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ABSTRACT

The reactions of (RhoClo(u-CO)(DPM)p) (DPM =
PhoPCH)PPhp) with the isothioéyanate molecules RC(O)NCS
(R = EtO, Ph) yield the complexes [RhpCly(u=CO)(H=SCNC(OIR)=
(DPN)Q], in which the metals are bridged by the carbonyl
ligand and the isothiocyanate molecule with no accompanying
metal-metal bond. The carbonyl group of.the isothiocyana£é
ligand is also coordinatcd to one of the Rh centers. In
solutinn each of these species 1is in equilibrium with an
‘isémeric form héving a terminal carbonyl ligand and a Rh-Rh
‘bond.  [RhyI(CO)(u-SCNC(O)OEt)(DPM)p]) can be brepared from
[haIz(u—CO)(DPM)2] but'énly exists as the Rh-Rh bonded
isomer. [Rh2C12(u—CO)(u-SCNC(O)OEt)(DPH)z] reacts with one
equivalent of CO to give [RhC1l, (CO) (u=CO) (u-
SCNC(O)OEt)(DPM)Z] and reacts with additional CO to give
[ha(CO)z(u—Cl)Qh—C03(CPM)Z][Cl]. The behzoylisothiocyanate
analogue also reacts with CO but only the above tricarbonyl
Species,‘resultiﬁg from isoth{écyanate displacement, is
Qbserved. Both isothiocyanate adducts react with MeNC'ﬁo
give [RhZClz(CNMe)(ﬁ?CO)(SCNC(O)R)(DPM)zl. The feactions of -
[RhoCly(u~CO)(DPM)p] with PhNCS and MQNCQ yield a variety of
products. of which the only species identified are
[Rh,C1,(CO) (CNR)(DPM) ] (R = Ph, Me). [Rh2C12(u—C05—

(u=SCNC(0)OEt ) (DPM),] reacts with isothiocyanates and Cs, to



yield [Rh,C1,(CO)(u=SCNC(SIN(R)C(O)OEL)(DPM)2} (R = Me, Ph,
: ‘ 7~

S(0)OEt, C(0)Ph) and [Rh2C12(CO)(u—SCNC(S)SC(O)OEt)(DPM)Z],
respectively, and an X-ray structure determination of one

Ph) indicates that condensation of the

product (R
J

! . »
isothiocyanate molecules has occurred with C-N bond
: i

formation, accompanied by migration of the C(O)OEt moiety to
the nitrogen atom of the PhNCS gfoup. The unusual
trldentate llgand which rpsults can be viewed as a new
isothiocyanate group, RNCS, with R = C(S )N(Ph)C(O)OEt. .This
group brldges the metals, bound to one via the sulfur and to
the other via the carbon of the 1soth10cyanate group, and is
additionally coordlnated to one metal center by the
fhiocarbonyl moiety.

Oxidative addition of SC(C1)NMe, to [RhpClp(u—CO)-
(DPM),) "yields [Rh2C13(c0)(SCNMeZ)(meyzi or, in the
presence of BF 4™, [Rh,C15(CO) (SCNMep) (DPM) 5] [BF 4.  An X-ray
structure determination of the latter compound shows that
the SCNMe, moiety is bound in an n2 fashion fo one netal
center. The BF4 salt reacts with Me3NO, resulting in
carhonyi loss and the formation of
[Rh,Cl, (u-SCNMey) (DPM) ] [BF4] in which the SCNMep moiety
bridges the metals. This reaction is readily reversed by
addition of CO; reaction with CNMe'produces
[Rh2C12(CﬁMe)(SCNHez)(DPM)Z][BF4]. Reduction of

[Rh,Clo(CO) (SCNMeg) (DPM) ] [BF4) with BHy~ yields the very



air sensitive compounds [Rh,(CO)(solvent) (u-SCNMej))-
(DPM),] [BF4) (Solvent = THF or acetonitrile), which in turn
react with CO to form the more stable [Rh,(CO) 5 (n=-SCNMe )~

,(Dén)2][3F4].

" wvi
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. CHAPTER ONE

INTRODUCTION

Inorganic chemistry was, for many years, concerned
mainly with the study of compounds containing a single metal
centre.1 However, recently there has been increasing
interest paid to species containing more than one metal
centre, in which the metals are held together by bridging
ligands, metal-metal bonds, or 'both.l"12 Much of the
initial interest in these polynuclear compounds was devoted
to the elucidation of their structural, bonding and
eléctronic properties.'2—'7 There 1s now, Bowever, a growing
recognition that the reactivity patterns associated with ¥
polynuclear compounds will provide a rich and fruitful area
of resea_rc:h.g"12

Two of the most important aspects of‘leynucleaf metal
chemistry concern the coordination and the reactivity of
ligands which are simultaneously bound to more than one
metal c‘entre.lj’14 In both cases, chemistry without
precedent 1in mononuclear systems can be observed.

In complexes containing a single metal centfe, ligands
are generally constrained ﬁo one.of a small number of

bonding modes. However, in polynuclear species ligands



’

which are capable of interacting simultaneously with hore,
than one metal,havé a much wider variety of bonding thions
available to them. This is possibly best illustrated by the
coordination modes available to small molecules such as'.
carboﬁ monoxide in the presence of more than one metal
center.lf’"16 In moﬁonuclear species, CO binds té metals
exclusively in a linear fashion through the carbon atom, but
in polynuclear species, many more coordination modes are
observed, some of which are listed in Table 1. The effects
that the differing coordination modes:have on tﬁe electronic
distribution‘within the ligand are reﬁlected by the carbonyl
stretching frequencies observed for the various modes (see
Table 1). It is not unreasonable to expect that~the various
electron distributions within coordinated ligands should
give rise to different reactivities, therefore the
cooperative action of two or more metals on a substrate
molecule might be'expected to result in reactiviﬁy patterns

not observed in mononuclear complexes.

The possibleleffects of two or more metal centers,
which are in close proximity to one another, on the
chemistry observed is not limited to the cooperative
activation of substrate molecules. One can envision the
possibility of coordinatioh of substrates, one ét each of
two adjacent metal centers, allowing the, movement of these

substrates together for some specific interaction, 27 for

”



bridging \co—n
v

isocarbonyl l »

ICpFe (CO) (u-COMEtyl],; 1682

Table 1. Observed Coordination Modes of the Carbonyl
Ligand.
Mode Exanple v(CO) Ref
cm-1 '
R
terminal 0 trans-[RhC1(CO)(PPhy)4) 1980 17
0
symmetric=~uyy /C\ [Fe3(C0O) g (¥=CO) (DPH)] 1770 18
—n
. °o
N
© esymmetric-ug ‘ : [Rh(CO) (v=CO)(PPh3) 2] 1740 19
. 1 .
o
[
semibridging=-ug \h (Fe(CO)g(v=CO)(PRCCPR)] 1840 20
o
. ‘ C/\
Linear-uq : ,.(———n [Mny(CO) 4 {v=CO) (DPH)7]) ),6‘5 21
[
onic: /c : 1700 22
ketonic- [Rh,C1p(u=CO)=
ctonicyz W 12 |
(u~CFyCCCF4 ) (DPM) 2}
o
AR
triply- 'H—“—-’? lCoe(CO)l‘l" 1660 23
\H/ .
bridging
i
qQuadruply- /f\’\{' (Fe H(CO)y3)™ 1723 24
[} M
bridging W
isocarbonyl M—CO—p [(CP*) 7 (THF)YDOCCO(CU) 4] 1176) ‘25
\
X
" .
26




example,.a ligand coupling reaction.28 Furthermore,
polynucleér species also have the capability’of
redistributiég their ligands by migration from one cent@e to
another thereby creating a vacant coordination site on a
particular metal céntre.zg'30 For mononuclear species,
ligand dissociation is required for genération of a vacant
coordination site, a process which should be more difficult
than the ligand rearrangement of the polynuclear speciés[
The o perative action of metals on, and £he consequent
potentially novel reactivity of, ligands in polynuclear
.complexes has led to a great deal of activity investigating
the use of such species as catalysts for organic and
inorganic reactio_ns.31 In particular, it is hoped that the
new reaction pathways open to ligands will 1éad to the
development of précesses which are either improvements on
known mononuclear catalytic‘reactions or which provide new,
useful transformations of substrates into desirable products

that are not possible in mononuclear systems. A number of

reacCTG“S'héVéT'in~fact%"beenﬂfound to be~cata&yzed~byf—-—~f——~"f

polynculear species. Examples include the

isomerization,32'33 hydrogenation33 and hydroformylation34

of olefins, Fisher4Tropsch chemistry,35 arnid the Water Gas
Sshift reaction.36'37

Polynuclear complekes have relevance in two other

fields of catalysis research. studies have been undertaken



iy
prohing the relntionship between metal élusters (polynuclar
méta] compounds held together by metal-metal bonds) and

% \

metal sufféces,38 in the hope that these\cluster species may
|
provide a link between heterogenous and h%mogenous catalyﬂic
processes. Polynuclear.metal chemistry af?o has relevancé
in the study of ﬁany metal-containing; biofggicaliy active
enzymes and protp&ns. for example, atteﬁpté\to_mimic the
action of the iron- and mblybdenum—containing enzyme
nitrogenase;39 which reduces N, to NH3, haveicenterd on the
Preparatioh of compie*es having similar metal-ligand M
arrangements to that proposed for the active site of the
enzyme‘.40 : . .

In order to utilize polynuclear metal cémblexes to the
fullest extent, a thorough knowledge of the basic chemistry
of these species must be obtained. To this end, studies
. have been undertaken of the reactions of well defined

polynuclear systems in order to determine trends in the

bonding modes and reactivities of various ligands. A

convenient choice for such studies are bhinuclear complexes,
containing two metal centers;?? these are the simpleét »
:pOSSible polynuclear systems, but still retain the |
possibility of metal cooperativitv in the bonding and
reaétions of the ligands. The Iir - complexes usually
employ inert bridging groups to .ol metals in close

proximity throughout the reactions-b; studied. A ide



-\

N

variety of bridging groupé have been utilized, binding -
toge?her a large assortment of metal fragments so the écope
for diverse reactivity is large.  However., the metal
fragments are often closely related to well-studied
mononuclear species thereby allowing the direct comparison
of the.chemistry of the‘biﬁuclear and mononuclear sysf.ems.28
One such system is based on the compound trans-

41 of which is

[Rh,C1,(CO)5(DPM) o] (1), the structure
diagramméd below. This coméound can be considered as two
units of the mononuclear species trans4[RhCl(CO)(PPh3)2]42‘
in a face—to—féce arrangement, in which the trans |
triphenylphosphine ligands of the monomers have been

replaced by the closely related bfidging~diphosphine 1igand
. Ph,PClisPPh) (DPM). The qlosé structural similarities.éf the
mononuclear and binuclear species as well as;the known
cheﬁistry of the former suggest an interesélng chemistry for
the binuclear analogue 1. Reactions of tranhs-

[RhC1(CO) (PPh3)5] have been studied for a number of reasons;
not_only is it_a synthetic precursor in the éreparation of
the important hydroformyiation capalyst [RhH(CQ)(PPh3)3],43
but it is alsg>§losely related to two species which display
a tremendous sCoée of reactivity‘with small molecules, |
namely [RhC1l(PPh3)3] and IIrCl(CO)(PPh3)2T, known qommonly

as Wilkinson's compound and Vaska's éompouﬁd,

respectively. The former is a much studied catalyst for a



'variety>of reactions including the hydrogenation of olefins
and the decarbonylation of aldehydes and acyl chlorides,,44
and the latter has yielded much valuable information
regarding small molecule coordination and activation by
.me£al complexes.45
Altbough in the binuclear complex 1 the metal centres
aré.in close prqximity, the important coordination site
between the metals is not readily accessible, precluding
éimultaneous substrate activation by both metals unieSs
substantial ligand movement'oécurs; énly the vacant sites on
the "outside” of the molecule are available to ligands.
Nevertheless l.has beea found to dispiay an extensive
chemistry'with small molecules such as C82,46'47 502,48 and
acetylenes.22 In order to méke the coordination siteé
between the metals more accessible to substrate molecules, 1
cgn‘be convertéd, by removal of a ligand, into species in
which the two square planes of the rhodium coordination
épheres share a corner. These are the so-called A-frame
species, named“;;;é;se of the resemblance of their inner
coordination spheres, viewed pafallel to the metal-phosphine
plane; to the letter A.4% Two A—ffame species which can be
formed by ligand reﬁoQal from 1 are shown below. Chloridel
abstraction frém ﬂ yields the diéarbonyl cation,
[RhZ(CO)Z(H—Cl)(DPM)2]+' (2),SO and carbonyl removal from 1

yields the, neutral monocarbonyl épeciés,

[Rh,C1, (n-CO) (DPM)p] (3). 41
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Both 2 and 3 are coordinatively unsaturated, having 16
electroﬁ configurations at each metal as well as vacant and
accessible coordinét{on siﬁes between the metals. -The
monocarbonyl species 3 has been found to be much more
reactive than either 1 or 2, due in part to the presence of
its metal-metal bond. Whereas reaction of 2 with a two-
electron donor such as CO occurs with concomitént fo;matién
of a metal—mét§1 hond giving both metals 18 electron
configuration-s,51 similar reactions of . -esult in Rh-Rh

bond cleavage, leaving the metals with 16 electron

cohfigurations and still able to undergo further reaction.



A vériety of reactions of 3 involving Rh-Rh bond
'reactivity has therefore been observed. For example, the
activated actylenes  RCCR .(R = CF3, CO,Me) insert into the
metal-metal bond, yielding [Rh2C12(u—CO)(u—RCCR)(DPM)2].22
in which the acetylenes are bound as cis—dimetallated
oléfins_parallel to the metal-metal vector. The carbonyl
ligand of these species cah be removed to give the”new.
acetylene-bridged A-frame species [RhZClz(u—RCCR)(DPM)zlrSl
which are related to 3, and undergo fufther interesting
reactions.>? Reaction of 3 with the acids HX (X = Cl17,
BF4’,‘p—CH3C6H4SO3') also occurs, leading to protonation of
the metal—hetal bond and accompanying coordination of the
acid anion at one of the metals. >3 _ -
In addition,‘qu reacts with 3, eventually.yieldiné
[Rh2C12(CO)(C254)(DPM)2], in which thq unusual CZS4 moiety
46,47

,has resulted from the condensation of two CS) units.

R
The first.step in thlS reaction is most likely reactyon<g;>

S

. ///” \orer™™
C52 at the metal-metal bond as observed for the/;bove

reactions of acetylenes and HX. Although examples of
reactivity at the metal-metal bond in 3 have been
documented, the factors which favour the iﬁvolvement of both
metal centres, rather than }igané'coord}nation solely at oné
of the terminal sites remote from the bridging position, are
not well understood. Furthermore, the current iniere;t in

the activation of molecules which are related to carbon
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dioxide, and the previous work done within these
laboratories on the cheﬁistry of. C5, with compound 3
suggested that a fruitful study would»involve’the chemistry
of some other sulfur containing Species,‘related to CS,,
with compound 3.7

The aims of the studies described in this thesis are,
fherefore, twofold: to study the cheﬁiStry of compound 3
- with some sulfur containiwg ligands, and to %nterptét\the

1
results of these studies in terms of the relevance to

possible catalytic processes.



/~\"\ /
CHAPTER TWO

1SOTHIOCYANATE ACTIVATION BY, TWO METAL CENTERS.

Introduction

The current need to deveiop alternative sources of
Bydrocarbons has.provided-an incentive for recent studies of
the catalyzed reduction of carbon monox1de and carbon
dioxide. 54,55 0f these two potentlal Cl %ources, the former
- has attracted by far the nore 1nterest, hLv1ng been

v

succesfully used, for example, in the Fischer-Tropsch
sydthesis since World War I£;56 'Howeveq, the major source
of CO for this reaction is coal, an already depleted and
non-renewable resource. Carbon dioxide, on the other hand,
is a largely untapped carbon source; it is readily‘ayailable
‘from vast deposits of carbonate rocks and as an. end product
of the combustion of organic matter. Therefore,. the
possibility of its conversions into h?drocarbons or other
organic compounds is of obvious importance, since suc?

transformations would not involve the use of conventional

b
carbon _sources. / . -

\

In order to make use of COz"as a source of carbon for

Cy chemlstry, methods must be found to activate it

11
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catalytically, since it is a rather unreactive molecule.

The carbon atom of CO, is essentiaily electrophilic and éhe
chemical exploitation of this resource require a supply ot
energy, usually in the form of electrons.54'55 One approach
to the problem that has been utilized by organometallic

chemists, is to attempt to activate COp to reaction by

’);“"" .

coordinat}ng it to a metal center.54'55 1t is, therefore,
. . ‘

important to obtain a thorough understandfﬁé of the
coordination modes CO, in metal complexes and the reactions

it can subsequently undergo.

