
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C(22)

o) H(3C8)
N N
an 4
T i' c8)

(N 2
L) Fe

([ X C(72)
q%

H(1C10)

Pigure 6. Perspective View of [Rh,C1(CNMe) , (p-HFB)-

(DPM)2]+. The numbering scheme is as shown;
the numbering dh the phenyl .carbon atoms
starts at the carbon bonded to phosphoruys and
increases sequentially around the ring. 20%

thermal ellipsoids are shown.



178.2(9)

178.K7)

177.8011)°

174.2(8)°

1.42(1)

1.972(8)
105.3(3)"

1.15(1)

. A}
Figure 7. Representation of the Equatorial Plane of

[RhZCI(CNMe)Z(p—HFB)(DPM)2]+. Some relevant

bond lengths and angles are shown.
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The cation has an inner-core geometry similar to
that observed ftor many other DPM-bridged binuclear
complexes, having two rhodium atoms bf}dged by two
mutually trans DPM ‘ligands. In the equatorial plane
(perpendicular to the Rh-P vectors) the metals are
bridged by a hexafluoro-2-butyne molecule coordinated as
@ cis-dimetallated olefin, thle Rh(1l) has a termiﬁal
chloro ligand and Rh(2) has two terminal,.l)near methyl
isocyanide ligands. The metals are also connected by a
metal-metal bond.

Each end of the thZCl(CNMe)z(p—HFB)(DPM)é]+ cation
réther closely resembles one of two known and
structurally characterized complexes; on the Rh(l) side,
the geometry 1is reminiscent of that of the precursor, 1;1
whereas the geometry about Rh(2) élosely -approximates
12+

that observed tor thz(CNtBu)4(p-HFB)(DPM)Z , which has

,

recently been characterized by Mague et

Considering first the geometry about Rh(l), " we can
describe it as a very di§torted é%igonal biéyramid with
axial phosphine groups/and the equatorial sites ochpied
by the terminal\Cl ligand, the bridging acetylene ligand
and Rh(2) or, if we do nét consider the Rh-Rh bond, as a
distorted square plane. The major - differencel of this
~ part of the molecule from the conformations about the

»
3%
metals in 1 lies in the position of &Te chlgfg,ligand,

sy

E&:23'24'
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which is mucH closer to being trans to the acetylene

.
N [
_ghwmp(thandin 1. This may be responsible for the longer

v

_—

Q@“ Rh-Cl1 bond ,in the preéént compound (2.400(2) A vs.

2

4

‘%? 2.377(2), and 2.384(2) A for 1) since a wv-alkenyl 5}6ﬁp

B

2'(a metallated olefin in our terminology) has a large

|

‘#tans influence.2r5 Id [Rh,Cl,(pwCO)(u-DMA) (DPM),], the

~

CO adduct oficomp0qnd 3, the chloro ligands are similarly

6 &

situatedk with respect to the acetyleng Woiety and the

Rh-Cl dMetances are again 1ong.4 The disposition of the
. \
chloro 1ligand (almost trans to Cc(2)) results in a

relatively large Cl-Rh{1)-C(2) angle of 163.1(2)°; in
3

[RhZCLZ(u—HFB)(DPM)é] (13 and the analogous carbonyl-

*

and sulfur dioxide~bridged® species the corresponding -
sp p g

angles are all close to 145°, even though ;there are
significant differences in the geometries of the bridging
groups. The reason for the differencg'in the present
compound may be steric, because th; Cl atom has weak
VQP_der Waals contacts with the phenyl hydrogens on rings
1 and 2 (Cl-H(22) = 2.81; Cl-H(12) = 2, i Moving this
atom towards the position it formerly occupied in 1 would
bring about greater steric interaction with H(22) and the
carbons of phenyl group 2.

The geometry about Rh(2), as in [ha(CNtBu)4-
(p-HFB)(DPM)zlz*, can be viewed as either distorted

octahedral, considering the Rh-Rh bond, or as distorted

4
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trigonal bipyramidal ignoring this bond. The relative
positions of the isocyanide ligands in complex 15b and
Mague's species are different; in 1Sb one CNMe group is
\ .
éssentially trans to the Rh-Rh bond while the other is
almost at right angles ﬁo it but bent towards Rh(1)
slightly, away from the - position which is trans to the
acéfylene group (see Figure 7). In Mague's species,24 on
the .other hand, the two tert-butylisocyanides which are
mutually cis on adjacent métals are bent away from each
other and age trans to he two Rh-acetylene linkages,
while the other two are bent significantly off the Rh-Rh
axis. These differences in isbcyanide positions are
probably a consequence of the significant differences in

)
the bulk of the isocyanide groups and of the much less

crowded environment around Rh(1) in the present compound
- (hraving one Cl ligand instead of two CNtﬁu.groups). The
150cyanides tend to assume positions which minimize
. contacts with each other and with the DPM phenyl
groups. So in Figure 6 we see that these phenyl groups
tend to Dbe staggeéed with respect to the equatorial
Iigands. " ’

The geometries of the isocyanide ligands in 15b are
nor%al fo? terminally bonded, linear isocyanide groups

and agree well with each other and with other reported

patameters.26'28 Although the two metal-isocyanide
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distances differ slightly (1.972(8), 2.009(9) A), the
difference is in the direction expected, with the longer
distance being the one trans to a group of high trans
influence (the metallated olefin). These distances are
significantly shorter than those observed for the tert-
butylisocyanide groups in Mague's compound.24 However,
it 1s likely that the rather long distances in the latter
species result from the severe crowding in this molecule.

Although the overall geometry of the bridging
acetylene ligand 1is not atypical for such a group when
bonding as a cis-dimetallated olefin, this moiety does
have some curious structural features., The angles about
the metallated carbons are reminiscent of sp2
hybridization and the acetylenic C-C bond‘has lengthened
to 1.32(1) A, close to that of a normal olefin,zr9 as
have been previously observed, However, the acetylene
group is coordinated in an unsymmetrical manner,
appearing to be more tightly bound to Rh(1l), as evidenced

by the shorter rhodium-carbon distance (2.024(8) A vs,.

2.066(7) A). In addition, the acetylene 1ligand is.

displaced in the equatorial plane such that C(2) is only
2.660(7) A from Rh(2), whereas the corresponding
Rh(1)-C(3) distance is 2.902(7) A. Although tﬁis contact
with Rh(2) is well beyond that of a normal covalent bond,

it may suggest some interaction of Rh(2) with the
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C(2)-C(3) n-bond. In the acetylide-bridged A-frame,
[ha(C0)2(u—CCtRu)(DPM)Z][C104], the acetylide moiety is
coordinated to one metal in a side-on manner and the two

Rh-C distances involved are 2.209(6) and 2.616(6) &,30

suggesting that the above contact in the present complex

is not unreasonable faor some = interaction. Such an
interaction 1is also consistent with. the drop in the
infrared stretch associated with the acetylene moiety
from 1638 cm~! in 1 to 15;90 em™! in 1Sb. This asymmetry
could, however, be steric in origin since it is
consistent with the end of the acetylene ligand, which is
adjacent to the crowded isocyanide end of the complex,
being forced away from Rh(2) (see Figure 2). The non-
bonded contact between C(7) and F(6) of 2.98(1) A |is
consistent with these steric arguments although it seems
as though any unfavourable steric interactions could have
been relieved by twisting the acetylene moiety out of the
plane containing the rhodium atoms, the chloro and the
isocyanide ligands as was observed in the tetrakis{(tert-
butyl isocyanide) compound.24 As it is, the acetylene
moiety is twisted from the above plane by only 0.9(6)°,
Whatever the reason for the observed qsymmetry in
acetylene bonding, we would expect to observe less
activation at the acetylenic carbon which is less tightly

bound (C(3)) and therefore less bending back of the CFq

-
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group and a shorter C-CF3 bond (the covalent radius for
an sp carbon is less than that of an sp2 carbon). Both
of fhese effects are observed, although the difference in
the C-CFjy bonds is not statistically significant and may
therefore be fortuitous. However, the difference in the
C(2)-C(3)-C(4) and the C(3)-C(2)-C(1) angles is
significant, especially since it 1is opposite to what
would be expected based on steric interaction between
this CF;‘group and the neighbouring isocyanide ligand.
In another complex recently characterized by Mague,
[Rh,(0,CMe) (P(OMe) 3) (u=CO) (u~DMA) (DPM) ;] PFg+Me,CO, 1 the

difference in Rh-C distances is even more

acetylene
pronounced (1.985(12) and 2.053(12) &) than in our
compound, but there is no significant difference in the
angles about the acetylenic carbons. It may also be that
in the present determination the difference in the bend-
back angles of the CF; groups is also steric in origin
since F(2) is involved in a rather close contact with
Rh(1) (3.033(5) A) which could force this CF5 group away
from Rh(l), resulting in a more achte C(1)-C(2)-C(3)
angle.