Due tovthe generai lack of reactivity of CO,, few metal
complexes of this molecule have been isolated.57—59
Studies, instead, have tended to concentrate on the closely
relatea heteroallenes. (X=C=Y; X, Y = 0O, S; NR, CRj) which,
because of their. ¢ :ter reactivities with tgansiﬁion metal -
complexes, serve as,useful‘model systems from which we can
.obtain information regarding the cQQrdination modes and
reactions of COy itself.®® The hope is that these studies
"~ will ultimately yield clues leading to the possible
~utilization of CO5 in useful catalytic reactionsj

The chemistry of the heterocallenes, iﬁcluding CO,, is
"also of interestlfor reasons other than that described
above; These molecules are qapable of being incorporated

into organic substrates yielding products containing the

heteroatohs of the respéctiYe'heteroallene molecules. -such
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reactions are typically metal-catalyzed and include the
preparation of ethylene carbonate from ethylene oxide and
CO,, catalyzed by [Ni(CO)2(PCy3)2],60 and the preparation of
HR,CCHO (R = H, Ph) from the reaction of R,CCO with
[MOZ(C5H4CH3)2(U-S)2(U—52CH2)] followed by
hydrogehation.61 Other examples have also been \

reported. 60,62-64 Heteroallenes also display a wealth of

1nterest1ng chemlstry w1th transition me»f§\ in Wthh many
\

coordination modes and subsequent transforh‘"lons are -
observed, some of which are descrihcd,below;

One group ©f heteroallenes are the organic
@sothiocyanates (RN=C=S); These molecules have been found
to undergo three distinct types of reaction with metal
complexes. First, the molecules can bind to a metal via the
carbon—sulfuf double bond, forming a three membéred M-C-S

oo ‘ {
metallocycle. 65-72 This coordination mode, termed n? or
(see (I) below), although quite common for C8,, is somewhat
rarer ~or .. iocyanates and it is only recently that the
first - ‘~ture of a compound showing this bonding mode was
reported.72 Isofhiocyanates may also undergo condensation
reactions in which two,68;80"83 or in one case, three
molecules68 ére fused together and attached to the metals.

Example II shows the structure 'of the more common product

involving two isothiocyanate units.
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Most commonly, however,.only the degradation products of
isothiocyanates are observed‘in the final products. In the
presence of a sylfﬁr abstracting’compound such’as a
phosphine, metal isécyanides and the corresponding sulfide

" are obtained82-89 (Equation 1), or in the presence of excess
iso£hiocyanate, a'disproportionationfreaction; yielding an

isocyanide and a dithiocarbonimidato group, can occur

(Equation 2).65,70,71,81,90-95

SCNR S
i ML, X LyM—CNR + XS (1)
NR
. —-T’/
2 SCNR
ML, ————— L M—sS (2)

!

The disproportionation reaction can be readily envisaged as
proceeding via'a condensed species such as II above by c-s

cleavage and M-S bond formation, and may result in products
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in which the isocyanide and dithiocarbonimidato ligands

remain coordinated to the same meta1,65'70’71'82 or products

in which only one remains coordinabted.'.m’71'82"91-95
All these coordination and reactivity modes have been

observed for both CO, and the other heteroallenes in their

7
reactions wié;’metal complexes,ge"111 supporting the

contention that heteroallenes such és isothiocyanates can
function as uséful models for the reaction of COp itself.
Although several studies involving isothiocyanate
aetivation by mononuclear complexes have been reported, few
such reports pertaining'to reactions with binuclear metal
systems have appeared.86 *In- order to determine the effects
on isothiocyanate molecules by the action of two metal
centres, an investigaﬁion of the reactions involving
[haxz(u+CO)(DPM)2] (X = Cl, I) was undertaken in the hope

that the results of the study would widen our knowledge of

the chemistry of isothiocyanates and, thus, COjp itself.

Experimental Section

All sblven£s were appropriately dried and degassed
prior to use under an atmosphere ,of dinitrogen and reactions
were routinely carried out unaer Schlenk conditions
utiliziné a dinitrogen atmosphere.

2Bis(diphenylphosphino)methane (DPM) was purchased from Strem
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Chemicals, hydrated'rhodium trichloride from Reqearch
Organic/Inorganic Chemicals, methyl, phenyl-, aﬁa
ethoxycarbonylisothiocyanate from Aldrich and
benzoylisothibcyanate from ICN Pharmaceuticals. These and
all other xeégent grade chemicals were used as received.
[Rh,C1, (s=CO) (DPM) 5] (1), 41 [RhpT;(w=CO) (DEM) ] (2)22 and
CNMe112 were prepared by the reported procedures. Infrared
spectra were recorded on a Nicolet 7199_épectrometer with
use of Nujol mulls on KBr plates, KBr discs, or in solution
in KBr cells. 1y, 31p{luyy ang l3C{31P{1H}} NMR spectra
were recorded on Bfuker WP200, WP400 (at 161.93 MHz) and
HFX—90‘(at 22.6 MHz) instruments, respéctively,-unless
otherwise noted. The phosphofus chemical shifts weré
measured relative to external H3POy whereas th;se for
hydrogen and carbon are reported relative to
tetramethylsilane. An internal deuterium lock.(usually
CD,Cl,) was used for all samples. For all nuclei, positive
shifts are downfield from the standards. Elemental analyses
were performed within the department or by Canadian
Microanalytical Service Ltd., Vancouver, Canada.
Conductivity measurements were performed using -a -Yellow
Springs Instrument Model 31 and using appfoximately 1 x 1073

M solutions in CH,Cl,. NoO conductivity was observed for any

of the samples described in this Chapter.
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Preparation of Compounds

(i) [Rh2C12(quO)(u-SCNC(O)OEt)(DPM)Z]‘(3): 500 mg of
compound 1 k0.466 mmol) was dissolved in 4 mL of CH,Cl, and
ethoxycarbonylisothiocyanate (56 uyL, 0.475 mmol) was added
from a syringe causing the color'of"tﬁe solution to change
to deep red, soon after which a light brown pfecipitate was
deposited. The reaction mixture was stirred for 10 min,
whereuponlS mL of~diethyl ether was added to complete
precipitation. The product was isolated by filtration,
washed repeatedly with ether to remove traces of
[Rh,C1,(CO) (u=SCNC(S)N(C(0)OEL) ) (DPM) ] (vide infra), and
dried in vacuo. This product and all other solids described
in Ehis paper are ai£ stable and were routinely handled in
air. Spectral and physica. data for all new compounds are
given in Tables 2 and 3. Yield, 79:.

Analysis. Calculated for CggHggClyNO3P4Rhps: S, 54.8: H,
4.1: N, 1.2; Cl, 5.9; S, 2.7. Found: C, 54.2; H, 4.3; N,

1.2; c1, 5.3; S, 2.9.

(11i) [Rh2C12(u—CO)(u—SCNC(O)Ph)(DPM)2] (4): Compound 4
was prepared in a manner analogous to thaﬁ'of 3, but using
500 mg of compound 1 and 65 wL of PhC(O)INCS (0.505 mmol).

The tan solid isolated was washed with ether and dried in

vacuo. Yield, 85%.
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Table 3. NMR Spectral Details for .the Compounds

Described in Chapter TwoO

: )
“Compound "M, 4. pom : L L PR N AT TR SR A
) 2.64(¢. 2%, 0.70 (1,30 199.0{br) 12-0(br)
(20, 3.2 (m2n)©
4 £ 18(n,2H), 3.29 (m,20)¢ 197.6(br) 1.6{br)
5 ‘~20(Q 2"). 0.67 (t J")b ) 197.5(d) 64.8 6-6(m) 135.4
4.90(n,2H), 4.65 {m,28)¢ ' -0-6(m) 1425
6 . ' 228-6(1) 45.0 8-6(r) 126-2
T N 191-5(d) 701 5.3(m) 19:2
e 1430, 2, 0.67 (1,207 - o232.000), 239331 Es(n) 1156
) £55(n,2H), 2-62 (m,2H)° 6-0(m) 1328
319, M)¢
9 4.50(r, 2), 2.65 (m,2H)¢ . 234-8(d) 22.9.33.2  18.2(m) 1183
37(;, )¢ ‘ 6-0(m) 1323
12 4.30(g, %), 3-850a,21), 1-33 (t,31). 1208 (t.an® 191.5(¢) 70.4 8-2(r) 99.1
12 q ;
4.38(g 24), 42800 20)° : 3.7(m) 92.6
13 012002, 1-22(2, 300 151-6(0) 69-4 9-8(m) 107.0
4.35(-. ), 4.20(r,3R)° 3.3(m) 96-0
2.855. M)¢ .
14 4-06(q-24), 1-06(¢,31)° 151.5{(0) 69-5 Tre2(my ¢ 0078
43850 ), 404, 2H)C . 2-0(m) 95.7
1 £.30(q- M), 0-82(t,3)® 191-1(¢) 73.0 7-2(r) 99.3
& 38 ), 2 V2im, 2" : 3-3(r) -~ 93.0
16 43805 ), 1-34(e,30° . 191.0(d) N8 7.7(r} 103 3
- 440 - M), 434(m 20 ¢ 3.9(7) 93.2
Footnotes
(a) Abbre¥'ations used: Q. guértet; t, triplet; m, muitiplet; br, broad;
d. goublet; dd. doudlet of doublets.
~.

(b) Reyprdnces attributable to the fsothiocyanste ethy} group.

(¢c) Reypndhces due to DPM metnylene protons.
{d) Reyprinces due to MeN(.
(e) Reyordnce due to '3o0thiocysnate methyl group.
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Analysis. Calculated for CggHsgClyNOpP4Rh)S: C, 57.3; H,
4.0; N, 1.1; C1, 5.7; S, 2.6. Found: C, 56.5; H, 4.0; N,

1.1; . Cl, 6.0; s, 2.7.

(iii) [RhZIZ(CO)(u—SCNC(O)OEt)(DPH)Z] (5): Comgound 2
(100 mg, 0.080 mmol) was dissolved in 2 mL of CHpCly«
Addition of 9.5 uL of EtOC(O)NCS (0.081 mmol) caused a
change in color of the reaction to réd-purple,'from which a
precipitate was obtained by addition bf 10 mL of hexané.
_The red-purple solid was filgered, washed with hexane and
dried in vacuo. | |

v

(iv) [Rh2C12(CNMe)(u-CO)(u—SCNC(O)OBt)(DPM)Z] (8): 100
mg of compound 3 £0.083 mmol) was suspended in 3 mL of
CHoCl, and 4.4 uL of MeNC (0.08 rmol) was added by
syringe. The solid dissolved giving a red solution.
Addition of 10 mL of diethyl ether precipitafed a yellow'
soiid whiéh was filfered, Qashed with ether and dried in
vacub.' Yield, 85%.
Analysis. _Calculated for CgqHgpClyNoO3P4Rhp8: €, 55.05 H,

4.2; N, 2.2. Found: C, 54.8; H, 4.4; N, 2.5.

(v) [Rh2C12(CNMe)(u—CO)(u-SCNC(O)Ph)(DPM)zl (9):
Compound 9, as a yellow solid, was obtained as described for
. !
compound 8 except using 100 mg (0,081 mmol) of compound 4

and 4.4 uL -of MeNC (0.08 mmol). Yield, 80%,.
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Analysis. Calculated for CgiHgoClpNpO3P4RhpS:  C, 57.3; H,

4.1; N, 2.2. Found: C, 56.6; H, 4.1; N, 2.3.

<
o

(vi) [Rh,C1,(CO)(CNPh)(DPH),] (10): Compound 1 (100
mg, 0.083 mmol) was dissolved in 5 mL of CH,Cly. PhNCS

\
(12.6 uL, 0.105 mmol) was added via syringe and the

-

/régulting red solution was stirred for'cirgg_Z h.  After
standing for 24 h, a solid bégén'to precipitate, which,
after sﬁanding for several days, was collected by filtraﬁion

and yaghed Qith ether. The yieid of yellow solid was only

. L~
-
~—

~—-—~-8irca 20%.

7/

S i) [RhyC15(CO) (1=SCNC(SIN(C(0)OEL) ) (DPM) ] (12):
Method (a). Compound 1 (100 mg, 0.093 mmol) was dissolved
in 3 mL of CH,Clp, and EtOC(OINCS (50 uL, 0.415 mmol) was
added by syringe.' The coior of the solution changed to
orange immediately. Addition of 10 mL of hexane
precipitated‘a yellow-orange solid which was isolated hy
filtration, washed with hexane and driéd in vacuo. Method
(b). Compound 3 (100 mg, 0.083 mmol) was suspended in 3 nL
of CH,Cl, and EtOC(O)INCS (10 uL, 0;085 mmol) was added by
syringe. The solid dissolved within a minute yielding a
clear orange solution. Addition of hexané precipitated

compound 12 which was isolated as described above. Yield,

72%.
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Analysis. Calculated for C59H54C12N205P4Rh282: C, 53.0; H,

4.1; N, 2.1; s, 4.8. Found: C, 52.1; H, 4.4; N, 1.9; s,

(viii) [Rh2C12(CO)(u—SCNC(S)N(Me)C(O)OEt)kDPM)Z]»
(13): To a suspension of 3 (100 mg, 0.083 mmol) in 3 mL of
CH,Cl, was added MeNCS (0.3 mL, 4.4 mmol). The solid
dissolved giving an orange,soiutioh,‘from which a Solid was
prec1p1tated by addition of 10 mL of hexane. Yellow—orangé
samples of 13 were 1solated by flltratlon, washed with
hexane and dried in vacuo. Yleld, 75%.
Analysis. Calculated for C57H52C12N203P4Rh282: C,'53.6; H,

4.1: N, 2.2. Found: C, 53.2; H, 4.1; N, 2.5.

(ix) [Rh2c12(co)(ufSCNc(s)XC(o)OEt)(DPM)zl (X = NPh
(14), NC(O)Ph (15); S (16)). Orange samples of compounds
14, 15 and 16 were prepared as described for 13 but reacting
compound 3 (100 mg, 0.083 mmol) with 0.2 mL of PhNCS (1. 67
mmol), PhC(O)NCS (1. 49 mmol) or CS, (3.3 mmol),
respectively. Yields. 14, 85%; 15, 82%; 16, 90%.
Analysis. (i) 14. Calculated for CoaHsaCloNp03P4RN2S2: o
55.6: H, 4.1; N, 2.1; S, 4.8. Found: C, 55.9; H, 4.3; N,
'2.1; S, 5.1. (ii) 15. Calculated for |
Cg3H54CLloN04P4Rh)S s C, 55.3; H, 4.0; N, 2.0; Cl, 5.2; S,

4.7. Found: C, 54.7, H, 4.3; N, 1.9; C1, 5.3; S, 4.8.
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(}ii) 16. .Calculated for CggHygCloNO3P4Rh)53: C, 52.5; H,

3.9; N, 1.1; S, 7.5. Found: C, 52.2; H,.4.1; N, 1.2; S,

Reaction of [Rh,Cl,(CO)(k~SCNC(0)OEt)(DPM)p] with CO.

Compound 3 (100 mg; 0.083 mﬁbl) was suspended 1in Z-ﬁL
of Cﬂzélz in a three-necked, 50 mL. round bottom flask and
the dinitrogen atmosphere was replaced by CcO. After
stirring for 5 min the solids had dissolved yielding a
yelidw solution. Addition of 10 mL of diethyl ether
resulted in.thé precipitation ofia yellow solid which
appeared from its infrarea and H and 3IP{1H} NMR spectra to
be a mixture of [Rh,C1,(CO)(u=-CO)(u=~SCNC(O)OEL) (DPM),] (6)

and [Rh,(CO),(u-C1) (1=CO) (DPM)p]1C1],>7 (7).

‘Reaction of [RhyClp(CO)(u=SCNC(O)Ph)(DPM),l with CO.

. Reacting compound 4 with CO in the manner descr{Eéd for
compound 3 yielded only 7. Monitoring_the reaction at
intermediate times showed the presence of compounds 4 and 7,

but showed no indication of a compound‘analogoué to 6.
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\

Attempted Reactions of [Rh,C1,(CO)(n-SCNC(0)OEt)(DPM);]

with MeNCO, PhNCO, Allene and C02.

Compound 3 (50 mg, 0.042 mmol) was suspended in 5 mL of
CH2C12. The reagents were added by syringe for the 1liquids,
MeNCO . (0.5 mL, 8.1 mmol) and PhNCO (0.5 mL, 4.6 mmol) or by

replacing the N, atmosphere in the 50 ml flask.by either

allene or CO5. No reaction was observed after 24 h in any
of the reactions and compound 3 was recovered

guantitatively.

Preparation of 13co Labelled Samples.

N
~ 4

13co labelled samples of compounds 3-16 were prepared
exactly as described previously'butAuEilizing 13co 1abelled

compounds 1 and 2 on an atmosphere of 13co for 6.