The Rh(1)-Rh(2) distance (2.7091(8) A), although

typical for a Rh-Rh single bond, is one of the shortest

yet observed in DPM-bridged-dirhodium systems. Since

each end in the present compound resemble either
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thzClz(p—CFBCZCFa)(DPM)2] or thz(CNt—Bu)4(p—CF3C2CF3)—
(DPM)2]+2, it might be expected that its Rh-Rh distance
would be intermediate between those in the above
complexes. In fact, it is less than either of these.
However, it should be noted that the Rh-Rh distance 1in
the tetrakis(tert-butylisocyanide) dication?? (2.9653(6)
R) is‘ anomalously long, most proably due to. severe
crowding about both metal centers. The Rh,(DPM),
framework in 15b is essentially as expected, with some
minor distortions. Both diphosphine 1ligands are bent
towards the bridging acetylene group, reflecting the non-
bonded . interactions of the phenyl groups with the chloro
ligand and the isocyanide groups; since the bridging
methylene groups of the DPM ligands are bent téwards the
acetylene ligand, phenyl groups 1, 3, 5 and 7 are thrust
towards the isocyanide (C(5)N(1)C(6)Hy) and Cl ligands so
interactions of these groups seem to dictate the
phosphine geometries. All Rh-P distances (2.301(2)-
2.384(2) A) are within the range normally observed for

32 although those

such DPM-bridged, dirhodium compounds,
on Rh(1l) are significantly shorter than those on Rh(2).
It _seems that the longer distances reflect the more
crowded environment about Rh(2). In two other A-frame-

like compounds, [Rh,Cl,;(p-H) (u~CO) (DPM) ]6 and
2-°3 12

[Rh,C1,(CO) (SCNMe,) (DPM) ] [BF,) ,33 similar (Jariations in
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the Rh-P distances were also observed, with the longer
distances being associated with the more crowded rhodium
centers. All other parameters within the phosphine
groups in the present compound are normal.

-

Discussion of Results

(a) Protonation Reactions

The reactions of [haxz(p—RCZR)(DPM)zl (R = CF3, X =
€t (1), T (2); R = CO,Me, X = Cl (3)) with very strong
acids such as CF3SO3H and HBF4-OEt, yield the cationic

species [Rh,X,(u-H)(u-RC,R) (DPM),1[Y] (R = CF3, X = C1, Y

= CFy803 (4a); BF, (4b); R = CF3, X = I, Y = CF3S0; (5a),
BFy (5b); R = CO,Me, X = Cl, Y = CF3S03 (6a), BF,
(Sb)). These species are only stable for brief periods
at low temperatures in the presence of excess acid, and
cannot be isolated. Nevertheless, tpéir NMR spectra
establish that protonation at the metgi—métal bond has
occurred in each case. The 200 MHz lH NMR spectrum of
compound 4a, for example, displays an 1ll-peak multiplet
at high field (6 = -20.44 ppm, g, . = 23.4 Hz, 20p_y =
8.4 Hz) which integrates as a single proton, and which

can be analysed as an overlapping triplet of quintets;

the larger splitting arises from coupling to the two



chemically equivalent Rh nuclei to give a triplet, with
each of these peaks being further split into a quintet,
owing to coupling of the hydrogen to four chemically
equivalent P nuclei. /fIn addition, the 3lp{lH} NMR
spectrum reveals a symmetric pattern at 11.0 ppm with a
separation of 92.0 Hz between the two major peaks, again
consistent with a complex in which all four phosphorus
nuclei are chemically equivalent. Unfortunately, solvent
and ligand absorptions prevent observation of the Rh-H
stretch in the infrared spectra of compound 4a and the
other protonation products.

The 3lp{lH} NMR spectra of complexes 4b, 5Sa and 5b
very closely resemble that of 4a, suggesting that similar
protonation of the Rh-Rh bond has occurred. For
compounds 4b and Sb this conclusion is supportedT by
their ln NMR spectra; for 4b, the spectrum 1is nearly
identical to that of 4a, while for 5b, an unresolved
resonance is observed in the same region of the spectrum
with a—peak—envelope essentially superimposable on those
of 4a and 4b. Surprisingly, no hydride resonance was
observed for Sa over the temperature range -80°C to
+20°C, yet the 31p(1ly) NMR spectrum of Sa and the colour
change clearly show that a reaction has occurred and

suggest a product analogous to the others,
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The 31P(lH} NMR spectra of the DMA-bridged
compounds, 6a and 6b, again appear typical for a
symmetric product and are qualitatively similar to the
‘patterns observed above, but they do differ significantly
from the patterns for 4 and 5, having a wider spacing
between the two major peaks. Again no resonance
corresponding to the hydride ligand was observed 1in
either of these species. We suspect that for these
speciles a fluctional process, such as reversible
deprotonation, 1is responsible for our failure to detect
the hydride resonances, although no direct evideﬂce of
this was observed.

The above spectral informatién shows that the
products are symmetrical (at least on the NMR time scale)
and suggests that simple protonation of the Rh-Rh bond
has occurred to give the cationic species diagrammed
below. However, based on rélated protonation studies
involving the analogous carbonyl-bridged complex
[RhZClz(p—CO)(DPM)zl,6 we‘ are unable to rule out the
possibility thai Rh-Rh bond protonation may also be
accompanied by anion coordinat{on at one metal centre.

Y

Yo-d! ¢+
NSO\ X
Rh—————Rh

~n"
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Although the NMR spectra for protonation of the carbonyl-
bridged species were very similar to those reported here,
and as such were indicative of a symmetric product,
careful studies on this carbonyl-bridged system showed
that anion coordination was occurring to give the
flucsional™ species [Rh,Cl,(Y)(u-H) (u-CO)(DPM),]1, which
were symmetrical on the NMR time s&le. Based on tlre
very close similarities in the spectral parameters
between compounds 4 and 5 and their CO-bridged analogues,
we suggest that‘a'gzmilar process may be occurring in the
acetylene-bridged species, yielding the oxidative
additlion products diagrammed below,

As with the CO-bridged analogues, these products
would have to be fluctional 1in order to give the
symmetric-species pattern observed in the NMR spectra.
Such fluctionality, accompanied by revsrsible

deprotonation, may also explain our inability to locate

R R
R/ N/
/N BV NN _X
Rh Rh +HY RN Rh
x~, ~x v/ H

the hydride resonances for three of the protonation

products, due to exchange broadening of the spectral
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lines. The additional studies required to further
elucidate any fluctional processes. thaE might be
occurring could not be carried out because of the
instability of the products and the necessity of
utilizing large excesses of acid. No broadening of
the 3lp{ly) N~NMR signals is observed wupon coéling sample
4-6, but this is not surprising since broadening could
only be observed for the carbonyl-bridged analogues 1in
the\ﬁggsence of excess acid;6 the reactions reported
hefein require excess acid. Similarly, the excess acid
prevented meaningful conductivity measurements from being
carried out. |

As noted above: the S3lp{ly) nNMR spectra for
complexes 6a and 6b are significantly different from
those of compounds 4 and 5.5 Althougﬁ the reasons for the
difference are not clear, anion coordination 1in these
species might be inhibited by the bulkier CO,Me
substituents on the acetylene group, possibly giving a
different type of species without such anion
coordination.ﬁ Nevertheless,-thngh direct evidence (lH
NMR) 1is 1lacking for 6a and 6b, we see no reason (Lo
suggest that protdnation of 3 at the metal-metal bond d4did

not occur for these cases, as did clearly occur for

-complexes 1 and 2.
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(b) Reactions with CO and S0,

At the time that this work was undertaken, the only
confirmed examples of CO insertion into metal-metal
single bonds had been reported‘ﬁor [szz(thYCHZYth)] (M
= pd, Pt; Y = P, As),34'35 and even now examples of such
regétions are rare,34-36 Although we had not previously
observed such insertions in related dirhodium, DPM-
bridged complexes, the reaction of [haxz(p—CO)(DPM)zl
with acetylenes to give [RhyX,(u-CO)(p-acetylene)(DPM),]
suggested to us that CO insertion into the Rh-Rh bond of
the acetylene-bridged species 1 might be possible,
yielding the above carbonyl- and acetylene-bridged
complexes.

Examples of SO, insertions into metal-metal bonds,

on the other hand, have been known for some time,37'38

although such insertions into the Rh-Rh bori‘d.s;:i:'oﬁ - PRM-—
bridged A-frames had not been observed by us> or reported
by other workers. Again, it seemed that compound 1 and
the related species 2 and 3 should be capable of
undergoing insertion of SO, into the Rh-Rh bonds.