X-ray bata Collection. <

Orange crystals of [Rh2C12(CO)(u-SCNC(S)N(Pﬁ)C(O)OEt)—‘
(DPM)Z]'O'S CqHg were grown from a saturated toluene
solution of the complex. A suitable crystal was mounted on
a glass flbre with epoxy re51n Uoit cellearameters were

obtalned from a least-sguares analy51s of Fhe sett;ng angles

“of 16 reflectlons in the range 4.0° < 20 <J17. 0°, whlch were
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accurately cen_ered or an Enraf-Nonius CAD4 diffractometer
using Mo K, radiation. The 2/m diffraction symmetry and the
systematic absences (h02; & = 2n+l: 0kO; k = 2n+l) were

consistent with the space group P2j/c-

Intensity data were ;ollected.at 22°C on a CAD4
diffractometer in the bisecting modelemploying the w=-20 scan
technique. Backgrounds were scanned for\25% of the peak
width on either end ofvthe peak scan. .The intensities of 2
standard reflectionslwere measured every 1 h of exposure to
assess possible crystal decomposition or movement; No
significant 'variation in theSé standards wa; noted so no
'correction was applied to the data. 10,082 uniéﬁe
refiections were measured and proéessed in the usual manner
using a value of 0.04 for p.l13 Of these, only 2112 were
considered to be obsérved and were used in subseqguent
calculations. See Table 4 for pertinent crystal data and

details of intensity collection.

‘Structure Solution and Refinement.

g
The structure was solved in the spacé group P2;/c by
using a sharpen?d Patterson syntﬁesis to locate the two
independent rhoéium atoms. -Sgbgequent refinements and
differencé Fourier calculations lea'to the location of ali

‘the.remainingvnon—hydrogén atoms. Atomic scattering factors



Table 4. Summary of Crystal Data and Details of Intensity
Co'lection for [Rh2C12(CO)(u—SCNC(S)N(Ph)C(O)OEt)-

Cmpd . [Rh2C1Z(CO)(u-SCNC(S)N(Ph)C(O)OEt)(DPM);]-0.5C7HB
W ' j385-93
Space group P2y, (No. 14)
a, A - 17-964(9)
b, & ‘ 25-235(10)
¢, R 15-861(5) ~
8, deg 97-02(3) , ' -
o calcd, g/m 129 '
v, &’ N6
radiatn Mo Ka , » = 0.709 260‘
detector aperture, ﬁm_ ' 2.00 + 0-500 tans x 4
' 25 1imits, deg 0.1 ¢ 20 < 450
Scan type . wf2)
Scan width, deg 0-75 + 0-35 tano inw
bkgd | : 25% on low and high angle sides ]
rflctns measd <h, =k, +2, 10082
abs coeff v, &m'1 ' 7.168,
Crystal dimens, mm 0405 x 0-10 x 0-11
ranée in abs corr factors 0-918 - 0-969.

final no. of parameters varied 247

error in obs of unit - 204
weight

R ) 0-070
RH - - 0-095
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usual sodrces. Anomalous dispersion116 terms for Rh, Cl, S
and P .were included in F,.. The carbon atoms of all phenyl
groups were refined as rigid groups having Dgp symmetry and
C—C.distances of 1.392 A; the isotropic thermal parameter
for/each of these carbon atoms was refined. All phenyl
hydrogen atoms, as well ds the DPM and ethyl methylene
hydrogen atoms were included in their idealized. locations
(utilizing C-H distances of 0.95 R) and were not refined.
These atoms were assignéd thermal parameters of 1 RZ greater
than the B (or equivalent isotropic B) of their attached
carbon atom. Absorption corrections were applied to the
data using Gaussian integration.117

The large thermal parameters of the carbon atoms of the
ethyl group suggested a possible disordér of thése atoms so
they were removed from the refinement and structurgAfactor
calculations. However, a subsequent difference Fourier map
confirﬁdé-their pos}tiongﬁand showed that the electron
density associatedfglth them was rather smeared out. - These
atoms were reinserted'aqd refined as previouSly, resulting
in large thermal parametérs for these groups. It ig

, «

probable thaélthe ethyl groups are disordered over a number
of closely spaced positions rather than over a few clearly
defihed positions.

The toluene molecule. of solvation was found to be

severely disordered about the 2(d) inversion centers.

-
%

~?
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Although the electron density was clearly attributable to a
planar group of approximately Dgjp symme 7 the. peak maxima
corresponding to the individual carbon positions of the aryl
ring were not clearly resolved; instead an almost continuous
disk Qf electron density was observed. Similarly, no
distinct poéitions weré apparent for the toluene methyl
group. Initially the toluene aryl group was input as a
rigid group (in which only the three unique positions were

" defined) fixed at the inversion center, with an'oriéntation
corresponding to the "best" carbon positions from the
>Fourier map. The occupagcy factor of this group was varied
but indicaﬁea that a full molecule océupied this special
position so the occupancy was_set at 1.0 in subsequent
cycles. A difference Fourier map at this point did not
establish theqpositions of the toluene mgghyl group‘so its
position was idealized such that it was 6-fold aisordered
around the ring. Neither the positions nor the thermal
parameters of these carbons were refined, instead their B's .
were set at 1.0 A2 greater than ﬁhose of their‘attached;aryl
carbon atom. Another area of electron density wés located
in a position isolated from the complex and the solvent
molecules, however this céuld not be adequately described as

a solvent molecule so was left unaccounted for in'the final

refinements.
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The final model, in space grdup P21/C, refined to R =
0,070 and Ry = 0.095 based on 247 barameters varied and 2112
uniqué observations. No doubt the very badly behaved
toluene molecule of crystallization and the unaccounted for
electron density toygether account for fh@ rather high R
values. Because of the small, weakly diffracting crystal
only a small (gé.'2l%) percentage of reflections collected
were observed so only‘Rh(l), Rh(2), C1(l), C1(2), s(1),
S(2), C(7) and C(8) were refined anisotropically in order to
achieve a reasonable data/parameter ratio. Onithe final
differénce Fourier map the highest residuals were 1in 1. :
vicinity of the unaccounted for solvent (0.8 eA™3), the
carboxyethyl group (0.4 eA~3) and the toluene molecule (0.4
eA”3). A typical carbon in earlier synﬁheées had a density
of ca. 3.0 eh™3, |

The final positional and thermal parameters for the
non—gfoup and group atoms are given in Tables 5 and 6,
respeétively. The idealized positional and thermal
parameters for the hydrogen‘atoms are giyen.in Table 7.
Selected bond lengths and angles are listed in Tables 8 and
9, respectively. Least-squares planes calculations are
recorded in Table 10. A listing of the obsérveq and

calculated structure factors amplitude is available.118



Table 5.

Atomic Positional and Thermal Parameters for
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[RhZClz(CO)(u—SCNC(S)N(Ph)C(O)OEt)(DPM)2]-0.5 C7H8

Atonm L]
RRy 705£ (2)
Rn7 29%1.(2)
ch 3121 (%)
12 2644 (&)
st 139t (§)
52 1318 (3)
c? -12%4 (32}
cs - 1836 (40}
L] 2797 16)
P2 2279 (%)
PJ 1351 (6)
pa 1986 (6)
[+2) 3310 (14)
02 <331 118)
03 -904 (17)
N 64 (13)
N2 =33 (116)
(] 3431 (21)
c2 %66 (19}
[} 17179 (fs)
<] 1273 (18)
cs €12 116)
ce -30% 127)

"fstimated stsncard deviations In pare~theses anr correspnna

ard thermal

gsp'ts  The positional

-39¢

1822

~2362

-214%

1042

249

~189

1138

-1320

-2308

-18132

-923%

-143%

-1062

~71%

-tes

-892

-13%8

-1910

{21)

(3

(10}
[REN
12)
1)
1)
13)
(14}
(14)
(12)
[k 3]

(21}

1729
~204
A RS
2722
878
4299
298¢

1789

-327

406
Jr46
3651
21032
2989

821
2602
=272
1712
%66

3307

(a9)
{1y
()

)

(€}

(71

1)
(16}
(19)
G
(7
{21
21
(22)
t20)
119)

(29)

in this and othar

1139

1836

Je4

442

LT3

401
s0%
€20
(1T
240
a6t
a36
427
440

222

tables sre pliven
Darsmeters have been multiplied by

(21)
(24)
(73}
(89
(79)
173)
(522)
(730

(32)

(23%)

(31)
(32)
(81)
(89)
t10)
.13
(20)
(1191}

{110}

{117)

(96}
(89)

[REL-B

e'licsotd s given by @xp{-{B1IN'4B22u '+BIIN 428120k +2B1IN1e2B2Ix 1)}

v22 u
423 (23} 224
399 (22) 262
a6t (70) 431
536 (84) T
0% t49) 92
289 (7)) 2;5
789 (446) Avet

2412 (1000) eg8t

10

) vz
~

{20) -8 (21)

(21) =33 (22)

1731 86 (60)

(70) 134 (87}

(72) 21 (61)

(e0) 10 (61)

(1044) %42 (I74) 1
{1900) 066 (689) 244)

107
R ]
108
226
1"

962

1o the

UrgeB g/ (2 "scrat ) A

t1e)
118)
1s9)
{61)
te1)
(36)
(619

{989}

st

37 180)

118 (ST

Q) (%6)
14%4 (529}

26371 118

srantforany

The theema!
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Derived Parameters for the Rigid Groups of

[Rh2C12(CO)\u—SCNC(S)N(Ph)C(O)OEt)(DPM)2]'O.5C7H8

-0.1536(8)
-0.1756(11)
-0.2119(N)
-0.2262(9)
-0.2043(10)
-0.1679(9)
-0.0564(B)
-0.0299(1)
-0.0085010)
0.02C3(9)
-0.0063(1N)
~0.024€(70)
0.0342(8)
0.05M1{11)
0.0973{12)
0.12€5(9)
0.1056(N)
0.0€35(12)
-0.0235(12)
-C.C2E1(8)
-0.6210(12)
0.0326113)
0.0€%2(8)
0.0451(1C)
-0.2€25°7)
-0.2873112)
-0.3421(13)
-0.3701(7)
-0.3¢39011)
-0.2E3E111)

.3735(13)
3654 (14)
4253(19)
4932(15)
5013(13)
4417}
3703(15)
3515(13)
4069(19)
4812(16)
5000(13)
4445(18)
221218)
3007(18)
3352(13;
2921 (20
2126(20)
1772(13)
1464(15)
149€11€)
1238(18)
0937(17)
0915({16)
1173(16)
.0625(19)
0133(14)
.0122(15)
0.0822(20)
0.1493(15)
0:1505(13)

000000

Table 6.
Atom x
c(11)  0.3248{(15)
c(12) 0.3982(14)
(13} 0.4260{N).
c(14) D.3862(15)
c(15)  0.1184(15)
c(16) 0.2864(11)
(1) 0.2a72(16)
£(22) 0.1793(14)
€(23)  0.1582(12)
€(2¢) 0.2037{17)
€(25) 0.2726(15) -
c(26) ©0.2938(11)
C(31) 0.2947(16)
£(32) 0.3274(12)
€(33)  0.3023(37)
C(34) 0.2843(18)
€(3s) 0.2116(13)
€(38) 0.23EE(15)
i) c.8188012)
C.2z) C.4T5200E)
Cs3) 0.5465(13)
¢rat)  0.5531(12)
C(es) 0 4524(18)
(4¢3 0 &28Y(04)
c(z1)  0.1363015)
cre2)  0.0575(13)
c(e2)  6.0%22(13)
Ciss)  0.1257(1€)
chity o 0.1€85(13)
sty COMEN)
Group
Forg ) 0.
Ping 2 0.
Fing 3 0.
Ring 4 -0.
Ring 5 0.
Ring & -0
Ring 7 0.
birg & 0.
Fing 9§ -C.
Fing 10 0.
] lc,

Yc and Zc are the fractions) coordinates

1899(6)

0
.0181(€) 0
.0824(7) 0
.0136(7) 0
.3160(7) 0.
L1673(6) 0
N289(7) -0
.0¢32(7) -0

0

0

cLr7(E)

b The rigid grour orientation »

pre

vously: La P

lace, $.J.%

.4334(10)
.§257(10)
L2567(11)
.1206(9)
0814(11)
.0554(9)
J16€2(9)
1638(9)
.3033(9)

1775(11) 0.
1336(9)
1234(8)
181 (1)
2010(9)
2113(8)
1244(10)
1728(8)
1763(8)
1315(11)  -0.
0832(9)
0797(8)
0E71(10)
0353(9)
0173(7) -0.
0512(11)
1031(10)
1210(7)
0962{8)
030€6(5)
04£0(12)
0071(8)
0127(9)
0573(11)
04£1(15)
0554 (13)
0063(32)
0930(41)
10€2(27) 0.
0132(68) 0.

[
cCOoOQOOOO0O00O

R
o0oCco

et

0604(15)
0157(14)
0107(14)
0503({16)

~0950{16)
1001(14)
1327(12)
1496(14)
1 16)

2597(13)

.2428(14)
.1793(16)
17814}
.1078{13)

1538{16)

.209e(14)
.2193(14)
739017)

3019(16)
2492(13)
25€5{15)

.3162(18)

3687(14)
3€15(14)
5534(36)
4711(46)

.4207(14)

6262(83)
4392(96)
3326(31)

Atom x
c(6y) 0.0322(10) -0
c(62) 0.0018(14) -0.
c(63) -0.0747(15) -0.
c{64) -0.1209(9) -0.
c{6s) -0,0905{15) -O.
c(e6) -0.0139(16) -0.
c(n) o©.2634(N1) -0.
c(72) 0.2959(14) -O.
c(73) 0.3¢27(13) -O.
c(74) 0.35m(012) -0.
€(75) 0.3246(18) 0.
c(76) 0.2778(13) -O.
c(81) 0.1169(1} -0.
c(82) 0.0531(13 -0.
c(83) 0.0269(14% -0.
c(sa) -0.D155(M -0.
¢(es) 0.0083(14) -0.
t(ss) ©0.0743(15) -0.
c(91) -D.0ag5(14) -0.
t(92) -0.116%(15) -0.
C{93) -0.1614(11) -0.
CC(94) -0D.1384(14) -0.
c{9s) -0.0709(16) -0.
€(96) -0.0264(11) -0.
¢(101) 0.4510{2%) -0.
c(102) 0.5155{27) -0.
c{103) 0.5244(25) ~-0.
c(11) o.a80(62) -0.
€{12) 0.5326(57} -0
¢(113) 0.5515(53) -O.
Parameters
Delts b Epsilon
1.471(20) -2.500017)
-1.751(20) -2.609(17)
1.380(28) 2.322(17)
1.380(20) -2.872(16)
-1.624(35) -2.154(14)
2.999(20) -2.535(14}
0.136(15) 2.9€2(15)
2.983(18) 2.70%{15})
-3.099(23) -2.427(15)
0.462(60) -2.29%15¢)

2.233(18)
2.259(17)
0.707(25)
-0.3¢€3(16)
-0.014(233)
0.077(18)
-0.945(14)
-0.480{15)
2.940(20)
-1.093(58)

of the centroid of the rigyd grou

ngles gelta, epsilon and eta (radians) have been
Ibers, J.A. Acta Crystallogr. 1965,

18, 51V,

p.

defined
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Table 9. Selected Bond Angles (Deg) in [RhZCIZ(CO)—

(u-SCNC(S)N(Ph)C(O)OEt)(DPM)2]'O.5C7H8

(i) Bond Angles

Rh(2) - Rh(1) - P(1) 93-4(3) C1(2) - Rh(2) - (1) '90-2(3)
Rh(2) - Rh(1)~-P(3) 93.0(2) c1(2) - Rh{2) - c(1) 104.0(11)
Rh(1) = Rh(2) - P(2) 91-4(3) . Rh{2) - C(1) - 0(1) 174(3)
Rh{1) - Rh{2) - P(4) 93-9(3) Rh(2) - S(1) - c(4) 96-6(12)
p(1) - RR(1) - P(3) 172-2{4) Rh(1) - C(8) - s(1) = 115(2)
P(2) - Rh{2) - P(4) 171-3(4) s(1) -C(4) - N(1) 121(2)
C1(1) - RA(1) - P(1) 85-5(3) Rhglg - gga; - NE;; 15352;
C1(1) - RR(1) - P(3 89-8(3 c(4) - N(1) - C 4(3
S(é)) - Rhél) - PEI; 89.424% N(1) - C(5) - s(2) 124(2)
c(4) - Rh(1) - P(1) 97.4(10) N(1) - C(5) - N(2) 118(3)
c(a) - Rh(1) - P(3) 88-3(10) 5(2) - €{s) - N(2) 118(2)
€1(2) - R(2) - P(2) 86-2(4) c{5) - N(2) - c(6) 129(4)
€1(2) - Rh(2) - P(4) 91-1(4) c(5) -*N(2) - €(91) 114(2)
S(1) - Rh(2) - P(2) 94.7(4) c(6) - N(2) - C(91) 117(2)
s{1) - Rh(2) - P(4) 93.5(4) N(2) - C(6) - 0(2) 119(5)
c(1) - Rn{2) - P(2) 85-7(11) N(2) - C(6) - O(3) 112(5)
c(1) - Rn(2) - P(4) 87-0(11) 0(2) - ¢{6) - 0(3) 129(5
Rh(1) - Rh(2) - CI(2} 160-4(3) c(6) - 0(3) - €{7) 11(4
‘RR(1} - Rh(2) - S(1) .70-6(2) 0(3) - ¢(7) - C(8) 97(5
Rh(1) - Rh(2) - C(}) 95.2(10) Rp(1) - P(1) - C(2) 107-6(11)
Rh(2) - Rn(1) - C1(}) 93.4(2) rRn(2) - P(2) - C(2) 108.9(12)
Rh(2} - RA(1) - S(2) 161-2(3) Rp{1) - P(3) - C(3) 109-3(12)
Rh{2) - Rh(}) - C(4) 77-7(9) Rn(2) - P(4) -~ C(3) 1M-1(12)
s(2) - Rn(1) - C1(1) 105-3(3) P(}) - C(2) - P(2) 113(2)
s(2) --Rh(1) - C(4) 83-6(10) p(3) - C(3) - P(4) 114(2)
(1i) Torsion Angles
P(1) - Rh(1) - Rr(2) - P{2) -2-3(3)  c{5) - N(2) - c(6) - O(2) -9(5)
P(1) - Rh(1) - Rh(2) - P(4) 170-8(4)  ¢(5) - N(2) - c(6) - C(3) 180(3)
P(3) - RR(1) - Rh(2) - P(2) -178:0(4)  N(1) - C(5) - N(2) - C{91) -15(3)
P(3) - Rh(1) - Rh(2) - P(4) -4-8(4)  s(2) - C(5) - N(2) - €(91) 163(3)
s(1) - Rh(2) - Rh{1) - C(4) 0-0{9) o(2) - C(6) - N(2) ~ C(91) 165(3)
RR(1)- C(4) -~ S{1) = Rh{2) 0-0(11) o0(3) - C(6) - N(2) - C(91) -6(4)
Rh(1)- C(4) - N{1) - C(5) 1(3) c{7) - 0(3) - c(6) - O(2)  2(5)
Rh(1)- S(2) - €(5) =~ N(1) -4(2) c(?) - 0{3) - ¢c(6) - N(2) 172(3)
N(1) - C(5) - N(2) - C(6) 159(3) c(6) - 0(3) - c(7) - C(8) 175(5)
s(2) - C(5) - K(2) -c(6)  -23(4)
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Description of Structure

The unit cell of [Rh2c12(co)(u—SCNC(SYN(Ph)C(O)OEt)-
(DPM)5]+0.5 C7H8 (14) consists of four discrete complex and
two toluene molecules, the latter whlch are severely
disordered about phe é(d) inversion centers. There are no:
unusual contacts. between any of these molecules.