The initial reactions of compdunds 1, 2 and 3 with

CO and SO, do in fact yield species which seem to have

resulted from the insertion of these small molecules inte—

the metal-metal bonds as diagrammed below. For the

products of CO-insertionv(7, 8 and 9), the 31lp{lH} NMR
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spectra and IR spectra are identical with those observed
in the reactions of [haxz(p—CO)(DPM)zl with the

appropriate acetylene molecule? and confirm -that

identical products are obtained by either route. The

31?{1H} NMR spectra are all rather similar, and are

typical of AA'A"A'"XX' spin systems, as expected for
symmetrical products resulting from CO-insertion into the
Rh-Rh bonds. Furthermore, tﬁe infrared spectra show the
stretch of the bridging carbonyl ligand at ca. 1?00 cm™1
for each product. Although this frequency is rather low,
it is typical for carbonyl groups which bridge two metals
and not accompanied by metal-metal bonds.4,34,35 The
X-ray structure determ#nation of éne product,
[Rh,C1,(u-CO)(n-DMA)DPM),] (obtained from [RhClo(u-CO)-
(DPM),] + DMA), has unambiguously confirmed the above
formulations,b and shows a carbonyl geometry which
corresponds to sp2 hybridization, in agreement with the

low carbonyl stretching frequency.4
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The products obtained in the reactions of compounds
l, 2 and 3 with S0, are analogous to the above carbonyl
adducts and are therefore formulated as [haxz(p—SO)z—
(p-RCzR)(DPM)zl (R = CFy, X =C1 (10), T (11); R = CO,Me,
X = €1 (12)) 1in which the bridging S0, and acetylene
Qroups are not accompanied by a Rh-Rh bond. Although
elemental analyses of pure samples cannot be obtained,

owing to the reversibility of the reactions €vide infra),

the spectral— parameters clearly support the above
formulation. The S-O stretches in the infrared spectrum
occur at ca. 1143 em™l and 1057 cm~! (see Table X). The
drop in the higher frequency stretch from that usually
observed when the bridging SO, is accompanied by a metal-
metal bond3? parallels the drop in carbonyl stretching

fregencies observed for the carbon-bridged analogues 7, 8

and 9 from the values observed . for bridging carbonyls

accompanied by metal-metal Qonds. In addition, the

31P{1H} NMR spectra of the SO, adducts are very similar

to those of the CO adducts, again showing an increase (to
ca. 130 Hz) in the splitting between the two major peaks
4as compared to the starting materials (see Table X).
Although these spectral results do not rule out the
possibility that these symmetrical products might contain
two SO, ligands (especially since compognds 10 and 11 are

>
prepared under excess S0,), the reaction of 3 with one
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equivalent of SO, to yield only 12 excludes the
possibility of major species containing more than one S0,
group. o

It is of interest to note that, while complexes 7 -
9 can be obtained either by reaction of compounds 1 - 3
with CO or by reaction of the corresponding carbonyl
compleg, [haxz(p—CO)(DPM)zl, withv the appropriate
acetylene, the SO0, adducts 10 - 12 can only be prepared
by reaction of 1 -3 with SO,. Attempts to prepare the
SO0,-bridged products 10 - 12 by reaction of
[Rh,X,(u-SO,) (DPM),} with acetylenes failed.

The reactions of CO and SO, with compoundg 1 - 3 are

all reversible, although a significant range in ligand

labilities is observed. - In all cases the carbonyl groups

are more tightly bound than the SO, groups in the

analogous. compounds. Carbonyl removal from compounds 7
and 8 requires overnight refluxing in ICHCl3 utilizing a
N, flush to completely regenerate compounds hiaégﬁ 2,
respectively, and compound 9 must be refluxed in ben;;ne
for ca. 2.days before 'it is totally consumed. However,
under the conditions of the latter reaction, about 10% of
the product is found to be [haclz(p-co)(DPM)zl, arising
fr.eﬁ the loss of the acetylene group. By contrast, the
Sozl.ligands in complexes 10 - 12 are vVery labile,

particularly in the hexafluoro-2-butyne complexes 10 and

v
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11. Fven after saturating CH2C12 solutions of 10 and 11
with S0, .and leaving at least 20-fold excesses of the gas
above the solutions, some starting material remains in
each case (ca. 15§ of 1'in 10 and ca. 7% of 2 in 11).
Flushing these solutigns with N, under ambient coqﬂitions
causes complete reversal of thesé’ﬁreactions within
minutes. Attempts to obt?in solid samples of 10 and 11
resulted in large aﬁounts of the starting materials 1 and
2, particularly for 10, where mostly st?rting material
was obtained. The smwll concentratiom of 10 obtained,
and the presence of strong C-F stretches As well as bands
due to DPM made location of the S-0 'stretches in this
compound difficult. However, comparisons of its spectrum
with those of the pure st;rting material, of 11 and of 12
do serve to identify the weak bands. The S0, group in
compound 12 is much less labile than those of the other
SO, adducts, although it too is lost to some degree upon
recrystallization.

In all cases, the acetylene groups are more tightly
bound than either the carbonyl or sulfur dioxide ligaﬂds;
only in the experiment in ;hich compound 9 undergoes
prolonged reflux in benzene is any acetylene 1oés
observed. ‘ \

It seems, from this study, that the iodo complexes

bind CO and SO, more strongly than do their chloro
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analogues and that the DMA complexes bind these molecules
more strongly than do the HFB species. The first
generalization 1is consistent with the better =a-donor
capability of the 1iodo ligand compared to the chloro
ligand; the iodo complexes will theréfore have additional
electron density at the metals, which would strengthen
the n—bacokbonding to the CO or S02 ligands, causing them
to be bound more strongly. The second observation
suggests th;t HFB is a more effective electron-
withdrawing group thaé DMA, leaving less electron density
on the metals for a-backdonation to CO or SO,, théreby
labilizing these ;groups. This 1is consistent with the
substituent o-parameters for CF3 and CO,Me moieties,40
which 1indicate that the trifluoromethyl groups on HFB
have a higher group, electronegativity than the
methylcarboxylate groups on DMA.

Although the reactions of CO and SO, with compounds
1 - 3 °"can be most readily visualized as occurring
directly at th; metal-metal bond, molecular orbital
calculations by Hoffmann and coworkers?l suggest that
such attack is actually symmetry-forbidden and that some
unsymmetrical intermediate is initially involved.
Although no such intermediate was ever observed in our

reacfions, it cannot be ruled out. Certainly one

possible intermediate, diagrammed below, would be
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expected to yield the observed products (L = CoO, S0,)
with great facility. Similar unsymmetrical species have
been obtained in the reactions of 1 - 3 with methyl

isocyanide (vide infra).

(c) Reactions with CNMe

Isocyanides, CNR, are quasi-isoelectronic with CO
and might therefore be expected to behave similarly.
Consequently they can function as simple =x-acid ligands
or undergo insertion reactions with metal-metal and
meta{:cérbon bonds, 42,43 mﬁch as is observed for CO anq
SO, - However, isocyanides are much stronger g-donors and
poorer x-acceptors than CO, as exemplified by the changes
in IR stretching frequencies associated with these groups
upon coordination to metals;43 whereas v(CO) invariably
decreases on coordination to metals which are capable of
n—backdonaﬁion, v(CN) for coordinated isocyanides are

often higher than those of the free molecules. More

4
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effective o-donation from an orbital which is C-N
antibonding ,and less effective n-backdonation from the
metal into the C-N a* orbitals account for the observed
increasé in v(CN).

This greater o-basicity of isocyanides can lead to
reactions which differ from those normally found for
CO. For example, the reaction of methyl isocyanide with
[szClz(DPM)2]26 initially gives the product of insertion
into the Pd-Pd bond, as 1is observed for CO and 802.
However, this product then reacts further with CNMe via
stepwise exchange of CNMe for Cl17, wultimately giving
[sz(CNMe)z(u—CNMe)(DPM)2]2+, the cérbonyl analogue of
which has apparently not been observed.

Since the [Rh2X2(p—RC2R)(DPM)2] complexes display
Rh-Rh bond reactivity with CO and 50, similar to that
observed for the above Pd dimer, werchose also to examine
the reaction of the acetylene-bridged dirhodium species
with CNMe. Our anticipation was that reaction at the Rh-
Rh bond would be the first sgep; this was found not to be
the case. F

As described in the experimental section, the
reactions of CNMe with compounds 1, 2 and 3 were carried
out by sequentially adding aliquots of the isocyanide to
solutions of the complex, followed by honitoring using IR

and NMR spectroscopy. In general, approximately 10
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additions and observations were made over the range from
0 to 6 equivalents, A brief word regarding the 31P{1H)
NMR spectra of these speciles 1s in order before
discussing the results of the isocyanide additions. Two
types of peak patterns are generally obtained for these
species, examples of which are shown 1n Figure 8. For
the purposes of this study we concluded that detailed
analysis of these spectra would offer no additional
information of relevance, so no analysis was carried out,
although we note that similar spectra have, on other

occasions, been successfully analysed by ourselves33

~and
others.ll'23 In Table XI we report the separations
between the peaks; these are not true coupling constants
but are given as aids in identifying the compounds. The
first type of peak pattern is that of a species having
chemically equivalent Rh nuclei (and four chemically
equivalent P nuclei), and appears as two major peaks with
additional minor peaks (see, for example, complex 20 1in
Figure 8). As usual, we have reported the splitting
between the two major peaks and the chemical shift of the
centre of the pattern. The second peak pattern appears
as two resonances, each of which appears as two sets of
three lines (which appear sometimes as pseudo-doublets of

triplets), and is indicative of an AA'BB'XY spin system

resulting from two chemically inequivalent Rh nuclei
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(species 17 and 18 in Figure 8). For this spectral type,
the chemical shift of the centre of each pair of three-
line patterns is given, as well as the separation between
the pairs of "é{iplets" and the splitting within these
"triplets“. ~

After\‘the ’gdﬁition of 1 equivalent of CNMe to
compound 1, the 31P{IH} NMR spectrum (at 161.92 MHz)
reveals four approximate doublets of triplets.
Homonuclear 3lp decoupling reveals that they are linked
in pairs; 1irradiation of one "doublet of triplets”
results in the collapse of another to leave a doublet,.
Thus two asymmetric species 13 and 14, in the approximate
molar ratio 4:3, respectively, are present. The 19¢ NMR
spectrum (at 376.41 MHz) at this stoichiometry shows a
coupled pair of quartets (confirmed by 19fr decoupling)
and a broad singlet, which can be assigned to compounds
13 and 14, respectively, on the basis of their relative
intensities. Similarly, the corresponding 1H NMR
spectrum (at 400.14 MHz) reveals two new singlgts at 3.32
and 2.98 ppm, 1in a region appropriate for coordinated
CNMe groups. These methyl resonances, which again
integrate in the ratio 4:3, together integrate as one
CNMe group. Two sets of resonances appear for the DPM

methylene protons, each of which is an AB quartet which

is further split into quintets, as expected for such
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groups. The solution infrared spectrum reveals two
terminal 1isocyanide stretches at 2192 and 2212 cm~1,
again assigned to compounds 13 and 14 on the basis of
their intensities.