The overall geometry of the complex, shown in Figure 1,
is quite typical for DPM bridged binuclear complexes,” in
that the bfidging diphosphine ligands are bound in the
mutually trans positions on each metal with the other
‘llgands bound essentlally perpendicular to the metal-
phosphine plane.49 Parameters w1th1n the Rh- DPM framework
are not particulafly unusual and are comparable to those
observed in several related complexes already reported by

: -
this grohp.4l'46"53 The metal-metal sebaration (2.799(4) A)
is representative of a normal_Rh—Rh single bond, falling
within the range reported in felated Rh—Rh bonded systems
(2-7566(9)—5384f5(7) Ay, 119,120 This metal-metal bond is
subsiantiated by the iﬁt:aligana P-P separations (av.
3.04(2) A) which are significanlly longer. than the Rh-Rh
T separatipn suggesting mutual attraction of the metals.
Inciusion,of the metal-metal bpnd in describing the metal
gegmetries yields a guasi-octahedral coordination about both
métals much ‘'as was observed in the closely related CS,

condensation product, th2C12(CO)(CQS4X(DPM)2],46:47 The
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coordination geometry about Rh(1l) is comprised of the
mutually trans phosphorus atoms of the DPM ligands, a
terminal chloro ligand, the Rh-Rh 5ond and two interoctions
with S(2) and C(4) of the bridging isothiocyanate moiety
(vioe infra), whereas the geometry about Rh(2) is comprised
of the ﬁutuallx trans phosphines, a terminal chloro“and
carbonyl ligand, the Rh-Rh bond and one interaction with
S$(1) of the i;othiocyanate group. Distortions from ideal
octahedral geometry of éach Rh céntér seems to resolt
primarily from the strain imposed by the bridging
isothiocynate group.

Both terminal Rh-Cl distances are significantly longer
than is normally observed for such bonds, for whicﬁ
distances such as those reported in trans-[RhyC15(CO)5Ly] (L
= Ph,PCH,PPh, (2.3875(9) A), 41 PhyasCHpAsPh, (2.370(3)
#y12ly are more typical. These Rh-Cl distances are,
however, comparable  to tho;e observed in the closely relateo
complex,;[RhZClz(CO)(C284)(DPM)2].46’47 Thus, the Rh-Cl
bond which is trans to the sigma-bound carbon atom in these
compounds (Rh(1)-Cl(1) = 2.464(9) A in 14; 2.442 A (av.) in
the C)Sy ahélogue) displays the lengthening which is typical
for Cl1 when opposite a group of high trans influence,lziwand
the Rh(2)-C1(2) bond which is opposite the Rh-Rh bond is’
extre o long in each case (2.559(10) A in 14; 2;518 A

(av.) in CyS5y analogue); it appears the only Rh-Cl distance
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\

which is lbnger than tﬁat of compound'14 was observed in
(RhC1(nl-C0,) (diars),1°% (2.635(4) A). - While it may- be that
the“metal—meta} interaction in the présent compound exerts'a
. strong trans influence on the Rh(2)-Cl(2) bond, as has been
"suggésted in a relatedlc0mpléx,123 steric inter;ctions
Hbetween the phenyl hydrogens and this Cl atom cannot. be
ruled out as being, atﬁleast in part, responsible. Phenyl
groups 3, 7 and. 8 are aimed into the regions‘around Cl(2) in
such a way as to cause lengthening of the Rh(2)-Cl(2) bond
(see)Figure.l) an ' several short non-bonded contaéts,iﬁvolve
these hydrbgens and Cl(2) (see Table”6). 1t is significant,
howeber, thaé the longer Rh(2)-C1(2) distance observed in -
the present case is accompanied by the shorter, Rh-Rh bond
(compared with 2.811(3) in the C284 analogue46'47) as would
be expected were the trans influence of the Rh-Rh
interaction responsible for the lengthening.

As noted, the~coofdination geometries about both metals
are completed byjthe bridging group which has resulted from,
condensqtion and rearrangement of the original |
isbthiocyanate ligands. This ~ndensed fragment binds to
the metals yielding one 5-membered and 6ne é—membered“
metallocycle as shown clearly in Figure 2. Therefore, the
present complex looks much like the Cy54 a alogue,46'47

apart from COzEt and Ph moieties in the fprmer. Otherwise,

most differences hetween these two complexes seem to result

\ N
\

N

»
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from the smaller covalent radius of N compared to S,

resulting, for example, in a smaller 5-membered ring in the

isothiocyanate product.

1 ’ " |
The head-to-tail condensation of the EtOC(O)NCS and

PhNCS groups['whlch resulted  in formatlon of the N(1)-C(5)

bond, has aISO been accompanied by m1grat10n of the

ethoxycarbonyl moiety from N(l) to N(2), much as was
observed in [RhCl(PPh3)Z(SC(N(C(O)OEt)zNCSC(NC(O)OEt)S)],68
in thch a eondensation of three SCNC(O)OEt groups

occurred. This migration in the present compound has
resulted in the formation'of a new isothiocyanate group,
SCNR (where R = C(S)N(Ph)C(O)OEt), which is bound between
the £vO meials and is carbon bound to one rhodium center and
sulfur-bound to the other, much ‘as we probose for the
initial’l:l isothi@cyanaﬁe adducts (vide infra), and similar
to that observed for Cs, in a binuclear platinum
compleic.124 This is only the second reported structure
involving an isothiocyanate group and is the first in which
this group bridges two metals. Apart from.the |
ethoxycarbonyl and phenyl groups, the metal isothiocyenate
unit is quite planar; only N(2) is significantly displaced
(0.14(3) A) from the Rh(1)Rh(2)S(1)C(4)I)N(1)C(5)S(2)N( 2)
least-squares plane. Exo to the metallocycle rings
51gn1f1cant tw1sts from this plane occur, the torsion angles

about the N(2)-C(5) and the N(2)-C(6) bonds- belng c1rca 19°



42

and 8°, respectively (see Table 7), allowing‘O(Z) to avoid
‘ s . \
unfavourable codﬁg'fs with S8(2). In addition, the phenyl

group is twisteq from the least-squares by circa 87° in
order to minimi;e contacts with the. rest of thé ligand. As
was the case for the C254 analogue,46'47 the parameters
within the isothiocyanate unit suggest extensive
delocalizatigh.

One C-S bond (C(5)-$(2)) is similar in length to that
in ethylene thiourea (1.72 )-‘\),1?5 whilst the other (C4-Sl),
is somewhat shorter. Neither, however, are as short as the
double bonds in C0S126 ang cs,127 (circa 1.55 A). And the
C-N bonds witﬁin the metallocycle (1.30(3) and 1.37(3) A)
are typicgl éor partial double bond character. and are mnuch
shorter than a typical C-N single bond (1,47 2).125 Two of
the distances involving the exocyclic nitrogen atom N(2) are

somewhat shorter than i\normal single bond, althouygh this

e

difference is not significant; the N(2)-C(91) distance .on
the other hand is exactly as expected for a single bond.

The length of the bridging C-$ bond in compound 14
(1.64(3) A) is similar to that observed in the C)Sy product-

(1.66(3) A) and also to that in the other structurally

‘Characferized isothi....ranate pomplex,%
[Ni(CH4C(CHoPPhgF -/ (2% ~CPh)]77 (1.68(2) A). Although the
two isothiocyanat~ = tes diff 'n the coordination mode.

of the isothiocyanate ligan e rmer is bridging
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whereas the latter is n? bound), the C-S moiety seems to be

rather insensitive to this difference.

[

Discussion of Results !

(i) The 1l:1 Reactions of Compounds 1 and 2 with

Isothiocyanates. The addition of an equimolar amount of

either ethoxycarbmnylisothiocxanate (SCNC(O)OEt) or
benzoylisothiocyanate (SCNC(O)Ph) to compound 1 yields
[Rh,C1,(CO) (u=SCNC(O)R)(DPM),] (R = EtO (3), Ph (4)) in
about 80% yield. Based on their elemental analyses, on a
consideration of their spectral parameters and on their
subseguent chemistry (vide infra) it can be established that
in each case the isothiocyanate molecule has inserted into
the Rh-Rh bond of compound 1. In the solid state neither
compound shows a terminal carbonyl stretch but instead
displayé a medium intensity band at circa 1710 em~1 which
shifts to circa 1670 em~1 when 13CO-substituted conpound 1
is uséd. The shift upon 13co-substitution clearly |
establishes that ﬁhis stretcﬁ is not due to the
isothiocyanate canonyl group. In fact, no stretch clearly
attributable to this organic carbonyl moiety is observed.
The low carbonyl stretch, although unusual tor a
fconvehtional" carbonyl group, is well in line with those

reported for carbonyl moieties which bridge two metals not.
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bonded to each other (ketonic carbonyls);41 in the bresent
case the ketonic carbonyl has resulted from isothiocyanate
insertion into the Rh-Rh bond of 1. The analogous insertion
of acetylenes into the Rh-Rh bond ofll to give ketonic
carbonyl species is a well documented transformation.4l I
propose that in these complexes the isothiocyanate molecule
is bridging the two metals and is bound to one through the S
atom 'and to the other via the isothiocyanate carbon atom. A
similar binding‘mode for the related CS, molecule has
already been reported124 (and again this has resulted from
heteroallene insertion in;o a metal-metal bond) but more
importantly the structure reported herein. for coﬁpoﬁnd 14
unambhiguously establishes this bonding mode for an
isothiocyanéte molecule (vide supra). The absence of an
observable stretch for the organic carbonyl moiety suggests

that this carbonyl group is coordinated to the metal, and

certajnly the coordination of such carbonyl groups in

benzoyl- and ethoxycarbonyLisothiocyanates has been

68,80,81

In solutioa, the infrared spectra of compounds 3 and 4

show additional bands of 2023 and 2010 em~ L, respectively,

" which disappear upon crystallization. These bands are close

to those observed in compound 14 and in
[RhoClp(CO) (CpSy) (DPM) o) (2030 em™1),46,47 indicating the

presence of a terminal carbonyl ligand. The disappearance
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of these bands upon crystalliiation and their reappeﬂignce
in solution, together with the bridging carbonyl band,
suggests the following equilibrium between the carbonyl-
bridged species (A) and that containing a terminal CO gfoup
(8). The 3!Pp{lH} NMR spectra of compounds 4 and 5‘consiét

of broad unstructured signals in the region 11-12 ppm, which

P/\P /\P
(o]
0 (of} ¢
c | c | a | |,/~
\\RH/// \\\Rﬁ/ N ?——¢Rh Rh 4
(l? | \c__s/ c' QC 5/
AC~nF | R NT
" P\/P P\/P

are temberature invariant over the range 20° to -80°C.
Likewise the 13C{31P{1H}} NMR spectra consist éf a broad
beak at circa 199 ppm; ‘although this is normally the region
associated witi terminal carbonyl groups, the 13¢c resonaﬁces
of ketonic carbbnylé have also been observed in this \
region.41 Both sets Qf NMR épectra are consistent with cﬁ?

. . \
above dynamic bhehaviour. The 1y NmR spectrum shows the DPM\
\

methylene resonances. as broad unresolved patterns but with N

peak envelopes essentially as 1s normally seen in related
DPM-bridged complexes, but, interestingly, the resonanceés

due to the ethyl group are clearly reso.ved, presumably

since this group is well removed from the sites affected by
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the fluctionality. This structure proposed for isgmey B is
analogous to those observed for [RhyCly(CO)(C28)~
(DPM)2]46'47 and compound 14.

The iodo analogde of compound 1}, [halzluA@U)(DPM)z]
(2), also reacts with one equivalent of EtOC(O)NCS to yield
[halz(CO)(u—SCNC(O)OEt)(DPM)2] (5), a specig¢s pavibg only a
terminal carbonyl stretch (2001 cm~ 1) both in splid and
solution. The 31p{lu} NMR spectrum of this Qrodﬁcb ig well
resolved AA'BB'XY‘pattern, which, together with thg infrared
spectrum and the lack ofvcoﬁductivity, suggests thgt it has
a struqtufe anaiogous to isomer B shown above for the chloro
species. Complexes in which a bridging carblfny} ligand is
not accompanied by a metal-metal bond are still not
common“';'lzﬂg‘131 and the subtle factors whien favour this
carbonyl geometry are not yet understood, althouygh it seens
that slight changesf such'as the exchange of él for I ip
compouﬁd 3 to give 5, are enough to destabiljize this )
carbonyl geometry. Such a change can be.ratioﬂalized based
on éteric arguments; the larger iodo group oﬂ the more
crowded rhodium center presumably forces the cafbomyl g{oup
from the bridging p051t10n to the terminal site on the other
mgtal.