Based on the above spectral information, three

structures (shown below) seem plausible for these two

R R R
F\c C/R "e-c’ \/C - C<
- /N _
I Y Rh——Rh—CNMe X—Rh———Rh—CNMe
- x~ le
X (l: X X
N
(I) Me (ID) (11D
isomers. In view of the very low conductivity of the
reaction mixture (see Tablé XI11), significant

dissociation of Cl~ does not seem likely. Furthermore,
attempts to prepare the species likely to be the result
of C17 loss, [Rh,C1(CNMe)(p-CF3C,CF3)(DPM),]Y, were
unsuccessful; addition of 0.5 equivalents of AgBF, in THF
solution to the reaction mixture as apove led to the
formation of roughly equimolar amounts of [Rh;C1l(CNMe) -

(u-HFB) (DPM) 5]~ (vide infra) and 1, and further AgBF,

addition resulted in the decomposition of 1 to
unidentified products,
Although we are unable to establish unambiguously

the structures of complexes 13 and 14, one thing is clear
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- these products are-very different from those obtained
upon addition of €O () or SO, (8). In no case do we
observe evidence of a bridging isocyanide group. Both
structures I and II have precedent in the structure
reported herein of compound 15b. Structure I 1is an
interesting possibility since such a structure was
suggested by us as the first product of CO addition to
compounds 1 - 3; 1in the CO adduct the carbonyl group
readily assumes the bridging position, severing the Rh-Rh
boqg, whereas here, if 1 is indeed one of the products,
the CNMe group does not move into the bridging site.
After the addition of two equivalents of CNMe to a
solution of 1, one species, 15a, ) predominates,
whose 31p{lH}) NMR spectrum is typical of an AA'BB'XY spin
system arising from an unsymmetrical compound. This 1is
confirped by a 19  NMR spectrum which shows a pair of
quartets and by the lH NMR spectrum which shows two
methyl resonances. Solution infrared measurementL reveal
two terminal isocyaqide stretches at 2192 and 2229 cm~l
and conductivity measurements show that the species is a
weak electrolyte (see Table XII). Reaction of 15a with a
methanolic solution of NaBFy 1e§ds to the precipitation
of the very insoluble species [Rh,C1(CNMe),(u-HFB)-
(DPM)Z][BF4] (15b), whose structure was unambiguously

»
established by X-ray techniques (vide supra) to be that
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diagrammed as structure IV (see Figure 9 ). Compound 15b
has isocyanide stretches at 2216 and 2244 cm™l. Owing to
the very low solubility of 15b a satisfactory 31plny NMR
spectrum could not be obtained, but its 1y NMR spectrum
shows the CNMe resonances, which are  shifted so&ewhat
from those of 15a (seé Table XI). These differences, we
suggest, are due to Cl° assoclilation with the cation in
15a, which 1is also 1implied by?{he conductivity of 15a,
which is lower than those of similar 1:1 electrolytes in
CH,Cl, .44

The addition of CNMe to a solution of 1%a results in
the formépg?n of a new species, 16a, and aftér the
addition “Wtﬁd equivalents of CNMe conversion to this
product is complete. Complex 16a can also be prepared by
the addition of 4 equivalents of CNMe to compound 1. No
other species is detected between 15a and 1é6a.
The 31P{lH) NMR spectrum displays two major peaks,
characteristic of a symmetrical species, an@@ the 19F NMR
spectrum shows one singlet. The ly NMR épectrum reveals
two resonances, each integrating as 6 protons, indicating
that it contains four CNMe 1ligands grouped 1into two
chemically equivalent pairs. Although 1its conductivity
is low for a 2:1 electrolyte, it is approximately double
that found for solutions of 15a, again suggesting

association of the Cl17 anions with the cation. We

therefore formulate the compound as shown below (with DPM
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groups omitted for clarity). This structure is similar

to that reported24 by Mague for the CNtBu analogue, which

he prepared23 by addition’ of HFB to [ha(CNtBu)4‘

(DPM)Z]Z*. In addition, we have prepared Mague's species
by a method similar to that reporéed above for CNMe, by
the addition of four equivalents of CNY'Bu to compound
1.45

Clearly, the addition of two equivalents of CNMe to
15a brings about replacement of the remaining Cl~ ligand
by two CNMe groups, as was observed for Cl~ replacement
at the first metal centre. However, in this case no
intermediate iqvo}ving 3CNMe groups, analogous to the 1:1
adducts 13 and 14, is observed. Further addition of CNMe
to solutions of 16a causes no further reaction.

The stepwise addition of CNMe to [halz(p-HFB)_
(DPM),] (2) has also bee; monitored as described above
for complex 1; on the whole, the results are comparable,

although there are some notable differences. Reaction of
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2 with one equilvalent ot CNMe agaln ylelds two

unsymmetFicai;gpecies (17 and 18), 1n approximately a S:2
ratio f$¥ this case. Again, which of the possible
isomers (I - 1II1) these products correspond to is not
clear, although 1t seems, based on the 1H NMR, that 1t 1s
the same isomer which is the more abundant species in the
reaction with compound 1 and that substitution of I~ for
Cl™ tavours the proauction of this 1somer. The lower
abundance of the one isomer on subsituting Cl by I is
consistent with the involvement of halide-bridged species
such as III. Because of .the lower tendency of 1odine to

Ky

bridge metal-metal bonds compared with chlorine, we would

expect a lower abundance of the halide-bridged isomer 1in

the 1iodo complex. It may also be that the less abundant
isomer actually consists not only of compound,III but of
a rapidly eqgquilibrating mix of‘.gompoqhds II and 1I1I,
since these structures are related %%gely by swinging the
halide 1ligand into or out of the bridgxhg site, We
suggest, therefore, that the more abundantvkl:l adduct
obsgrved corresponds to isomer I, and the less abundant
species corresponds to either 1isomer III or a rapidly
equilibrating mixture of isomers II and III.

Further CNMe addition results in the apbgarance of

the unsymmetrical 2:1 adduct 19, which is anglogous to

the chloro species 15a, but also produces a symmetrical
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species 20. Unfortunately, infrared spectra and

133
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conductivity measurements do; not assist greatly in -
. A

H

identifying the species other than to establish that only
terminal isocyanides are present and that the reaction
mixture (which conéains five species over a wide range of
stoichiometries) - is weakly conducting. After the
addition of one equivalent of CNMe the major species
present 1s the starting material with the addittonal
compounds 17, 18, 19 and 20 present in the respecti@e
ratios 1:0.40:0.25:0.20. Upon further CNMe addition the
starting material 2 is consumed while the ratio of
products remains the same uﬁtil the consumption of 2 is
complete, after which point the mixture begins to be
converted to the -tetrakis(methylisocyanide) species
16c. /vThe 3lp(ly) nmMr spectrum after the addition of
?pproxk;ately 1.3 equivalents of CNMe to compound 2 is
shown in Figure 8, where the 1:1 adducts, 17 and 18, the

2:1 adducts, 19 and 20, and the 4:1 adduct 16¢c are
. \

visible.
) —
Three possible structures seem reasonable for the
N §

symmetrical species 20, as shown below. We consider the

-
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fourth possibility (that of the dicationic species,
[ 4
[ha(CNMe)z(u-HER)(DPM)é]2+) unlikely, owing to t he
electron deficiency of the metals in such a complex, and
again, attempts to isolate such a species by addition of
Ag* to solutions of the 2:1 adducts failed. Based on
steric grounds, we would expect structure VIII to be the
most likely; however, based on the lower tendency of the
iodo group to bridge twé metals relative to Cl, one |is
then at a loss ‘to explain why no similar species was
ébserved in the reaction of 1 with CNMe. We suggest,
therefore, that the symmetrical species 20 has the
structure VI cn':VII. This is consistent with the lower
tendency of thege low-oxidation-state Rh complexes to
dissociate I~ compared to Cl~. Possibly the most obvious
route to structure IV from any of the structures
corresponding to the 1:1 adducts (I - 1III) 1involves
halide loss from the metal having the first CNMe group
aétached, followed by CNMe coordination at this metal,.
Such a dissociative first step seemd necessary since the

metal involved is coordinatively saturated. Although we

tried and failed to isolate such a cationic

mono(isocyanide) species (vide supra), this does nqt rule
it out as a reactive intermediate. I1f, as we suggest,
the iodo ligand on the Rh atom” having the coordinated

CNMe group is less likely to dissociate than Cl17, attack



by a second (NMe group at this metal centre is inhibited
and attack at the other metal centre becomes competitive,
yielding both the unsymmetrical and the symmetrical 2:1
adducts (19 and 20, respectively). We are unable to
assign the symmetric species as either structure VI or
VII, although if, as we suggested, 1isomer 1 is the more
abundant 1:1 product, then the symmetrical 2:1 product
could feasonably be expected to be i%omer VII. Another
possible route to the 2:1 adducts involves CNMe attack at
the coordinatively unsaturated metal of structure I to
yield structure VII. Chloride loss from one metal,
accompanied by migration of the CNMe group from the
adjacent metal would yield structure IV, or 1if halide
loss were inhibited (X = I) then the symmetrical product
would remain.

Clearly iodide dissociation is not totally inhibited
since both 19 and 20 are produced and both are consumed
on further addition of CNMe to give the 4:1 ?dd ct,
[Rh,(CNMe) 4 (u-HFB) (DPM) ,]1[1],; if iodide di?;so‘\cia_tion
were completely ‘inhibited, the lB—elect;on-lB—electron
complex 20 would be expected to be the only 2:1.adduct,
and pfobably the final product of reaction. It is
signiE;cant that the tetrakis(isocyanide) product, 16c,

from this reaction has somewhat different spectral

parameters than the chloro analogue 1l6a, even though the

'
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cat ions are the same. This is consistent with our notion
that significant ion pairing occurs, as implied by the
conductivity data.

In order to determine the extent to which the nature
of the bridging acetylene might influence the equilibria
observed in the reactions of 1 and 2, and also to attempt
to obtain further information about the structural
details of the products in these reactions, we decided to
look at khe reaction of [haClz(u-DMA)(me)z] (3) with
CNMe.

Only one 1:1 adduct (21) is observed in the reaction
of compound 3 with CNMe. Based on the position of the 1y
NMR peak for the CNMe group, it seems that this compound
corresponds to the less abundant isomer obtained in the
equivalent reactions with 1 and 2; we therefore assign it
either structure II or structure III. These 1isomers
mkght seem at first glace to be less sterically favoured
than structure I, since attack on Rh at the required site
would be hindered by the carboxymethyl group on the
adjacent acetylene moiety; however, it shéuld be noted
that steric interactions in the product would  Dbe
minimized: if the chloro group were to occupy the bridging
site (as in isomer III).

Only.one, unsymmetrical 2:1 adduct (22) is obtained

with compound 3; this species is similar in its spectral
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parameters to the analogous products 15 and 19. It is
significant that no symmetrical product analogous to 20
is observed. This is consistent with t he large

conductivity observed for the DMA-bridged species; a
symmetrical 2:1 product was only observed for the qomplex
containing the iodo ligand, which assocliates more
strongly with these complexes than does the <chloro
ligand.

As in all the previous reactions, addition of
further CNMe 1leads to the formation of the 4:1 adduct,
[ha(CNMe)4(u—DMA)(DPM)Z]Z*. Again the conductivity of
this species is low, but this 1is not unexpected for such
a species having Cl~ anions in a medium of low dielectric
constant. However, at all points observed, the
conductivity of these DMA-bridged species is higher than
those of the HFB-bridged species, corresponding to a
smaller extent of 1lon-pairing. This may be due to the
fact that DMA is a less electron-withdrawing actylene

than HFB (vide supra), which would decrease the amount of

positive charge 1localized on the metals in the DMA
complexes and thus decrease the extent of ion-pairing.
Based on the data and inferences given above for the
reactions of CNMe with compounds 1, 2 and 3, we ‘have
proposed a scheme for these reactions (Figure 9).

Although all three reaction sequences are <closely
- L 4
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Figure 9.

with CNMe.

Scheme for Reactions of [Rh,X,(u—RC,R)(DPM),]



related, there are subtle differences which arise as
consequences of the different halide and acetylene
groups. For the HFR-bridged complexes two 1:1 adducts
are observed, of which the more abundant is proposed to
correspond to structure I and the less abundant to either
III or to a rapidly equilibrating mixture of isomers II
and III. The higher abundance of isomer I for the iodo
species is believed to be related to its lower tendency
to bridge the metals, which would reduce the abundance of
isomer III. The fact that only one isomer of the 1:1
DMA-bridged adduct is observed is believed to be due to
structure III being favoured due to steric interactions
between the CNMe group and the carboxymethyl groups on
the actylene. Reaction with a second equivalent of CNMe
can occur either with halide dissociation to give
structure IV or without halide dissociation to égve an
isomer with structire VI or VII. Only for the iodo
complex is any of the symmetrical species obtained, and
this can be related to the lower tendency of 1~ to
dissociate compared to Cl7. The 2:1 adducts react with
two equivalents of CNMe to yield the dicationic
tetrakis(isocyanide) species shown in structure V. No

3:1 adduct is observed.
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(d) Conclusions

The chemistry of complexes 1, 2 and 3 with 60, 50,
and CNMe highlights the differences between CO and SO, on
one hand and CNMe on the other. The former two small
molecules react primarily as strong n—gcids, while 1in
this chemistry the o-basicity of the latter seems to be
its predominant characteristic. In rhodium and iridium
DPM-bridged complexes, the fznal products of most small-
molecule reactions tend to be A-frame complexes in which
the strongest =n-acid 1ligands occupy bridging sites )
Methyl isocyanide does not exhibit this tendency; all its
complexes characterized by us to date have terminal CNMe
groups. It seems that CNMe 1is not a strong enough
n-acceptor to favour the bridging site, but instead it
coordinates terminally and 1is a sufficiently strong
o-base to displace halide ligands from compounds 1 - 3.
The effects of the o-basicity and n-acidity on sites of
ligand attack and residence in these systems could be
investigated by reaction of the complexes with various
isocyanides of different g¢-basicity and =-acidity and
also by reaction of other classes of ligand which have
both bridging and terminal coordination capabilities,

enabling testing over a wider range of ligand electronic

characteristics.
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Comparing the chemistry of compounds 1 - 3 with that
of [Rh,yX,(p=-CO)(DPM),] and [haxz(p—s‘oz/)(opn)zl, it may
be noted that both CO and SO, insert into the metal-metal
bond of coﬁblexes 1 - 3, but neither appears to insert
into the similar metal-metal bonds of the cérbonyl— and
sulfur dioxide-bridged species. Instead, these small
molecules appear to attack at the terminal sites, with
rearrangements occurring at a later stage. One
explanation for this avoidance of the bridging site in
(haxz(u—CO)(DPM)Z] and [haxz(p—soz)(opn)zl may lie in
the nature of the products of such reactions. Insertion
of CO or SO, into the metal-metal bonds of these species
would generate species with non-bonded metals and two
one-atom bridges as shown below for the hypothetical

dicarbonyl-bridged species. Using this as an example, we

see that it would have two sp2 hybridized carbonfl

\ R R o]
\C-C/ C
] h/ \Rh X—Rh Rh—X
C
- ~
X \\C// X o

groups. In this geometry (having Rh-C(O)-Rh angles of
ca. 120° and Rh-C distances of ca. 2.00 A) the non-bonded

contact between the two carbonyl groups would be only ca.
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2.00 R - a distance which we feel is much too short for a
non-bonded i1nteraction of %pis sort. In contrast, tﬁere
is much less contact between the bridging CO and the
acetylenic carbons in the acetylene-bridged analogues;
this separation is greater than 2.8 A.4 Analogously
short contacts would also be present 1in the products
either of CO 1insertion into the Rh-Rh bond‘of the S0,-
bridged complex or of S0, insertion into the CO-bridged
complex and Qould presumably contribute to a
destabilization of these products. It should be pointed
out however that arguments based solely on repulsive van
der Waals contacts cannot be the whole answer since a
structure 1nvolving a bridging SO, group, two bridging
methylthio groups and no accompanying metal-metal bond
([Fe,(CO) 4(PCH3) »(p-SCH3) 5 (u=50,) 1Y, (CyHg) 50) is
known .40 In this compound thelFe-S—Fe angles are only
ca. 83-89°, increasing the S-S contact dis;ances to near
3.0 A, ?

It seems therefore that whe;her or not reactivity at
the metal-metal bond occurs in these binuclear group 8
metal complexes depends both on the relative Lewis
acidities of the metal-metal bond and the 1igaQ9 (with
the weaker Lewis acid CNMe failing to react at the Rh-Rh
bond in the present series), and on the nature of the

bridging groups. It seems to wus that complexes
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containing two carbonyls (or analogous groups such as
SO5, CHyy CNR, etc.) which bridge two metals not bonded
to each other should be severely destabilized owing to

the resulting non-bonded contacts.
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Chapter 1V

The Structure of a Novel Heterobinuclear Compound

Introduction

&

;
—~

'xMore/zégéntly, as an extenslon of our studles oOn
_ - .
binuclear metal complexes, this group has been

investigating such c‘exes in which the two metal

centres are different. " addition to the possibllity of

cooperative ligand binding and activation by both metals,
thése he;erobinuclear complexes should also display
unigue reactivity features by virtue of the different
chemical properties of the adjacent metals.