The carbonyl-bridged forms of.compounds 3 @hd 4 (isomer
A) havé‘a coordinatively unsaturated, 16 eleltron yhodium

center suggesting the possibility of coordinating a
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2-electron donor at thié metal. Conéequently, reacting a
suspension of 3 in CH,Cl, with CO yields a clear yellow
"solution, the 3lp{ln} NMR spectrum of which shows the
presence of two species 6 and 7 whose molar ratios vary with
reaction time (vide infra).y_The first species, whose
spectrum is typical of an AA'BB'XY spin system, appears to
be a simple CO-adduct of 3 as diagramme? below. This
species displays carbonyl stretches in an infrared spectrum

of the solid at 1968 and 1700 cm—l (1912 and 1665 em™ L

inV13CO substituted product) and shows two resonances in the

13¢c {lH} NMR spectrum of an enriched sample, at 191.5 and

228.6 ppm, consistent with a terminal and a bridging
carbonyl group. These 13¢ resonances wefe not 3lp decoupled
so the ermer appears as an approximate doublet of.tripiets
(JRp=C =”7Q Hz; Jp_c ~ 7 Hz) and the latter is a complex
multiplet which roughly appears as a broéd triélet
indicating that the coupling to both Rh centers is
appréximately the same (Jgp_c ~ 43 Hz). The second product
(7) was identified as [Rh,(CO)p(u=C1)(u=CO)(DPM)y] (C1]) 132
bagéé on a,comparison of its 31P{iH} 13¢ {lH} NMR and
infrared spectra (v(CO) = 2004, 1960 and 1868 em™1) with
£hose of the same complex having either BPh,” or RhC15(CO) o~
anions.133 Compound 6 could not be isQlated'pure since all

samples were contaminated by compound 7 to varying

degrees. In the reaction of the benzoylisothiocyanate

-
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analogue 4 with CO’no carbonyl adduct similar to 6 is
observed% instead only starting material and the tricarbonyl
species 7 appears. After prolonged expospre'to Co only 7 is
observed and ultimately both compounds 3 and 4 réact-under
excess.CO with isothiocyanate displacemen£ to give compound
7. It appears that the coordinatively unsaturated, 16
-electron rhodium center is required for *the reaction with CO
since.the analogous species 14, which has a bridging
isothiécyanate group but a terminal CC and‘therefore two 18
electron' rhodium centers; is unreactive towards CO,
presumébly siﬁce the thiocarbonyl morety is strohgly'bound
to Rh(l)}. ?he iodo compound 5, which also has 18-electron
configurations at botﬁ.metals also does not re-ct with CO.
This is somewhat surprising siﬁce.it would be expected that
the coordinated carbonyl grdup of the isothiocyanate group
would be readily éisplaced by carbon monokide as has

68

previously been reported in similar compounds and as we

propose occurs for the chloro analogue 3 (vide infra); it



seems that exchange of Cl for I markedly lowers the lability
of this coordinated isothiocyanate carbonyl group.
Similarly, compounds 3 and 4 reéct.with one equivalent
of MeNC to give compounds 8 and 9, reSpectively,‘in 100%
yield:(from NMRy). These products have similar 31P{1ﬂ)WNMR
spectra to compound 6 and theif infrared spectra show the
presence of ketonié carbqnyl groups (v(CO) = 1667 em™l (8);
1656 cm-l (9)) and terminal isocyanide ligands (v(CN) = 2229
cm~! (8) and (9)). The carbonyl bands, which shift to circa
1630 in 13co labelled samples, are at very low frequencies
even for ketonic carbonyls, but are not without precedent;
[Pt2C12(u—CO)(DPM)2], which has been shown to contain a'
ketonic carhonyi group, has the carbonyl stretch at 1638
cm~1,129 Thé 13¢c (31p(lp)y) NMR spectra of 8 and 9 consist
of a doublet:of doublets at:gizgg 230 ppm as expected for a
_bridging carﬁonyl grodp which is coupled to two chemically
inequivalent Rﬁ nuclei (see Tabie 2);y, |
The'reéctions of compodnd 1 wifh methyl- and
phénylisothiocyanate proceed in a very different manner to
those described for ethoxycarbonyl and benzoyl analogues.
For these non-activated isothiocyanates no simple 1:1 adduct
is obsérved, instead 31P{1H} NMR spectra of reaction
solutions show a complex mixture of species at all
isothiocyanate:compound.1 molar fatios. Varying the amounts

of isothiocyanate does not seem to alter these spectra
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significantly. On allowing the reaction mixture of compound

1 and phenylisothiocyanate to stand for several days a

yellow solid (10) precipitates in low yield; however, the
3lp{ly) NMR spectrum of the remaining mother liquor does not
differ appreciably from that initially observed. The
infrared spectrum of 10 exhibits bands at 1971 and 2165

cm~1l, attributable to a terminal carbonyl and isocyanide
group, respectively, and this together with iﬁs elemental
analysis and a comparison with thé”MeNC analogue (11) (vide

"infra) suggests the formulation diagrammed below. Althougn

the trans geometry 1is shown, it cannot rule out that the
possibiiity that the CO and CNMe groups are mutually cis.
Both the very low solubility of 10 and its carbonyl stretch
are reminiscent of the closely related species, trans- |
[haciz(CO)z(DpM)zl (v(co) = 1968 cm1).13% 1In the reaction
of compouhd 1 with MeNCS no precipitate is obtained, yet

the 3lp{lH} NMR spectrum of a fresh reaction mixture is
rather similar to that observed in the PhNCS reaction.

However, after several days, a complex multiplet due to a
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new species (11) appegars at 6 = 20.0 ppm in the 3lp(ln) nNMr
spectrum. Although this. species wés not isolated, it can be
identified as [Rh,Cl,(CO)(CNMe)(DPM)y] (11) based on a
comparison of it5'31P{1Hi NMR and infra%ed (v(CO) = 1970

em™l, V(CN) = 2169 em™1) spectra with those of an authentic

14
sample prepared by the 1:1 reaction of iRhZClz(u-CO)(DPM)zl

(1) with MeNC.135 It seems that both thé PhNC (10) and the’

/

MeNC (11) complexes appear slowly w1th time, although the

former is insoluble and-préc1 'ﬁrom solutlon, so is-

not® observed in thé soiutébnl" ' ‘he analogous
reactions of [PdZClztbPM)z 11( ‘ yl;'and
phenylisothiocyanate seem to?proaeid.ln a ﬁ%nner similar to
those reported above; in these reacthns the solutions are
reported. to contain several species from which the
isocyanide complexes, [Pd2C12(quNR5(DPM)2] (R = Me, Ph),
slowly precipitate in low yields.86
The only spec1es whlch we have 1dent1f1ed in our’
reactions of MeNCS and PhNCS are the final isocyanide
products 10 and 11, so no deflnxte statement can be made
regardlng the mode of ‘isocyanide production. HoWever,4£wo
routes seem 90551b1e, either involving sulfur abstractlon
from one equ;valent of isothiocyanate, or involving
disproportionation of a condensed isothiocyanate moiet&,

(SCNR)Q, The former process for this binuclear system 1is

favoured based on observations with other isothiocyanate
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groups (vide infra) and with a related binuclear iridium
system.136 1f, as is observed 'with the EtOC(O)NCS complex
3, subsequént condensation of MeNCS or PhNCS ligands occurs
with C-N bond formation to yield a species like that éhown
for species E in.theischehe shown in Figure 4 (vide infra),
it is difficult to envision facile isocyanide formation; in
the more common condensation mode in which C-S bond
formation occurs, one can readily understand isocyanide
formation (vide sugra). Furthermore, in some .very analogous
chemistry involving the binuclear iridium compiex,
[Ir2C12(CO)2(DPM)2], it has been observed that reaction with
one equivalent'of either MeNCS or PhNCS yields
vstoichiometrically the sulfido-bridged isocyanidé species
[Ir2Cl2(CO)2(CNR)(u-S)(DPMSz] by sulfur-carbon bond cleavage
of tﬁé isothiocyanate molecule.136 Assuming that the
iridium system can serve as a model for the rhodium
chemistry, it may well be that‘a similar process is
occurring with rhodium. However, the rhodium chemistry is
obviously more complex since a mixture of products is

~

obtained in this case.

(ii) Isothiocyanate Condensation Products: Having

bpbtained the 1:1 isothiocyanate adducts 3 and 4, it was of

interest to investigate the subsequent reactions of these

~.

species with additional isothiocyanate molecules; it see;EH\\
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i

o

that this would be a convenient way of synthesizing a
variety of condensation products containing different.
heteroallene molecules and that such reactionsg could yield
~valuable information regarding these ligand coupling |
reactions. Compound 3, the ethoxycarbonyllsoth1ocyanate
adduct, does ‘react w1th a variety of 1soth1ocxanates and CS,
to yield a single isolable product in each case, which are
shown by their elemental analyses and their conductivity and
spectroscopic data to be of the form, | '
[Rh,C1,(CO) (SCNC(O)OEt) (SCX) (DPM)] (X = NC(O)OEt (12), NMe
(13), NPh (14), NC(O)Ph (15), S (16)). Compound }2 can also
be prepared directly from 1 by reacting with two or more
equivalents of EtOC(O)NCS. In no case was further reaction
with these heteroallenes, to yield compounds containing more
than two of these groups, observed even in the presence of
large excesses‘of the ligagd. Interestingly; the{
benzoylisothiocyanate adduet, 4, does not.react_ftrther with
heteroallenes. The spectral parameters of compounds-12—16
are all.very similar; their infrared spectra displey a
carbonyl stretcly at cirea 2025 cm™1 which-shifts te‘circa .
1980 cm~1 wuen l3CO—substituted compound 1 is used, and all
show the cartonyl stretcﬁ of the ethoxycarbonyl moiety 1in
‘.the region 1700 1800 em™l; in compounds 12 and 15 two
organic cavbonyl stretches are obsé?bed, one for each

carbonyl group. These data indicate that all compounds



54

contain a terminal carbonyl ligand and that the organic

carbonyl moieties of the ethoxycarbonylisothiocyanate group

N
A
r

is no longer coordinated to one of the metals as suggested
for compound 3 (vide supra). The 31p(lh} NMR spectra of
 compounds 12-16 are also very similar and are %éﬁexpectedf
for complexes in which the two chemically difféfégt rhodium
environments’render the phosphorus_nuclei on each metal
chemically inequivalent. Similar spectra hé?e been
successfully analyzed as AA'BB'XY spin §§stems, as suggested
for the. present compouhds.137 ‘A typical 31P{1H} NMR
spectrum (for compound 15) is shown in Figure 3. Similarly,
the l3C{31P{1H}} NMR spectra of these, species also resemble
each other, displayingfaxdoublet ‘due to the terminal
Qcarbonyl group at circa 190 ppn w1th rhodium~-carbon coupllng

v

of circa 70 Hz, and the. 1H NMR spectra show all of the
‘required resonances whucﬁxigtegrate according to the
formulations given; for compound 12 two sets of ethyl
resonances arélébsered showing that these groups are
magnetlcally 1nequ1valent.

Although the’ apove‘data show that all compounds are
similar and that they contain two heteroallene units they do
not unamblguously establlsh whether condensatlon of these
units has occurred. Howeyer,'thenx—ray‘structure

determination of compound 14 does clearly establish that

condensation has occurred and, based on the very close
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similarities between the spectral parameters for -compounds

12-16, it appears that all have the structures shown

.

below. As noted earlier, these structures are very close to

'

o NC(o)bEt

(12)
. 7 Ne (13)
| S NPh‘ (14) o -
; oy NC(0)Ph (15)
y S (16)

that réported46'47 foé\ﬁhg Cszrqon“fnsatioh prod@ct,
[Rh2C12(CO5(CZS4)(DgM)é};vénd again this C$4 species has
rather similar.spectral baraﬁeters to tH;Sé-Of %ompoundsr
12J16 However,_these compounds‘are not the expected ’

" products of 1sothlocyanate condensatlon reactlons‘and are
unusual in twoblmpqrtapt_detallb, first, the condénsatlon
mode involves C-N boﬁd.fbfhatioﬁ.gatherithgn the normal C-5
bond formatien, andusécond, én éfﬁ%xyqarbonyl~moiety has
migrated from the EtOC (0)NCS groups,\which was briginaily ’

 coordinated in compound 3, to the added heteroallene

molecule. In”sulﬁur—containing heteroallenes (s=C=Y) there

Lo

fed
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seems to be a marked tendency, especially with the group
VIII metals, to coordinate through sulfur instead of through
Y and their condensation products almc .. .nvariably result
iﬁ C-$ bond fo:_. .tion as shown for is mer II.107 " The

alterﬁatp isomer resulting from C-Y bonu iormation (IV) has

Y ' Y

g !
T/ \ S/ \Y

3
S '
e $S=C=Y /
LnM\, ——ea L M- % OR LDM c\\
Cc Y S
A\
Y

(111) ‘ (1v)
not been unambiguously established in the condensation of

two heterocallene molecules although éuch a species has been

postulated as an intermediateﬁﬁn the condensatlion of thfee

EtOC (O)NCS molecules. 68 HoweQer, in this latter

condensation of three ligands, the conventional isomer III

cannot'be'ruled out as the first condensation product (vide

infraff Névertheless, the structure of compound 14‘gs the
5

first to establis: unambiguously the C-N condehsatfgh mode

for isothiocyanate molecules, at least for the case

N
\

. : P ~T>
involving two such molecules. It was therefore ¢t interest

to attempt to establish why C-N bond formation ‘results for

this binuclear complex whereas the related, mononuclear

~.actions proceed so frequently by C-$ bond formation.

(ii{) A Plausible Hechanism‘for Condensation and

Migration. In mononuclear 1:1 isothiocyanate -adducts the

14
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isothiocyanate molecule is genefally coordinated to the
. . . 65-72
metal in a side-on fa§h10n through the C-S bond.
However, it has been suggested68 that the "active"
intermediate in subsequent condensation reactions is the

zwitterionic form, shown below for V, in which the ligand is

nl- bound through carbon. Based on this postulated

Lo F

intermediate and on the relative stabilities of the
a,}‘), .
“g. contributing resonance forms Vi and Vi1, the tendency for
. V\D S ’?\J ’

PO

[YRA
R

8“_:—’-"“ s _NR s- NR
M [V : Jq#
. (v) . | (v1) (V1I)

these species to undergo condensation reactions at sglfur
réther ﬁhan at nitrogen cah be rationalized. Structure vl @: '
should less favourable than VII owing to the $-C m bond o
being weaker than that involving nitrogen and carbon, by
virtue of poorer overlap between the qgrbon 2p and the
éulfur 3p or 3d orbitals; As a consequence the sulfur atom
should be more nucleophilic énd.should tﬁérefore be
susceptible to.electrophilié attack by another 5=C=NR
molecule with concomitant C-S bond formation. However, in
binuclear systemns in which the C%S mbiety bridges the two

metals, the binding of the second metal to sulfur ~

signifi-~antly influences the relative teﬁ@gncies of the N
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sulfur and nitrogeh atoms to function as nucleophiles.
First, the resulting four—membered M-C-S-M meta]loycle in
the‘binuclear species is less strained than the three-
membered M-C-$ one in mononuclear compounds, tending to
favour sulfur coordination and to reduce the importance oﬁ
the nl bonding mode in the subsequent reactivity of the
former. Furthermore, coordination to the secoho metal in
this system, it seems, lowers the nUcleoph@%gﬁktM of sulfur
c7ing to the formal positive charge on this atom as is
suggested- by a consideration of the structure of the.
binuclear isothiocyanate complex 14. in this compound the
short C(4)-S(1)- bond suggests the importance of resonance
structures H and J with the resulting charge on sulfur, as
is shown at the bottom of the scheme. shown in Figure 4.
Although the structure-of the important first product (3) in
the condensation reactions has not been determiued V
crystallographically. it should closelyﬂresemble that of

14. The major difference in these structures, at least as
far as- the 1soth10cyanate ligand is concerned, should he_due
to repiacement of the coordinated organic carbonyl group

with the thlocarbonyl moiety 14 (see Figure 4). This should

result in an 1nortased 1mportance of the structure analogous

PRl

_to J for compoun613 “owing to_the more favourable C= O bond

1‘) R '

compared to C 55 and s?ould therefore 1ncrease the

,)‘g ‘.

nucleoph111c1ty of nltrogen, by v1rtue of ltS formal

v, .
sl ~
s
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Figure 4.
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Scheme for the reéction of [Rh2C12(u—CO)(DPM)2]

with activated isothiocyanates.
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_negative charge, leading to C-N bond formation (vide infra).
{n order for condensation with other heteroallene
‘moiecoles to occur, it appears that prior coordination of
these groups to one of the metals is necessaryf a similar.'
conclusion w= reached by Itoh anducoworkerslin their
related mononuclear chemistry.68 In solution, compound 3
exists as isomers A and 3 in the scheme’, of which only A has
a vacant coordination site. _HOWever,vheteroallene
coordination at this site should lead to condensation via
C-S bond formation, which is not observed; it seems that the |
reduced nucleo&gilicity'of $(1) does not allow tﬁis
conventional condensation mode to occur. Instead, for the

T

observed product to’ be obtalned,’cond

heteroallene at the other metal center oust ocaur.ﬁ¢éuch a
vacant coordination site does result if dlssoc1atloo of the
coordineteo eghoxycarﬁonyl group in A and B occors to give C
and D, respectively. 'The concentrations of C and D in
solution most be sﬁéll since no infrared stretch
correepondino toltheAfree ethoxycarbonyl group is

obServed Coordination of the second heteroallene (an ,
isothiocyanate molecule in the example shown) at this vacant
site on either C or D would lead to structure E which then T
has an appropriate geometry for nucleophilic attack by

nitrogen at the heteroallene carbon atom to give structure

F. That prior coordination of. the second heteroallene 1is
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neceséary is suggested by the failureUQf species such as
al¥§n¢4 carbon dioxide, phenylisocyanate and
methylisocyanate 'to react with compound 3; these molecules
would be expected to have a lower tendency to cqordinate to
Rh than do their sulfur-containing analogues. The next step
in the scheme is Q@e nucleophilic attack of the nitrogen of
the second isothiocyanate molecule at the carbpnyl carbon
occurs with subsequent N-C bond formation (Strucfure (G)).

- The resultfng four—mehbered 1,3 diazetidine ring will be

hhighly strained, so /it may be that in order to alleviate

4"‘
1 )
~— N

some of this étrain the sulfur'atom becomes detached from
the ﬁetal as shown. \Finally, by the electron reorganization
shown, éleavage of the original C-N bond results in a 1,3~
shift of the ethoxycarbonyl group to give the final product
14. | |

.The étructure of compound 14,Awhich is also, as noted,
an isoﬁpiocyénate adduct of compound 1, can be described by
a co%bination of the resonance structures shown for' H, I and
"J. As such compound 14 also should be capable of additional
isothiocyanate coopdination_gpd,subée&dent'condensatioh.
However, this 1is not ﬁhe caég%jno further reaction of 14 is
obsefvedQ The reason for this difference in the chemistry
of 3 and 14 .is again. probably attributable to the |
replacement of the coordinated oréanic carbonyl group in the
férmer by the thiocarbonyl moiety in the latter. In

3]
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compound 14 the most important single resonance structure is
that of H, as evidenced by the short C(5)-N(1) and C(4)-5(1)
- bonds, whereas in compound 3 it appears that the structures
corresponding to A aﬁd B afe most impoftant. As a result,
tﬁe isothiocyanate nitrogen of compound 3 should be more
_nucleophilic than that of 14, and the tendency of the latter
to undergo condensation reactions should consequently be
lower. But more importantly, the sulfuf atom in 14 should
be more tightly bound to Rh.than the oxygen atom in 3 and,
‘as a result, no vacant sité is available for coordination of
the additional isothiocyanate molecule, and therefore no
subsequent reaction of 14 is observed.