One such heterobinuclear complex was prepared at
M.I.T. by the’ reaction of 1,2,3-trithia-|(3]-
ferrocenophane with the pa® complex, {Pd(PPh3)4].l The
insertion of low-valent, coordinatively unsaturated
moieties of the type L,M (M = Ni, P4, Pt; L = tertiary
phosphine) into the S-S bond of l(p—SZ)FeéﬁCO)6) had

2 so the above reaction seemed like

already been reported,
a reasonable route to prepare the mixed-metal complex
[(PPh3)deFe(C5H4S)2], as shown below. However, the

species actually obtained was the apparently
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PPy
PPhy

r'd
@-s\ ~
T
<<
' 1

\ /

/ %

S .
PhyP- PaFe(SCaHe)p

<T/:>——s
. S + PI(PPAy,

ligand-deficient campound [(PPhy)PdFe(CgH,yS) 51, as
established by elemental analysis. This unsaturated

species was originally formulated as the dimer shown

/

below, in which S » Pd dative bonding provides ‘electrons

/’\
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for the otherwise highly unsaturated Pd atom. “However,
the field desorption mass spectrum showed the campound to
be monomeric, and the lH NMR spectrum indicated that the
two cyclopentadienyl rings of the ferrocenophane moiety
were equivalent at room temperature, ruling out this
dimeric formulation. Two alternative structures for the

monomeric fq{mulation are shown below; the first, IX, has

Fe Pd——PPh Fe——Pd——PPh

/// 3 // 3

a highly unsaturated trigonal Pd centre and the second,
closely ¢gelated structure, X, has additional Fe + Pd
dative bonding to help satisfy this unsaturation. The
product~ seemed too wunreactive for a coordinatively
unsaturated Pd camplex (for example, it showed no
reaction at room temperature with PPh3, CO or NO),
suggesting the unusual structure X. An X-ray structural
determination was therefore undertaken to unambiguously

establish the structure of this complex.
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X-ray Data Collection. Red-brown, pla&.{iike crystals of
((PPhy)PdFe(SCqHyl 5] «CgHgCHy, obt ained by slow
recrystallization fram a cooled solution of the product
in a CH,Cl,/toluene/hexanes mixture were kindly supplied
by Mr. T.G. Rucker, Dr. B.W. Hames and Professor D.
Seyferth. A suitable Cry§tal was mounted in air on a
glass fibre. Unit cell parameters were obtained fram a
least -squares refinement of the setting angles of 23
reflections, in the range 13.0° < 28 < 29.0°, which were
accurately centred on an Enraf-Nonius CAD4 diffractometer
using MoKa radiation. The 2/m diffraction symmetry and
the systematic absences (hkl: h + k odd; h0l:1 odd) are
consistent with the space groups Cc and C2/c. The
centrosymmetric space group was chosen and later verified
as the more probable one based on the successful
refinement of the structure with acceptable thermal and
positional parameters, reasonable agreement indices i:d
by the location of all hydrogen atoms except those on the
toluene methyl group.

Intensity dat a were collected with the CAD4
diffractometer in the bisecting mode by employing the w;
20 scan technique up to 26 = 52.0° with graphite
monochromated MoKa radiation. Backgrounds were scanned

for 25% of the peak width on either end of the peak
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scan. The intensities of three standard reflections were
measured every 1 h of exposure time to assess possible
crystal decomposition or movement. No significant
variation in these standards was noted SO no correction
was applied to the data. 5713 unique reflections were
measured and processed in the usual way using a value of
0.04 for p 4 and, of these, 3255 were considered to be
observed and were used in all subsequent calculations.
Absorption corrections were applied to the data using
Gaussian integraticm.5 See Table XX for pertinent

crystal data and the details of data collection.

Structure Solution and Refinement. The structure was

solved in space group C2/c using standard Patterson,
Fbﬁrier and least-squares techniques. All atoms,
excluding the toluene methyl hydrogens, were ultimétely
located. Atomic scattering factors for non-hydrogen

6 and hydrogen7 were taken fram the usual sources.

atoms
Anomalous dispersion tems® for Pd, Fe, S and P were
included in Foo The carbon atoms of the PPh3 phenyl
groups were refined as rigid groups having idealized Deh
symmetry, C-C distances of 1.392 A and indepéndent
isotropic thermal parameters. All hydrogen atoms except

the toluene methyl hydrogens, which are disordered, (vide

infra) were input as fixed <contributions. Their
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idealized positions were calculated after each cycle of
refinement from the geometries of their attached carbon
atom 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. All other non-group atoms were
refined anisotropically.

The toluene molecules sit on the 4(e)
crystallographic diad axes and as a result the methyl
hydrogens are at least two-fold disordered. In fact, the
expected six half-weighted hydrogens were not
unambiguocusly located suggest ing further rotational
disorder about the Cya-Cpp bond.

On the final difference Fourier map the highest 20
peaks (1.60-0.58 e .A‘3) were in the vicinities of the

rigid phenyl groups, the disordered methyl hydrogens and

the heavier atoms (Pd, Fe, S and P). A typical carbon

atom on earlier syntheses had a peak intensity of about
8.7 e A™3,

The final positional and thermal parameters of the
individual non-hydrogen atoms appear in Table XXI, the
parameters for the carbon atoms of the rigid phenyl
groups are given in Table XXII, the idealized hydrogen

'

parameters are in Table XXIII and some least-squares

planes are given in Table XXIV. A listing of observed
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and calculated structure amplitudes is available.? The
independent toluene carbon atoms are numbered C(40) for
the methyl carbon through C(44) for the para carbon atom
and the phenyl hydrogen atoms are given the same number

as their attached carbon atom.
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Results

Table XX. Summary of Crystal Data and Intensity Collection

Details

compound

formula weight
" formula

space group

cell parameters

density, g cm™—3

crystal dimension, mm

\crystal shape

crystal volume, mm3
/

femperature, °C

&adiation

}

/

{continued...)

664.9

Cgh - C2/c

39°.258(5)

10.548(2)

13.612(4) -
101.69(2)

5519.7

8

1.595(calculated), 1.594(observed)
0.052 x 0.293 x 0.262

monoclinic plate with short
distance along a* and faces of.the
forms {100}, {101}, {011}, {111}
0.0475

23

MoKa (A = 0.71069 A) graphite

monochromated
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Table XX. (cont inued)
oy em” 1 13.905
range 1in absorption
correction factors 0.646 - 0.924
receiving aperture 2.00+40.5 tand mm wide by 4.0 mm

high, 173 mm from crystal

scan speed,

degrees min~! 10.058 to 0.891 .
scan width, degrees 0.50 + 0.350 tan 9 1n omega
29 limits, degrees 1.0 - 52.0
unigque data measured 5713
unique data used 3255

2

final number of . 205
parameters varied

error in observation 1.136
of unit weight (GOF)

R 0.040

Ry 0.046
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Tahle XXIII. TIdealized Positional and Thermal Parameters for the
Hydrogen Atoms of [(PPh])PdFe(SCSH4)2]°0.5C6H5CP3-
Atom X v z R(AZ) Atom X y z R(R2)

H(2) 0.2574 0.4385 0.1884 4.07 H(22) 0.3054 0.2100 6.1151 4.16
H(3) 0.2;18 0.6421 0.2448 5.02 H(23) 0.2710 0.0560 0.0181 4.64
H(4) 0.2762 0.7192 0.3991 4.70 H{24) 0.2970 -0.0983 -0.0662 4.90
H(S) 0.3251 0.5604 0.4412 4.01 H(25) 0.3574 -0.0986 -0.0535 5.76
H(7) 0.2931 0.6406 0.0419 4.46 H(26) 0.3918 0.0554 0.0435 5.14
H(8) 0.2640 0.8062 0.1289 5.45 H(32) 0.4542 0.2292 0.2019 4.94
H(9) 0.3075 0.8851 0.2790 5.26 H(33) 0.4969 0.2653 0.1074 6.31
H(10) 0.3634 0.7645 0.2888 5.09 H(34) 0.4815 0.3525 -0.0537 5.75
H(12) 0.3950 -0.0006 0.2287 5.31 H{35) 0.4233 0.4036 -0.1203 5.55
H(13) .0.4283 -0.0943 0.3725 6.71 H(36) 0.3807 0.3675 -0.0258 4.80
H(14) 0.4541 0.0322 0.5088 6.60 H(42) 0.44%&?; Qig937 0.1942 6.49

H{15) 0.4464 0.2524 0.5013 6.23 H(43) 0.4493 0.5777 0.1904 -7.31

H(16) 0.4131 0.3461 0.3575 5.31 H(44) 0.5000 0.4663 0.2500 7.01
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o
Table XXV. Selected Interatomic Distances (A) 1in

H,),]-0.5 CH,C_H_.

[(PPh3)PdFe(SC5 4) 2 3CeHs

Bonding Distances

Pd-Fe 2.878(1) P-C(11)  1.829(4)
Pd-P 2.281(2) P-C(21)  1.838(4)

Pd-S(1}  2.309(2) P-C(31) 1.837(5)

Pd-5(2)  2.294(2) C(1)-C(2) 1.419(8)
Fe-C(1)  2.119(6) C(2)-C(3) 1.406(10)
Fe-C(2)  2.060(7) C(3)-C(4) 1.417(9)
Fe-C(3)  2.048(7) ' _ ) C(4)-C(5) 1.410(9)
Fe-C(4)  2.041(7) * c(1)-C(5) 1.430(8)
Fe-C(5)  2.080(6) C(6)-C(7) 1.432(9)
Fe-C(6) 2.154(7) t(7)-c(8) 1.403(N)
Fe-C(7)  2.067(6) ‘ C(8)-C(9) 1.a11(10) .
Fe-C(8)  2.039(7) T : C(9)-C(10) 1.404(11)
Fe-C(9)  2.056(7) N \ yr/ ’ C(6)-C(10) 1.448(10)
Fe-C(10) 2.080(8) i// C(40)-C(47)1.48(2)
S(1)-C(1) 1.741(6) C(41)-C(42)1.30(8)
$(2)-C(6) 1.720(7) j : €(42)-C(43)1.36(3)

s

C(83)-C(44)1.36(2)

Non-Bonding Distances

Fe-Cp1? 1.683 Cs(1)-H(3)¢ 2.88
Ffe-Co2 1.693 S(1)-H(22) 2.89
H(S)-H(36)® 2.2 $(2)-H(43) 3.04
S(1)-C(11)  3.494(5) $(2)-H(36) 3.08

S(2)-C(36) '3.332(5)

a Cpl and Cp2 are the centroids of cyclopentadienyl grotps 1 and 2, respectively. °

b H(36) of the molecule at x,1-y, 1/2+2

¢ H(3) of the molecule at 1/2-x, y-1/2, 1/2-2
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Table XXVI. Selected Angles (Deg) in 4
[ (PPh ) PdFe (SCoH,) 5] 0.5CH,C H,.
Bond Angles
Fe-Pd-S(1) 84.09(5) c(10)-C(6)-C(7) | 105.5(4)
Fe-pd-5(2) 85.38(5) C(6)-C(7)-C(8) 109.2(4) »
Fe-Pd-P 172.97(4) C(7)-C(8)-C(9) 108.2(4) i
S{1)-Pd-5(2) 168.60(7) C(8)-C(9)-C(10} 108.4(4)
S(})-Pd-P 93.09(6) C(9)-C(10)-c(6) 108.5(4)
S(2)-Pd-P 97.86(7) Pd-P-C(11) 111.5(7)
Cpl-Fe-Cp2® 165.20 Pd-P-C(21) 114.0(1)
Pd-Fe-(pl " 98.20 Pa-p-Cc(3) 118.2(1)
Pd-Fe-(p2 96.51 C(11)-p-c(g1)‘ 105.9(2)
Pd-Fe-C(1) 63.5(2) C(11)-P-C(31) 104.0(2)
Pa-Fé-C(6) 61.8(2) $(21)-P-C(3) 102.0(2)
Pd-S(1)-c(1) 82.6(2) : P-C(1L):C(12) 123.6(2)
Pd-5(2)-C(6) 81.6(2) P-C(11)-C(16) 116.2(2)
S(1)-C(1)-c(2)  126.5(3) P-C(21)-C(22) 119.8(2)
S(1)-C(1)-C(5)  126.3(2) . P-C(21)-C(26) 120.2(1)
$(2)-C(6)-C(7)  126.8(3) P-C(31)-C(32) 121.7(2)
5(2)-C(6)-c(10)  127.6(3) P-C(31)-C(36) 148.4(2)
C(5)-C(1)-C(2)  107.3(4) €(40)-C(41)-C(42) 122.9(10)
C(1)-C(2)-C(3) . 108.8(3) C(81)-C(42)-C(43)  122.5(5)
C(2)-C(3)-C(4) 1di.s(§) C(42)-C(43)-C(44) 121.3(18)
C(3)-C(4)-C(5)  108.7(4) C(43)-C(46)-C(43)°  116.3(25)
Foc(a)-c(s)-c(1) " 107.6(3) '

(continued...)



Table XXVI. (continued)

Torsion Angles

C(1)-Cp1-Cp2-C(6) ~ 1.
C(2)-Cp1-Cp2-C(7) 1.
C(3)-Cp1-Cp2-C(8) 1.
C(8)-Cp1-Cp2-C(9) 0.
C(5)-Cp1-Cp2-C(10)  O.
S(1)-Cp1-Cp2-5(2) 1.
S(1)-C(1)-C(6)-5(2) 1.
$(1)-Pd-Fe-Cpl - . -3,
5(1)-°G:Fe-t(‘) -1

S(2)-Pd-fFe-Cp2 2.
$(2)-Pd-Fe-C(6) 0.

.

3

® Ihe second C(43) is related to the first by the symmetry opggation 1-x, y,

1/2-12.

18
24
19
o
67
37
33

88

.94

14

S{1)-Pd-Fe-Cp2 177.76
S(1)-Pd-Fe-C(6) 176.56
S(2)-Pd-Fe-Cpl -179.50
§(2)-Pd-Fe-C(1) ~177.56
S(1)-Pd-P-C(11) -48.
S{(1)-Pd-P-C(21) 71.50
S{1)-Pd-P-C(31) -168. 1M
S(2)-Pa-P-C(11) 128.50
S(2)-pPd-P-C(21) -111.69
$(2)-Pd-P-C(31) 8.10

2.47

C(41)-C(32)-C(43)-C(48)

Cp! and Cp2 are the centroids of cyclopentadfenyl groups 1 and 2, respectively.
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Description of Structure

This st ructure determinat ion of
[(C5H4S)2FePd(PPh3)]-O.SCﬁHSCH3 confirms the monomeric
formulat ion suggested by the mass spectral and ' NMR
data. The unit cell of this compound contains eight of
these monomeric wunits with four toluene molecules of
crystallization as shown 1in Figure 10, There are no
unusual intermolecular contacts involving either the

complex molecules or the salvent molecules. Apart from

" the methyl group disorder, the toluene molecule is well

behaved and quite unexceptional. A perspective view of
the complex, with some relevant bond lengths and angles,
is shown in Figure 11. More complete bond length and
angle tabulations are given in Tables XXV and XXVI,
respectively.

The complex molecule is a rather unusual hetero-
binuclear Fe-Pd complex in which the metal centres are
held together by  the cyclopentadienetXiolato groups
(SCgH,) and what appears to be a dative Fe*Pd bond (yide
infra). The SCgH4 ligands are ns—bound in a pseudo-trans
configuration to iron (much as 1in ferrocene apd its
derivatives) and are o¢-bound to Eki‘ihrough the sulfur

atoms,
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~

Figure 10. Stereoview of the Unit Cell of

[(PPh3)PdFe(SC5H4)2]’0.5C6H5CH As viewed with

the title at the bottom, the x-axis runs from top

A}

3.

to bottom, the y-axis runs from left to right and
the z-axis comes out of the page. 20% thermal

ellipsoids are shown.

: n,%
. ,
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The coordination about Pd is a slightly distorted
square plane in which the sul fur atoms are mutually
trans, as are the PPhy group and the Fe atom of the
ferrocenyl moiety. The major distortion from square
planar geometry results because pd lies towards the PPh3

’
group, away from Fe such that the s-Pd-Fe angles are
acute (see Figure 11). In addition, the PPh3 €f9“2x}3
bent away from S(2) toward S(1l) in order to relieve the
interactions between phenyl ring 3‘and S(2), which are
eclipsed (S(2)-Pd-P-C(31) torsion angle = 8.10°). The
most significant such non-bonded contact (3?332(5) A),
between S(2) and C(36), is much smaller than the van der
Waals distance of ca. 3.70 A and in the absence of zhe
observed distortion would be even less favourable. S(1),
on the other hand, is staggered with regard to the other
phenyl groups (Table XXVI) resulting in less severe
interéctions involving these groups; the shortest S(1)-
phenyl carbon contact ($(1)=C(11) {3.494(5) A) s

significantly longer than that observed for S(2). The

pd-S distances (av. 2.302 A) appear normal although they

»

are at the short end of the range observed (2.288(3) -

2.431(3) A) in a variety of mono- and dithiolato Pd4(I

c0mp1exes.’10'14 Similarly the P4-P distance (2.241(2)

Il

is one of the shortest observed in typical Pd-PPh,

complexes (2.230(4) - 2.344(2) £)12,15-20 apg is also

L

“»
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shorter than such distances obtained 1in several compounds
in which the phosphine ligand 1is coordinated trans to
another metal (2.271 - 2.296 A).21-23  These short Pa—S
and Pd-P distances may be a consequence of the
coordinative u:;aturation at Pd which would result in
these electron donating ligands being tightly bound to
the electron deficient metal centre.