It is intéresting that the'benzoylisothiocyanéte adduct
4 does not undergb.heteroallene condensation reactions as
are observed for 3. Both compounds 3 and 4 should be

similar in their tendencies to dissociate the coordinated

N

ethoxycarﬁﬁ%yl moiety .generating the vacant coordination
site, such as in structures C and D of Figure 4. So both
species should have compafable abilities to coordinate the

second heteroallene molecule. The major difference between

R

ﬁigiénd 4 could wéll.lie in the greater ability of the benzoyl
group Fo delocalize electron density compared with.the
ethoxycarbonyl group. In compound 4 the structures
analogous to C and D will have the negative éﬁarge_on

nitrogen effectively delocalized over the benzoyl moiety,
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.

whereas the ethoxycarbonyl group cannot'delocaiize the
charge extensively because the carbonyl group islstroﬁgly
conjUgated with the lone-pair electrons on the ethoxy |
group. As a result, the electron density on nitrogen and
therefore its nucleophilicity is higher for the ethoxy-
»carbonylisothiocyanate adduct than.for the benzoyl
analogue. This lower nucleophilicity of thq latter
presumably is sufficient to inhibit the condensation
reaction in compound 4. It is also possible that steric
differences between the two iSothiocyanate mq}ecules play
some part in the obserygd reactivity differenée.

The scheme sho@n in Figure 4, which shows the additioh
of isothiocyanates to compound 3, can apply equally Qeil for
€55 addition. Therefore, cdmpound 3 may react with C82 to
give [Rh2Clé(C0>(u—SCNC(S)SC(u>0Et)<npm)z] (16) via an”

- analogous mechanism as that shown. |

As noted earlier, this study répresents the first clear
example of q#condensation reaction involving two
isothiocyanate molecules which proéegﬁﬁ-by C-N bond
fdgmation. élthough Itoh and coworkers nostulated sucﬁ an
'intermediate_in their mononuclear'chemis.;y,.68 based on a
véry_careful study, it appears that thé;additional data
given here suggest that their reactions may proceed by C-S
bond formation in the first condensation sgep, aﬁd,certainly
this possibility cannot be ruled out. Thus, thé first step

-

[4
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in the mononuclear chemistry probably invoivés C-$ bond
formation via the nl—SCNR intermediate noted”earlier. Once
the sulfur end of the isothiocyanate molecule is "tied up"
with the second molecule then subsequent condensation
reactions must occur at nitrogen if they are to occur. In
the mononuclear chemistry then, one observes conéensation of
beﬁzoyliéothiocyanate at sulfur to give the 2:1 product but
no further reaction occurs since the nitrogen atom of the
original isothiocyanate molecule is not nucleophiliéb
enough. With the ethoxycarbonylisothiocyanate molecule,‘the
analogous 2:1 product reacts further with C-N bond formation
=Y . .
since the nitroéén of this ligand is sufficiently
nucleophilic for cnhdensation at this atom to ocrt iv. The
difference between the b&yuclear‘chemistry'described herein
rand the related mononucleér chemistry is that in the former
a second metal center "ties up" the sulfur atom of the

. ] . .
coordinated isothiocyanate ligand so condensation, if it is

to occur, must proceéd ﬁhfough nitrogén vig C-N pond \
formation. Wheéhef or not condeﬁsatidn«at‘this nitroygen
occurs for both the binuclear and..the mononuclear chemistry
depends on the chleophilicity of this nitrogen. Thus the ,
1:1 binuclear~i$othiocyanate complexes are analogous to the
2:1 mononuclearvones of Ttoh ana coworkers and the 2:1
éthoxycarbony1isothiocy;nate product cdmpares with their 3:1

adduct.

1
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Conclusions

Organic isothiocyanates are shown in the study
|

described in this‘%hesis to display three distinct
reactivity mpdgs with the binuclear complex |
[Rh2C12(u—CO)(DPM§¥] depending on the nature of the
isothiocyanate molecule itself. The firgt mode observed for
the so-called acfivated isothiocyanates EtOC (O)NCS ané/
PhC(O)NCS, involves formation of 1:1 adducts in which the
isothiocyanate ligand bridges the metal, bound by carbon to
one and by sulfur té the other metal center. The
ethoxycarbonylisothiogyanate adduct, in turn, reacts f  her
with a variety of heteroallenes yieiding unusual S
condensation products which have-;esulted from C-N bnnd
formation by nucleophilié attack of~the‘nitrogen atom of the
coordinated EtOC(O)NCS ligand at carbon of the incoming
heteroallene moleculet In addition, these condensation: o
-.:reactions are accompanied by a‘l,3—shift of the
ethoxycarboﬁyl moiety to either the nitrogen of the added
isothiocyanate molecule or to one of the sulfur atoms of CS»
if it is the added heteroallene. With the non-activated
PhNCS and MeNCS molecules a third reactiQity mode, yieldingﬂp
‘isocyanide 1ﬁgagds; is observed. .

' This-st;ay‘is?sigqificant in several aspects. It is

believed to be the first in which all three types of,

v

a>



oy

67
reaction products have been isolaﬁed and characterized for
the same metal system; in parﬁicular isolation of the 1:1
ethoxycarbohylisothiocfanate adduct is an important
development since it allows the preparation of a variety of
heteroallene condensation products, which prove useful for
delineating the reaction mechanism. This study is also th.
first in,which the coupling of two isothiocyanate molecule:
by C-N, rather than by C-S, bond formation is.clearly
establishéd, A schemelishpre§ented for these two metal-

center induced cdﬁpling reactions which can be applied, with

N

slight mddificatiOhs, to related mononuclear,chem}gtry, and

is therefore attractive in that it outlines a unified

approach to heteroallene coupling reactions.

. .
The presence of the second metal center in these

: : TS ' ‘ '
reactions’

R C e . .
LS a very significant effect on the chemistry as

compared with that displayed By the mononuclear analogues.

Coordination of,the heteroallene. sulfur atom by the second
metal lowers its nucleophilicity with the result that o
subsequent condensation reactions Qécur at nitrogen rather

than at sulfur. This modification of reactivity by the

second metal center has obvious relevance tp‘organic

.sYnthesis."So, for example, in this s%udy the syntheses of

a‘variety of new isothiocyanate molecules by the coupling of
the ethoxycarboﬁylisothiocyanate molecule with other
heteroallenes followed by the 1,3-shift of the

ethoxycarbonyl group are observed.

LA



CHAPTER THREE

THE OXIDAT]VE ADDITIUN OF DIMETHYLTHIOCARBAMOYL CHLORIDE TO

[Rh,Cl, (u=CQ) (PhyPCH,PPhy) ]

o

N '
Introduction : : o /;///f////d’ﬂﬂ——_—_fJ—

Hetallocafboxylic acids, LnMC(O)OH, also known as
hydrdﬁYcarbonyls{ have beenﬁproposeé as key intermediates in | ?\
a variety of organometallic processes, including the
homogenous catalysxs of the Water Gas shift reattion, 138 the
reactions of metal carbonyls with water to form the related
hfdrides,l39'140 the isotopic exchange of metal carbonyls
with water141'142 and the oxidation of Cé by metal

ions.ll;?”145 However, only a few metallocarboxylic acid

[

Spec1es have been isolated and characterized owing primarily

to the ease w1th which they extrude L'Q 146-151  1p

particular little is known about the bonding of thé

hydroxycarbonyl fragment in the presence of more than onn
.,metal ceptre.152 ThlS 1nformation is 1mportant if the o

. J ’ \.\
function of polynuclear metal complexes 1n the cataly51s of-/

Lo

the above reactlonsqis to be understood. *

One approach to obtaining inférmation aboutJtheée v -

elusive metallocarboxy11c acids 1nvolves the study of model

=~ S

68 o ’ »;“x\



systems in whlch ligands that bear 51m11ar1tles to the

ydroxycarbonyl ligand, but which are less llable to

decompose:and therefore more amehable to study, are

P

. s hstltuted for the L(O)OH" molety. 'These-ligands can be

v

deerPd from the hydroxycarhonyl group by replacement of the

W

.
narhonyl~oxygen by sulfur and the OH group by .an SR or NR2

unlt ~ The compounds sQ obtalned obtalned are quasi-

‘Jsoelectronlc to the Telated metallocarboxyllc a,ld spec1es,

’dbut are generallemuch more stable, aLlowyng an indepth

‘;' ;tudy of the xg;h.em,istry o‘f these systems ‘to be carried out.

&ppne @UCh model ligand for the C(O) ,; fragment'that Has

by

o.

,the metalsV.ls also possihle.153‘1552175‘177

b
recelveo some attentlon is-. the dlmethylthlocarboxamldo »

Y
iy

group, C(éwNMez’; This group “has been found to«coordlnatek

.ot . .
o e - ’ U -

<
‘to metals in at leasts three dlfferent ways. Plrst, 1n~the

presence of a 51mgle metal center,'lt can be bound solely

=2

5

through the carbon atom, analogous to“tngﬁbondlng modéA.. ;
T

commonly proPOSeﬂ for C(O)OH‘ 153-155 or tgrough the carbon—

sulfur ﬂ system, forming,. a thmee membered M-C- S chelate s,

rlng 153-173  1p the'ﬂresence of twoumetal centers, . the

thlrd bondlng mode, in which the caruc -sulfur bbnd bridges“

-
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IN e - /s---C\
« \\ . ", . . ’
" - ‘ QM M
1, R ,
BT R (v)
e

~

L

ooy ! .“. \ . ) .A- . n .
Although the seccnd155f§;i§159”161r164'171 and“t'hirdl—ls—'l'—]7
. JER
_bondlng modes have been confrrmed by 51ngle crystal X ray

o

J’ . ' - 3 .
dlffractlon studles, o such structural verlflcatlgﬁhhgs

. R
appeared of the® flrst. R ‘o 3 R

1

v oo e T
sA study of the chemlstry of the SCNMe2 grqup With aﬁ¢

blnuclear rhodlum compLex was therefore underta%An to study

l
= the p0551b§emcoord1nat10n modes of this. 11gand 1n a . :
3. - - ‘ AL
J..bgnuclear system and an the hope that it wouid yleld . :

-u(,

1nformatlon @f relevance tQ the related metallogaéppxyllc
-VJ 2 5 . w R '/
‘ac1d spec1es f'TEeﬂresults of thls study are: deséﬂﬂ

£ ’

th1s chapter. . _ - N P S
“Experimental Details ‘ ' o . ) v et
S . : : : : e R '

- - . T e - Tﬁ . ,%
v L} -~ - A' ﬁy N ,
. The general experlmental condltlons and' techniques are’ - .
w . - 4 -
' > S RS
given in Chapter Two. Dlmethylthlocarbamoyl chlorideﬁ,ghrchk<_
& o
was recrystalllzed from dlethyl ether prior to use, and S
VAo
’sodlum deu@eroborlde were purchased from‘Aldrlch, and . .
s, ."
tetraethylammonlum borahydrlde from Research‘ . ot

r; ¥

£
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V]
Organic/%&organic Chemi@als.J"All other reagents were,

1 ’ *

except where noted in Chapter Two, used as rerelved

2

[Rh2C12§u (,O)(DPM)q]41 (1) and MeNLll2 were prepared by the

¥

reported’ proaedures. . - : L

: Prepafation of the Complexes: > o
L : v ! W
R ' ‘ ”,\M'

Q (a) [Rh2c13<co)<scmne2)chM)zj (2). ngpound 1.(100

) , ,

mg, 0. 093 mmol ) and bC(Cl)NMez (25 mg,. 0. &ﬁhww&“ﬁ"‘@re S
B i, L

dlssolved in 10 mL CH2C12x«» The reSUltlng dark- ‘brmﬂw

”Uméolgtion‘was stlrred atn}oon temperature for 6 h w1th ligtle .
' . N % | [ , :
; . . E 2 t@ NS - o
z"s;olutlon col r change Addltlon of dlethyl éther ‘
q , . 7w4, " ._ , w>'

pre01p1tabed °brown yellow solid, thLh after thV,

recrystalllzatlons from CH2L1278t20 gave 2 as a brlght"‘ v
. "v'J o ’

yellow powdef‘ The solld was gﬁltered 1n¢a1r and wa%hed

3
e

w1th Etéﬁ Yleld 20%. 5Qectral and conduct1v1ty detalls
- ﬁ

foﬂ 2 and other compounds prepared are summa
#a

11 and 12;; 3,.,‘, )

‘A'D

N ‘ ){haClz(LO)(SCNMez)(DPM)z][Bﬁwﬂ nCH2L12 (3).

Compound 1.(1.0 g, 0.932 mmol) and bL(Cl)NMez (0.25 g, 2.2

s ~

. mmol) were dissolved in 25 mL CH2C12,Jsuff1clent NaBb4 to
" form a_saturated solutlonciggyca 250 mg) was added and the

. ' - N = i ’
t : . 7,
‘suspenSion-was stirred for 4 h, by which time the‘color had
g o o, v N

‘ohanged from dark brown to orangedred The solution was

flltered to remove NaCil and excess NaBF4, and dietﬁyl ether
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(20 m}) addedltdvthe filtrate, precipitating a crystalline
brown-red solfd{ which was isolated by filtering in air.
The product was washed with diethyl ether, dried ih‘yacuo,
. Sy ' .
and Letrystalllztd f rom LHztlz/htzo . Yield 1.02" g, 85%.
All samples were found to contain C£;c12 6f solvatloh, the
.amount of which varied dependlng on the exact conditions of

éeryetallization. Analysis.178 Calculated for Cs4.65 H51;3\T

oA

BC13, 3F4NOP4R S (01rca .0.65 CHyCly .Of solvatlon) < 50.3;

<

H, 3:9; N, 1.1; s, 2.5; Cl, 8.9. Found: C, 49.23 3.6}
. ’ ' Ta ‘ R \.\;H .
N, 1.1; S, 2.8; Cl, 8.6. - T S
' .. . L o e ¢
A \ “’ o “
. . o »‘7;.{"" Y C()

v () [Rh2c12(u SCNMez)(DPM)z][BF4] nCH2C12 (k);

@QLCOmpound 3 (100 mg,.O 077 mmol) aqngeBNo 2H20 (18 m9, 0 162

‘ mmol) were dlSSOlved 1n 10 HL CHZ\ The resuLtlng orange—

’ 2 cosm £
’red solutlon was stlrred at roem.temperature t%} = h by

which time the color had changedlto brown. The vqume of

the solvent was reduced to 2-mL and 10 mL of Et0 slowly
. ' ol e _ o
added. Filteryng the solution in air yielded a green-brown

precipitate wthh was Washed w1th 2-3 mL of uj,limethanol
diethyl ether to remove excess Me3NO, and, then with dlothhl

ether Recrystal%1zatlon f rom CH2C12/Et20 gave analytlcally

pure eamples contalnlng approx1mately 0 4 QQULNalentS of

’ .
c/ »

- CH2C12 of . solvat}on 178 Analy51§, Calcula;ed for Cs3, 4. »

, . 0

Hog.gBCly, gF4NP4RNS ( = 0.4): C, 51.12; H, 4.08; N, 1.12;

c1, 7.91. Pound:égch 51.60; H;4.20; N, 1983¥icl, 8:04.
4 T A . - . o = :

-
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’

(d)_[Rh2C12(CNMe)(5CNMe2)(DPM)2[BF4] (5);J A solution
of 4 was preparéd ‘as descrlbed above from 3 (100 mg, 0.077

-mmol ‘and HegNO 2H20 (18 mg,bO 162 mmol),ln 10 . mL CH,Clp.
. \?; L

GAddltlon of 10 uL MeNC (0 17 mmol) changed the eolor of the

solution to orange. The solutlon was stlrred for 30 m1n and
}¢ G .

‘the volume was reduced to 2 mL. Treatment of tuls solutlon

w1th Eth prec1p1tated an orange- brown solid whlch was‘A

N B

flltered from theﬂsolutlon in a1r and washed w1th dlethyloJ

Ak -
P o A
% . . PN . ,;'.x w So N ,'1 .

Aether. ‘Yleld IO%a,f . s ’ Y

K . Lo T 7 o L 0

e I . ~ . . - : . ‘ o

i R g g, e - ERI - * B .
o 2 R . . e :
. Wit

0)%%olvent)(u—SCNMe2) PM)21[8b4]

w“‘

(ij§s i*'\'Al‘.H'F'(Ga) Compound 3 (100 mg,»0.077 mmpi);andu,w

NaBH4 ;6 mg, 0 159 mmol) were suspended 1n 5 mL, of THF*ahd;?l\“
-\ . M '

the react;on mlxture stirred . at room temperature. }Ihe
solids dissolved slowly over a perlod of*about two homrs_“

yielding a deep purple, very alr sep51t1ve solutlon of 6a. L

(ii) solvent = CH3(,N (6b) .. Compound 3 (100 mg, ® 077 rmol)

o

andvﬁt4N+gH4— (22.5 mg, 0 155 mmol) were dissolved in 5 mL
, #

@

IOf CH3LN A vlgorous rqactlon 1mmed1ately occurred with gas

evolutlon yielding 3 deep red-to- purple colored solution of

e

‘\. 6b. Compound,6b was also very ‘air sensitive so neither it

-

" nor 6% were isolated; ‘their spectral parameters are given in-

~

Tables 11 and 12. - J

t
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K. "

. . . [V
oo . - N

R . . R s It
. (£) [Rh,(CO),(u-SCNMep) (DPM)o] [BF4) (7). " Method (i).

'”Leplaeed w1th LO causing an 1nmed1ate llghtenlng of the

olution color to violet. Addition of 10 mL. of dlehhyl
ether prec1p1tated a purple - m1crocrystall1ne solid 7“wh1ch
was sufflclently air stable to be filtered in air.
Recrystalll?atlon from CH2c12/Et20 gave a purple product,
Samples of 7 stored in air decomposcd over a period of a few
days to olve an unldentlfled whlte SOlld. Samples stored

under dlnltrogen were stable for several weeks. The same

~reaction could be performed in ethanol, methanol,‘aCetone,“

Y : : - - -
acétonitrile or methylene chlorida&%%pploying Et4N+BH4 as
. iy o
the reductant in the last two sol#' ; Q?'

D xf:f:%-\“

Lompound 3 (100 mg, 0.077 mmol) and NeBH4 (8 MQ,'0{212 mmol )

Method (ii).

were degaseed 1n a 3 neckeﬂ round bottom flask. The
'dlnltrogen atmosphere was - replaced w1th CO and 3 mL methanol
"was added. The solids dlssolved and reacted to give a
purple solutlon.' Coollng to -10°C qu1cLly prec1p1tated ‘a

kgeod yield of 7 as a crystalline, deep purple”@hlrd. -

H, gT&o} N, 1.16.




yaa

P
RG’E‘(‘t’lﬁr\) Pf [haplz(II—SCNF1(‘2)‘(DP[‘-1)2]+ with CO,

A solution of 4 in CH,Cl, was prepared as detailed
above and purged With N,. CO was PBriefly passed through the
solution causing a color change from brown to orange- red.
Comparison of the 31p{1y} NMR Spectrum of - Ahe Feaction
mixture was that of an authentic sample-of 3 indicated that
3 was the produet obtained. Confltmation Was'obtained from
a consideration of the infrared spectrum of the.SOlld |
obtained hy treating the solution‘with Qiethyl ether and

comparing this with the spectrum of the authentic sample.

A
./‘

e

ﬁrepagatieh of 13CO Labelled Samples.

ﬂ

&s
) 13CO labelled samples were prepared by employlng

tfl 3co

labelle® compeund 1 (for 3) and an atmosphere of 13co for 6.

v
i

"X-rdy Data Collection.

Suitable quality, -amber single.efystals of 3 were gruwn

; F B . S
by-slow diffusion of Et0 into a saturated CHClp solution’

~of the complex. 'Preliainary film data showed that the .

»
crystals helongea to the monocllnlc system, ‘with systematic

-

13 .
absences character: st1c of the space gpoup gfl/n (this non-

' standard se- tln(‘ ~f P21/C was reta1ned because IDf a more
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convenient B angle (105.95° cf. 128 .8°%)). Accurate cell
parameters wgno ¢htained by a le: st-squares analySlﬁ of 12
carefully deﬁgered reflectlons chosen from d1ver§& %eglons
of rec1procal space and obtalned w1th use of a narrow X- ray
source; Datg were collected on a Picker four-circle X-ray
diffractometer equipped with a scintillation counter and a
pulse height analyzer tuned to accept 90% of the CuKa

peak See Table 13 for pertinent crystal data and the

details of. data collectlon.' ¢

oo

'technlques.' All atoms} including the”

Structure-Solution and Refinement.

The structure was solved in space\group P21/n by using
L S

standard Patterson,'fourler and full—g&trlx, 1€ —squares
ed” )‘ i :
7 : e Feany

\%/L:pgens, were

ultlmately located Atomlc scattering Ffactors for all atoms

(hydrogen114 and otherslls) and anomalous.diSpersion

'termsll6 for Rh, Cl, S and P were taken from the usual

_sources. "The carbon atoms of all phenyl groups were reflned

Y

as r1g1d groups hav1ng D6h symmetry, C- C dlstanqﬁs«of %v392

A and 1ndependﬁnt isotropic qhermal parameters for each =»

-

atom. The hydrogens were all input to thes;east squares
V

ﬂprogram-gs fixed contrlbutlons in their 1deallzed positions
fuslng C-H distances of 3195 &\and a551gn1ng ‘them thermal "%'

- parameters of 1 A? greater tﬁén the B's (or equlvalent

“r - 3 ‘l ) . j
' ) o N - ‘a

>



N 79
L‘*\\ - |
13. Summary of Crystal Data and Detalis of

. LMoy . . ‘o
SO . | L0
‘e TNEENSI LY Collection. ‘ "
) l\\ ‘ N ~ * S
o<, [Rh,C1,(CO) (SCNMe ;) (DPH) ] [BF 4J.1-BIZCH, L1,
fw : 1403-99 ’
spacle group le/n (non-standard setting of PZ]/C; No. 14)
s, R ~ 12-340(1)
b, & A 32-888(5)
ok 15-374(2)
¥ ’ .
8 , deg 105-95(1)
¢ Sy 93 . R e o
52 A ‘ , 5999.1 o
Pealed, ¢ it 1-550 (2 =.8) - ° | o
temp., °C ) 22
_radietn S Cuka, 3 = 1-54178 (Ni-filtered)
ndeiector aperture, mm e axa ., -
, R . . '
2z lirits, deg . " 2:0 <2 ¢ . N
gsen type - o . 6/29'~
2¢7scan rate, deg/min s 2.0, A \ ' .
R - N _ ' -
_w_scan width, deg S i symmetrical, [T-90 + 8(ay-05)] " P .
. . : . g s &“)‘" -
bkgd ‘ 3.5% « Zb < 60°,.10 sec - LN @@ )
. _ S . 60° <20 ¢ 120°, 20 sec ‘ o
" rflctns measd . " 2h, +k, +2; 9780 a
data used (F22 30(F) Caizz ) .
y ' S| s . C N ) ‘
> abs coeff w, cm 86-383 - : R . .
te. . - . . o J B ’ e ‘ .
L5 Tyyrystal dimens, mn © . T0-286 5 0-091 x 0-094 )
range in abs corr fa€tors - © 0-369 - 0-560.
’ wF s A : 2. fm o
5 fin2l no. of parameters refined” 345" e . &
¢ _errpr in obs of unit'vw‘eight' , "1-855
. \ R . ) . . . 0-070 - ) ) . o - <
- 'RQ O . 0.08



A

isotropic B's) of their attached atom; these atoms were not

refined. Absorption corrections were applied to the data by

using Gaussian integration.117 . . o

The BF4— anion was found to bhe severely disordered;
although peaks could be located in the Fourier maps which

were consistent with the known geometry of this group,

fﬁslgnlflcant electron dens1ty was found in an essentially
%

-

RN B ‘ﬁjﬁ’ “
- " :‘.."""‘“;

g spherical distribution about the central peak. Attempts to

fit this electron density as more than one disordered‘BF4-“

molecule hav1ng fractional occupancies proved unsuccessful,

’ 3

so only one full occupancy BF4 was reflned. The resultlng

thermal parameters of the atoms in thls group are father
b

‘hlgh and the B-F dlstances are less than 1deal 'However,

3

K3

this problem is not unusual for these pseudo sphéracal

\yan¥ons and:the f1nal geomegry, althOugh dlstorted, cleaﬂly

\':;?.i'::?w
t

L

...Fourler maps reafflrmed thelr p051tlons and showed tne

Ww,.;
displays an almost téetrahedral arrangement of fluorine atoms

] |
about boron. The occupancy factors of the CH2C12 molecules

were refined; that of‘molecule 1 (C(?), Cl(3) and Cl(4l)

reflned to almost l 0 so was fixed as a full occupancy in

the final @ycles, whereas that of molecule 2 ultlmately -

‘refined to 0.833. The thermal parameters of these solvent

mo&ecules were also large, suggestlng some sllght dlsorder
P 3

"-of these grgups. Near the end of reflnement the CH2C12 and

/

- P

:BFq groups were reﬁoved, however subsequent dlfferentei

.

> . . X 7
’ . . .
T . - S o . : : !
- . . . N

’

\
voe ¢~

° . - - . N
L0 - ° ) - : : -
i : . -
i - L : . .

RN ' . . L.

Q&

3
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'typlcal oarbon atomtog earlier maps

parameters for#

L

obseryed structure amplkgude factors is avallable.

81

AsmearedFout electron density associated with these groups,

so they were reinserted and refined as previously.

The ifinal model with 345 parameters refined on 4122
o : L - W
observations converged to R = 0.070 and R, = 0.081;

4

undoubtedly the badly behaved CH,Cl, and BE4 grOdps hamper-

the flnal reflnements, However, the complex cation is well-

fbehaved\ On a flnal dlfference Fourler ‘map the top 20

residuals;(919_—‘0.6 e ﬁﬁ3) were in the vicinities of the

CH,Cly 'molecdles,' the BF4" anion aptthe -P_henylv.groups' A

g S
ad an electron density .
- S

of c1r¢a 2 7 e A3, _ o L o ' o

. .
Theg&gnal positlonal and thegmar parameters for the

Y

non- group and group atoms are. g1ven in Tables 14 and 15,) LI

respectlvely, The idealized p051t10nal and thermal N

z’-‘i \1,.-

e hydrogen atoms are glven in Table 16.

Selected‘bond\ffngt-s and angles are llsted in Tableg 17 and
18;.resp§ctiéely,' L@yst sguares planés calculatlons are
v ) xn . a

recorded in Table 19. A l1stung of the calculated ‘and -
* .
118

LI

. L . @

. [RhZClz(LO)(bCNMe 7(DRM)2][HF4] 3y crysﬁﬁlezeg‘u;;nf'

c1rca 1 83“molecules of CF2C12 per fofmuia un1t in: the .

fcnystals studled,u In othef samples wh1ch were crystalllzed

-

. ST .‘:,7 - . ( ‘ R -
AR . . : R

! - . ST . : .
& : . . o _ . ) \ . . L L
‘ * v BN oo : '

el
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TABLE 16. Deriveé Hydrogen Positions and Thermel

Parameters for [Rh2C12(FO)(SCNMez)(DPM)zl[BF4]-

1.833CH2C12.
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TABLE 17.
-‘[Rh2c12(c0)(SCNMez)(D?M)Z][BF41-1.83BCH2c12.
Rh(1) - P(1) 2-333(5) p(a) - €(6) .848(15)
RR(1) - P(3) 2-319(5) P(T) - C1) .823(9)
RR(1) - C1(1) 2-395(4) P(1) - C(21) .819(12)
Rh(1) - (1) 1.74(2) P(2) - C(31) .818(12)
Rh(2) - P(zf ' 2.368(5) P(2) - c(41) .834(12)
Rh(2) - P(4) 2-369(5) P(3) - C(51) .821(13)
Rh(2) - C1(1) 2.509(4) P(3) - C(61) .823(1)
Rh(2) - c1(2) 2-354(4) p(7) - C(7) +836(11)
Rh() - S(1) 2-407(5) p(4) - C(81) .835(11)
pn(z) - €(2) 1.93(2) B(1) - F(1) 27(7)
s(1) - c(2) 1-69(2) B - F(2) -42(8)
c(2) - N(1) 1:32(2) B(1) - F(3) .56(7)
N(1) - ) 1.48(3) ° B(1) - F(4) 10(8)
NI - Cl8) 1.44(3) c(7) - ©1(3) 69(3)
c(1) - o) 1-14(2) c(7) - C1(4) -69(3)
P(Y) - C(5) 1-805(17) c(8) - €1(5) .50(5)
p(2) - C(5) ; 1-853(16) c(8) - C1(6) 77(6)
P(3) - C(6) 1.828(18)
(ii) Non-bonding Distances (3)
Rh(1) - Rh(2) 3-207(2) Rh(1) - S(1) -249(5)

-
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under somewhat different conditibns the amount.of CH,Cl,
varied to as low as 0.4 per formula unit. One of the
'solveﬁt molecules in the present~stfucturephas full
occupagcy and the other somewhat—less (0. 833) Both solveht
molecules have normal geometries. There are no unusual
céntacts invqlving eithér the solvent molecules, the complex . f
cation or the BF4— anion; The BF,~ anion is severely
dlsordered and as a reSth displays asgeometry which is
dlstorted from an 1deallzed tetrahedron, w1th B-F dlstances
ranging. from 1. 13(8) to 1.54(9) A (see Table 17) and F-B-F
'angles ranging from 92(2)° to 130(2)° (see Table 18).
Although the spread in these values ishrather large, it 1is
not unexpected considering the disorder aﬁd in spite of the .
'diséortions the mean vaiués compare well with reported

values.179

The complex cation is shown in Figure 5. This cation
consists of t@o rhodium centers bridged by two mutually
trans DPM groups} with the Cl, €O and SCNMe, ligands bound
in the equatorial plane which is approximately perpendicular
to the Rh-P vectors. As suggested by the 3lp(lH} NMR
spectrum (v;de infra), this complex has two very different
rhodium environments.. Rh(1l) has én essentially équare
planar coordlnatlon in which the two phosphines are'mutually

trans and the carbonyl group is trans to the bridging chloro

ligand, whereas Rh(2) has a distorted octahedral geometry in



FIGURE 5.

89

/ ' :
Perspective view of the [Rh2C12(CO)(SCNMez)(DPM)2}+

cation showing the.numbering scﬁéme, The numbering
of the phenyl carﬁons starts at the carbon atom
bound to phosphorus and increases séquentially
around the ring. Twenty percent thermal ellipsoids
are drawn, exéept for hydpogen.atbms which are

N ®
shown artificially small.



which two of the four eguatorial sites are occupied by the
bridging and terminal chloro ligands and two by;the'side—on
bound SCNMe, group. This cation represents a rare example
of a binuclear rhodium species containing both 4= and 6-
cog;dlnate metal centers. 122 180 These metals can be
formally regarded .as Rh(I) and Rh(III) with 16 and 18
electron conflguratlons, respectlvely.

Most parameters within the complex are aslexpected*for
such a DPM-bridged species and in particular»tﬁbse
parameters involYing Phe‘DPM ligands themselves are
normal. As is often the case, the b?ﬁdging methylene groups
‘of the diphosphine‘ligands bend towards the moré\StericallY
encumbered side of the complex (that having the SCﬁMez |
group) to allow the phenyl groups to minimize unfavourable
contacts with the relatively large SCNMe, group. The Rh-P
distances fall witﬁih the range normally féund for these
complexes, but can be grouped into two pairs; those on Rh(1)
(2.319(5), 2.333(5) A)‘are significantly sﬁorter than those |
on Rh(2) (2.368(5), 2.369(5) A). Presumably the longer Rh-P
distances result because of the more severe steric crowding
about Rh(2). A similar diSparity in Rh-P distances.has been
observed in_[Rh2Cl(CNMé)z(u—CF3C2CE3)(DPM)2]+ 2 and
[Rh2C13(u—H)(u—CO)(DPM)Z],53 and again the larger values

were associated with the more sterically encumbered Rh

centers.
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The chlbro bridge is unsymmettrical, with the bond to
thl) being significantly shorte} (see Figure 6). This
shorter distance‘(RP(l)—Cl(l) = 2,395(4) As is normal and
compares closely with that observed in |
[ha(CO)z(u ~Cc1)(DpM) 41 %, 181 in which the 1 ligand also
brldges two metals whlch are. not bonded to each other..,The
uynusually long Rh(2)-Cl(1) dlstance (2.509(4) 'A) can be
rationalized in terms'of‘the high trans influence of‘C(2)
and can be contrasted with the aboveth(l)—CI(l) distance
and with the normal, terminal Rh(2) Cl(2) distance (2.3354(4)
A) on the same metal. A similar variation in metal chlorine
boﬁd leﬁgths has been observedvin other chpez'
compléxeslSF"lE’l'164 and also in another bin@cléar complex
- containing both 4- and 6-coordinate rhodium centers.lz‘2

The geometry of the nz—dimethylthioéarboxaﬁido ligand
compares well with other structurally characterized
exampies.5'7'9"11'14‘i6r20 This group iS‘essentially-pIanar
with the 1aréest déviation from the least—sqﬁares plare

‘ s
(0.014 A) being for C(2). Similarly, the
C(é)-N(l)—C(2)—S(l) a;d C(4)—N(l)—C(2)—S(15 torsion angles
of -179(2)° and 3(2)°, respectively, confirm the near
planarity of this group. The rhodium-carbon bond length of
1.93(2) A is intermediate between £hose,values previously

reported for SCNMe2 complexes of rhodium (1.90(2), 2.00(2)