The geometry about Fe is surprisingly close to that
of ferrocene even though Pd seems to be coordinated to
the iron centre; the two eclipsea SCgH,4 groups are only
19.6° from parallel. This small tilt of the SCgH, groups
away froim the Pd atom results in a rather large Cpl-Fe-
Cp2 24 angle of 165.2°. By comparison, 1in other
bis(cyclopentadienyl) metal complexes, CpyMLp. in which

one or more groups, L are bound to the metal, the Cp-M-

ne
Cp angles are within the range 126°-143°,25-31 The
relatively small tilt of the SCgH, groups in the present
species may suggest that the Fe-Pd interaction is weak.
It is also possible that this small tilt répresents a
compromise between the electronic requirements of the Fe,
Pd and S atoms. A significantly greater. tilt of the
SCgHy groups would result in longer (and presumably lesé
~favourable) Pd-s cdntaCts, ‘and C-S-Pd anglés which age

even more acute than those presently observed; thege

R . :
values (81.6(2)° and 82.6(2)°) are already much smaller
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than the idealized value which would be near to the
tetrahedral limit,

The parameters within the cyclopentadienethiolato
groups are essentially as expected; for example, the

)

average?C~C distance ot 1.42 A compares well with the
predicted value of 1.43 A32 and the (-C-C angles (av.
108.0°) are guite typical. Both S-C dlstances‘(l.74l(6)
and 1.720(7) A) appear normal fof such distances in
thiolato groupslo_l4 but show some shortening suégesting
a slight degree of multiple bond character. A normal S-C
single bond involving an sp2 carbon might be expected at
about 1.77 A.33 - 1In both SCgHy ligands the’ rings are
tilted such that the carbons bound to sulfur are furthest
from Fe whereas those at the opposite Wside of the Cp
rings (C(3), C(4), C(8) and C(9)) are closest to Fe.
Nevertheless, the range in Fe-C’ distances (2;154(7) A -
2.039(7) A) again appears to be normal. Although the Cp
rings are close to being planar ‘(see. Table XXIV),
calculations excluding the cagbon ‘atoms‘ bound - to S
'.'i.nd‘icate that these carbon atoms -are outwardl‘displaced

from the planes of the other Cp carbon atoms by 0.637(6)

A for Cp ring 1 and 0.059(6) A for Cp ring 2. Similarly

S(1y and S(2) are displaced 0.148(2) and 0.212(2) A from

these same, planes. The greater distortion of Cp ring 2
. »
R

is probably due to its steric interactions widh phenyl

ring 3 (vide supra).,
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The Fe-Pd distance (2.878(1) A) 1s rather long for a

single bond but corresponds, we suggest, to a weak dative

Fe+Pd bond. This bond is necessary to give Pd a
favourable l16e configuration; without it a very
unsaturated and reactive l4e configuration would
.result. Although the %e—Pd distance 1is long (it |is

*

significantly greater than those observed in clusters
containing Fe-Pa single bonds (2.599(15 - 2.698(1) A),34
it is not unreasonably loqg for such a bond; Ppd-Pd
bonding distances up to 2.790(2) 235 and Fe-Fe bonding
distances wup to 2.890(6) 23 have been r;borted.
Somewhat similar weak iron-metal interactions have also
been noted 1in silver and copper -dimethylaminomethyl-
ferfocene complexes37:38  (3.091(3) and 2.945(5) &,
r;splctively) and in [(C&HS)Fe(C5H4Au2(PPh3)2)]+

(2.818(9) A).39 1t is also significant that rather small

tilts of the Cp riﬁgs (6.5° to 16°) were again observed

~

in these latter compounds and that the largésE tilt, in
the gold complex, seems to éorféspond to the strohgest
metal-iron interactionQ and corresponds closely to .the
value ‘which we observe in the Fe-Pd complex.
Though Qe have suggested that the bonding in \thé
present complex ipnvolves a dative Fe»Pd bond, this is

based only on the consideration of the iﬁ(C5H4S)2 moiety

as a ferrocene-like system with an 18-electron iron.

\ -
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Other canonical forms which should be considered are

sketched below. Structure X is the electronic form we

have considered in our previous dicussions; however,

structure XI may also be a significant contributor to the

actual electronic structure, having an electron-deficient

Fe

Fe¢ Pd¢<—P Ph3 Pd¢<——P Ph3

X1 xXu

16—electgon iron, until the 2-electron donor bond from
thé l6-electron palladium is considered. Such a
strugture wgul@'certainly explain the somthat shortened
C-S bonds (vidé‘subra), which.suggest‘éome mu}tipleibond

character, énq also the tilting Of the Cp-S planes, which

suggest a weaker bonding of the sulfur-bound carbons to

the iron. The C-C bond lengdhs within’ the Cp rings also

show tendencies toward lengths consistent with this
¥
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canonical structure, but not at a statistically

significént level; such small differencés could well be
masked by thermal vibration of the ring gtoms. Structure
1\
XI is therefore a plausible alternative. Structure XII
and its obvious "t;in" (with the localized double bonds
on the other- ring) show more conventional metél—metal
bonds, with one electron contributed from each metal, and
would be consistent with the same bonding distance trends
as structure XI. Most probably, the actual structure has
significant contributions from all three resonance forms.
>,

: The crystal structures of several [l]-, [2)- and

[3]—fefrocenophanes provide useful Comparigons with the

parameters of the present * compound. Of these, the
)
[3]-ferrocenophanes generally display significantly
I‘

smaller tilts of the Cp rings from the parallel
configuration (8.8°-12.5° for C4 bridge5,40744 2.4°-5.6°

for bridges involving large heteroatoms)45-48 than those

for [2]-ferrocenophanes {about 23°)49-52 or

(1)-ferrocenophanes (16.6°-26.7°; heterodtom bridges

only).53 The, tilts for the [1)- and [2]- ferrocenophanes

0

clearly result from the short bridge lengths, which binch

-

the cyclopentadienyl groups together at the bridge
location, For the‘ carbon-bridged [3]-ferrocenoghanes,

the smaller tilts are due to the increased bridge length

’

and’ flexibility. For the heteroatom-bridged
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[3]-ferrocenophanes, the rings are actually forced apart

very slightly at the bridges, but the angles remain small
LY

due to the flexibility of the bridges. In the present

compound the bridge is also three atoms in length, but

r's

has a rigid structure by virtue of the trans-alignment of

the thiolate sulfurs about Pd and the Pd+<Fe bond. This

rigidity forces the Cp groups apart, causing them to tilt

signifiéantly away £ rom the bridge. The three
9

ferrocenophane structures which probably offer the best
comparisons with the present cémpound are [Fe(C5H4S)25145
and [Fe(C5H4s)2Se],46 in which the Pd(PPhy) unit of the
present molécule is replaced by S and Se, respectively,
and [Fe(C5H4AsMe2)2NiIZ(C0)].47 The major difference
between these compounds and [(C5H4S)2Fepd(PPh3)] is the
angle at the central bridging atom ($, Se, Ni or Pd). In
the two trichalogen species, the ’angles at -these
bridgehead atoms are 103.9(2)° and 100.5(1)°, for S and

Se respectively, while the angle at the Ni bridgehead of

the arsine complex is 93.49(8)°; the As atoms are

I’y

mutually cis® on,the Ni atom. These parameters contrast

markedly with the almost-trans arrangement about Pd in

the present complex (S(1)-Pd-S(2) = 168.60(7)°), which

‘induces the previously mentioned Cp-Cp tilt. } The Cp-Cp

. . L
tilt angles for the above ferrocenophanes in which the
N e
bridgehead -atom is not directly bound to Fe are in the

»
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2°-3° range; the Pd complex has a (Cp-Cp tilt angle of
1a.6°.

Other angles and distances in the present compound
indicate that 1t has other associated steric strains.
The C-S-Pd angles in this Pd complex are very acute,
averaging 82.1°, while the comparable angles average
102.8° and 102.3° for the S- and Se species, and 118.0°
for the nickel arsine combleg; these angles corroborate
the existence of Fe-Pd Abpnding .in  this complex.

~

Furthermore, the sulfur atoms in the present compound are
%

displaced 0.15 A and 0.21 A out of the*Cp ring planes,

away from the iron, while.tﬁe s;}fur atoms are coplanar
with the Cp rings in the S-bridged species and only 0.04 -
A out of thé piane with the Se-bridged species. In the
nickel arsine complex the arsenic atoms are 0.00 A and
/C).OG A out-of-plane towards the iron. The only situétion
S in which a similar direction and mégnitude of
// displacement is seen is for Sn[(SeC5H4)2Fe]2,48.i& which
/ the- selenium atoms are displaced outward from the Cp
\%\\planes by 0.25 A; the displacement was attributed to the
large sizes of the Sn and Se atomé,7WHjch also prevented

the ferrocene moie®ies from pivoting to relieve the

strain, In the present Pd complex, this outward .

.
-

displacement of the S atoms from their Cp planes

indicates that the palladium atom does not restrict the

4
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Cp-Fe-Cp angle from bending more; on the contrary, it

seems that more mending would relieve the outward strain
at C(1) and'C(G). Since steric reasons cannot ..account
for the anglé at iro:f so;e more subtle electronic
influences must favour a more 'n;arly lin?ar CQAFé—Cp
angle. The observed geometry strongly supports the
existenee of an Fe-Pd bond, since without it the Pd atom
could adopt a trigonal arrangement in which the st;ain at

the sulfur atoms would be relieved. Such a mode . is

certainly plausible, as illustrated by the ni@kel

Complex,47 in which the arsenic atoms adopt a near 90°'

. . . . 4
angle at nickel. In view of this, *it is rather
'd

surprising that one more triphenylphosphiqgﬁtwas not

retained, .to give an unremarkable cis-phosphine-cis-
. ) ~

thiolato complex. In either this geomiéry‘ or - the

-

trigonal geometry previously mentioned, the palladium

atom could puckér away from the FeS, plane, affording
. t ¢ - '.

further relief *of .steric strain. oo
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