A),161,164 3h4 the Rh(2)-S(1) distance (2.407(5) A), e
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i

although comparable’to other meta’bsulfur distances for
these ligands (range 2. 387(2)-2. 469(4) A) ‘is fractionally
shortpr than the two determinations 1nvolving.rhodium'

(2. 419(5), 2.432(5) A).161,164 The angle subtended by this
ligand at Rh(2) (44.3(6)°) is acute but represents a normal
value for such a side-on bound group- ‘

W1th1n the SCNMe, ligand 1tse1f, the geometry is
consistent with 51gn1f1cant partial double’ bond character in
the S(1)-C(2) and C(2)-N(l) bonds. Thus, the S(1l)- C(2)
distance (1.69(2) A) is comparabie 10 the C-S double bond in
ethylene thiourea125 although it is longer than thosé in'
cs,126 ana cos1?’ (circa 1.55 A). The C(2)-N(1) distance
(1.32(2) A) is typical for a C-N bond having partial ‘double
bond character and is certainly much shorter than a normal
_C-N single bond of about 1.47 2.125 (ther SCNMe, complexes
have displayed rather similar vélueﬁ (s-C range,ll.ﬁl(Lﬁf
1.69(1) A, C-N range, 1.28(2)-1.32(3) A). These S-C and C-N
distanbes indicate the importance of the twé tautomers,

shown below, in the structure of 3. The importance of the

Rh

N \

e _______

NMe2 NMEZ
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first in the present structure is obvious from a

consideration of ‘the parameters around N(1); first the atoms

about N(1) are planar and second C(3) ahd C(4) are eclipsed

w1th respect to S(1) and Rh(2). Had the C(2)-N(1) bond been

L

51ng1e, a pyram1da1 geometry about N(l) and also a twisting

’
of the NMez group about. the C(2) N(l) bond to allow these

methyl groﬂps to avoid contacts thh S(1) and C1(2) (see
Figure 6) would be expeeted._ Both the N(1)- C(3) and the
N(1)-C(4) distances are normal for single bonds and are
obviously significantly longer than that of C(2)-N(1l), Whi?hﬁ
as noted, has multiple bond character. All angles within B
the SCNMe2 ligand are essentialiy as one might eXpect based
on the above describtion; the angles about N(1) are all.
close to 120° and the S(1)-C(2)-N(1) angle (131(2)°) is
comparable  to the values pre;iously reported. \
Although the SCNMeZ moiety is clearly bound to only one
of the metal centers,‘it is in such a position that movemeht
to the bhridging site would require very, little |
rearrangement; the non-bonded Rh(1l)-S(1) distance is only
3. 249(5)'A. The orientation of the SCNHe2 greup w%th
regards to Rh(1l) is clearly shown in Figure 6. This close
non- bonded contact between Rh(1) and S(1) prov1des a

| 2

ratlonallzatlon for the facile interconversion of the n“ and

u forms of this ligand (vide infra).
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Discussion of Results

The méjority of complexes contaiping.the
thiocarboxamido ligand (SCNRy) has been prepared either by
displacement of Cl17 from‘SC(Cl)NMez by a metal carbonyl
anion-156'158 or by oxidative additien}of molecule; of the
type SC(X)NMe2 (X = C1153-,155,158,162,163,168 ‘
SZCNMe2153 154, 163 N(Ph)bNMez) 163 SMe,163, 4177y to a
variety of metal centers. Other preparatlve routes,
including sulfur abstraction from a dlthlocarbamate
1ligand, 166,167,169,171 alkylation of an nz—methyl—
1soth10cyanate ligand, 170 attack of an "amine on a
thiocarbonyl unit172,173 and addition of SH” to an

lsocyanlde llgand174 have also been used. . In this work, the

route 1nvolv1ng oxidative addition of SL(Ll)NMez to a metal

7

substrate, namely [Rh,Cl,(u-CO)(DPM)2], (1) was utilized.

This reaction in CH7Cl»2 yields a’browh solution °

whose 31p{lH} NMR spectrun shows the presence of only one ’
detectable, phosphorus-containing compouné (2); ,Attempts Fo
isolate 2 give it 1n only low yields as a bright yellow
powder. If however, NaBF, is.added‘to the~above,reactioﬁﬂ

mixture a clear, red-orange solution, which has the

same 3lp{1H} NMR spectrum as that of 2 results (see Figure

'7), from which [Rh2c12(co)(SCNMe2)(Dpn)ﬁ](BF41-(3)“can be

isolated in high yield. The 3lp{ln} NMR. spectra of 2 and 3,

!
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Figure 7. Simulated and experimental 31P{lH} NMR spectra

of [Rh2C12(CO)(SCNMeé)(DPM)2]+.récorded at
161.9 MHz. '
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shown in Figure 7, are consistent with two very different
rhodium environments within the complexes, as was confirmed
in the crystal structure of 3 (vide supra). A simulation of

the spectrum as an AA'BB'XY system is also shown in Figure

7. The parameters used for this simulation are §(pp) = 4.8,
= 1 - 1

6§ (Py) = 16.7‘ppm, and JRthPA = 117.6, JRhy_pB

= 300, = 350,

91.2, 2JPA—RhX—PA' ZJPB—Rhy_PB- 2JPA—C—PB
23.8 and 4&%_P = 2.1 Hz. All other couplings were set to
zero.\ The spectrum is rather insensitive to changes in the
values of 2JP—Rh—P ana thus these parameters were -.
arbitrarily set at the values given. The value of |2JP—C-P
+ 4Jp_p| can be réadily obtained from the experimental
spectrum, being the q;fference in frequency between the two
Lsmaller peaks ‘of éhe 't;iplet': In fact, the positions of
th?se bands do not change as long as 12JP—C—P'+ 49p-pl ié»
held constant; variations in the two couplings léad only tQ

"alterations in the intensity<of.teh sidebands with respect
to the central peak. By using 13¢co enriched compound 1, it
is possible to identify the low field 3lp gesonance as the
one due to the phosphorus nuclei on fﬁe CO—containing end of
the molecule (P(1l) and P(3)) since this resonance is further
split into doublets with Jp_c = 13.5 ‘-Hz. The 13C{31P{1H}}
NMR spectrum of this 13CO enriched sample coﬁsist§ of a
doublet at & = 186.0 ppm (Jgp_¢ = 81.7 Hz), typical of a

terminal carbohyl bound to rhodium.22’182

S

~x "‘“’“5‘.

P
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1t seems that on the NMR time scale compounds 2 and 3
are essentially identical, yet there are significant
differences in the two compounds. compound 3 has a
conductivity conéistent with its being a 1:1 electrolyte .

whereas that for 2 is much less than that expected for a l:1

© '

electrolyte, suggeéting some association of the Cl™ anion
with the complex cation. In addition, their infrared
speétra differ in the carbonyl region. The carbonyl

: u

stretches for 3 in the solid and in CH,Cl, solution are
essentially identical (1999 and 2000 cm”1, resPectiVely)
suggesting'the same structure in both phases. However, fof
2 the solid state infrared spectrum has v(CO) at 1971 em™ !
and the solution spectrum two bands - a strong one at 1988
cm'l‘and a shoulder at 2005 cm'l. "These spectra suggest
that in the solid staﬁe\2 has the Cl~ anion coordinated to
give [RhéCl3(CO)(SCNHe2)(DPH)2], as shown below.' The
carbonyl stretch for this species 1is, as expected, lo@er
than for the cationic species 3. In the solution infrared
spectrum two species are seen which we suggest are in
equilibrium; the shoulder at 2005 cm”? presumébly
corresponds to the cationic species 3 (but w;th C1™ "counter

ijon) since the position of this band is similar to that

observed with the HF4- anion,
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/\P . /\P
| o T\
Rh Rh . - Rh
oc/l s—'—\cwe, -¢cl c/| st enme,
P\/é ° P\/l'?’
(3) * (2)

and the major peak at 1988 em~1 appears to be due to the
neutral species 2 or to something closely related to-2. It
may be that in solution 2 exists not.with the Cl™ anion
actually coordinated but as a close ion'pair-with the
cationic complex; this would:explain the position of the
1988 cm~! band between those observed for the cationic
‘species 3 and neutral species 2 (in the SOlld)

Dissociation of Cl1~ from 2 probably occurs because of steric
crowding about Rh(2). when this occurs the chloro ligand on

the other metal moves to the bridging p051t10n to give Rh(2)

the 18 electron, pseudo- -octahedral env1ronment favoured for
rhodium in the III oxidation state. ;
The neutral species 2, containing Rh(I)/Rh(III)
centers, is the expected product if oxidative addition //
occuts at one metal center. The possibility of oxidatiQe

addition at both metals to give a Rh(I1)/Rh(II) syStem can

be ruled out since the carbonyl stretch in the solid is more

]
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consistent with a Rh(I) species (for example, it is very

similar to the value of 1968 cm—1 observed for trans-

(RRC1(CO)(Ly)]g, Ly = PhoPCHPPhg, 1 PhpAsCHpAsPh) 183

In the infrared spectra of 2 and 3 the C-N stretéhes
for the SCNMe, group (1615 and 1616 cm_l,igespeétively).are
almost identical, suggesting similér bonding of these‘groups

\ and both are in the region typical for a nz—bound SCNMez"
\group (1570-1650 cm -1, 155 of course the X-ray structure
égtf “,ation unambiguously establishes this bonding mode
fgx ,de‘supfa) The 1H NMR spectra of 2 and 3 are also

1

idehpical, show1ng two methyl resonances at 2.05 and 2 84

ppm; as is typically observed for an,nz-bCNMez group. 155

The two resonanCes indicate that rotation about the C—-N bond.
is restricted, probably due to the multiplicity of this bond
(vide supra) and possibly also because of steric

interactions with the other ligands, particularly with the

!

.
phenyl groups.
/ ‘

It is of interest to note that the oxygen—édhtaining

analogue, OC(C1l)NMe,, does not react with 1 even after

‘refluxing in THF for several days.
1

Compouhd 3 reacts smoothly with Me3NO resulting in
. !
carbonyl-loss, generating the A-frame species 4. The
infrared spectrum of 4 not only confirms thét.CQ—loss has

occurred but also indicates a change in .the bonding
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mode of the SCNMe) group; the C-N stfetch of this group
drops to 1467 em™1, a region typical of bridging SCNMeg
groups (1460-1520 cm'l).155 In the ;H NMR spectrum there is’
only one signal (integrating to 6 hydrogens) at 6§ = 2.10
ppm, implying rotation about the C-N'bond making both |

. methyls equivalent on the NMR time scale. This rotation is
consistent with the observed drop in the C-N stretch. The
31P{1H} NMR spectrum of 4 (see Figure 8) can be simulated as
an AA‘BB XY pattern, also shown in the figure. The derived
perameters are 6(Pp) = 7.1, §(Py) = 14.9 ppm,

= 104.2, 19gp = 106.6, 2Jp _p =

= 350, 2Jp_c_p = 67.9 and 4JP _p = 15.7 Hz,

J.
RhX—PA
23
300,
P RhY—PB -~

with all other coupllngs 0 "Hz. As for the spectrum of
compound 3, little effect is observed when'the 2JP—Rh—P
values are altered. The value of |2JP—C—P.+ 4JP—P‘ cac be
obtained ea511y from the experimental epectrum, being the
, frequency d1fference Between the outside llnes of each 5-

line multiplet.
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Compound 4 is structurally anaiogous to the aéetylene—
bridged species [Rh2c12(u—cp3c2CF3)(me)2];51 both have
terminal halide ligands, a bridgi%? group gnd an
accompanying Rh-Rh bond. This hexafluoro-2-butyne adduct
reacts w1th CO to yield the unusual spec1es
[Rh2C12(u—CO)(u—CF3C2CF3)(DPM)2],52 in wh1ch CO has 1nserted
into the Rh-Rh bond, and suggested the possibility that 4
might -react likewise. However, the reaction of 4 with CO
does not give the product of CO-insertion into the Rh-Rh

bond, [Rh2C12(u—Q0)(u-SCNMez)(DPM)2]+, as shown below, but
instead regenerates 3, suggesting that CO attack occurs at
the terminal site adjacent to the SQ1fur atom instéad of at

~

the bridginé site. Attack at the other rhodium center to

\C/NME

.
AN

~
//<
/

h

é

give an isomer of 3 in which CO is adjacent to the CNMej, end

of the SCNMe, ligand is presumably not favoured since the

methyl groups block this coordlnatlon site. Slmllarly, 4
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reacts with methylisocyanide to give
[RhZLlZ(LNHe)(bCNMez)(DPM)Z]+ (5), whlch is . assumed to be
structurally analogous to 3 but with a CNMe ligand replac1ng
CO. The 31P{IH} and 1y NMR spectra of 5 are 51m11ar to
those of 3 (aéart from the additional methyl resonance in
the 1H NMR of 5) and the infrared spectrum shows the C-N
stretch of the terminal iéocyanide at 2209 em~1 and that of
the SCNMep group at 1623 cm~ 1, showing that the latter group
is n2-bound to one metal center.

The faéile interconversion between the chelating and
bridged-bonding modes of the SCNMe, ligand, although W
unusual, is not surprising uhderithe circumstances. A
_donsideration of thg structure of 3 indicates that the
culfur atom in the chelate form is only 3.249(5) A away from
the other Rh éen£er. Upon CO—loss from 3, it takes very
little mdvement of the SCNMe, group to give the bridging
structure, which is needed to satisfy the otherwise electron
'deficient Rﬁ(l). Similarly CO or CNlie attack at Rh(1l)
forces the SCNMe, group out of the bridging site and back to
the initial né mode as observed for 3.

The reaction of 3 with borohydride reducing agents was
‘undertaken iﬂ order to determine whether reduction would
occur preferentially at the metal centers of at the SCNMe)

ligand; examples related to both have been observed. For

example, reaction of a somewhat analogous compound, trans-
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yast

[Rh2C12(CU)2(DPM)2] with BH4 has been reported to yield the
unusual dimer, [ha(CO)z(DPM32], a reactive species which
displays a rich chemistry with small-moiecuies andewhich is -
a catalyst precursor for hydrogenation, hydroformYlation and

Water Gas Shift chemlstry’.184

Although reduction of a
chelating bCNMe2 llgand has not been reported, reduction of »
the related SCSMe un1t to give a thiocarbonyl ligand is a
known transformation.185 In the reaction of 3 with two
equivélents‘ef BH,4  per dimer reduction occurs at the
'metals. Tﬁis reaction occurs instantaneously at room
temperature in a variety of solvents such as CH2C12,
acetone, MeOH,. EtOH and acetonitrile but more slowly in

THF. However, only in the latter two solvents are single
products reproducibly obtained; in all other solvents tried,
reactions. repeated under seemingly identical condltlons give
rise to either differeﬁt products or to different mixtures
of products. Surprisingly, no matter what solvent is used
or what the preducts are, subsequent reaction with CO always
yields the same'qingle product (vide infraﬁ. Oely the”
reductions in THF aﬂd acetonltrlle (yielding compounds 6a
and 6b, respectively) have been studied in detall. All
reduction products are extremely air sensitive and cannot be
isolated as solids. Nevertheless, the infrared -and NMR

spectra of the products in THF and acetonitrile solutions as

well as a chgracterization~of the subsequer . _roduct
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obtained on reaction with CO allows us to propose structures
for these species. The 31P{1H} NMR spectra of 6a and 6b
indicate the presence of only one species in each case.
These spectra are very similar to each other and also
ciosely resemble the AA'BB'XY pattern obtained for compound
4. Both 6a and 6b show a single carbonyl. stretch at circa
1955 em~l in solution; unfortunately no band attrlbutable to
the C -N stretch of the bCNMe2 group has been detected in
either ease. In most samples .of 6b18¢ no hydrlde resonance
could be detected'intthe lp NMR spectra, however,  in some
samples small amounts (< 5%). of two hydride §pecies were
ohserved (vide‘infra).187 These NMR spectra show‘two“
resonances for‘the methyl groups, which, although at'higher

field than usually observed for complexes of SCNMe"zf,155
. 4 ) [N .

are
not unreasonable. These data suggest ‘that compegnds 6a and
6b are not hydrides and based on the above ihformatign we
propose the structures shown below. These structuves are
consistent with the observation that different products
having a broad range in colors are obtained in the'different
solvents (green (EtOH, MeOH), red (acetone, CH,Clp), purple
(acetonitrile, THF)). Furthermore, it is consistent that
for such spec1es the solvents which have the greater

coordinating ability yield products which are more stable

and therefore more readily handled.
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The first §tQp'ih the reaction with BH,” is probably
the formation of the dihydride, |
[RhyHy (CO) (SCNMeg ) (DPM) ) [BF 4], which then reductively,
eliminated H, to QiVe® compound 6 as the sdlvated species.
Although two smg}l PYdride resonances were oﬁserved in

the H .NMR spectfy O0f some preparations of compound 6b, it

is not clear whether either of these is due to the above

/

dihydride.

-

As noted esflier, the reaction of 6a, 6b, or any of thes

related reductioﬂ~pf0ducts'in other solvents, with/CO/§ields

, P’(/’\\\‘P p”/’\\*~p+
o NMe, | .”M%l
B N T Nan
: c’/‘ »\5dv _ C//| ‘\\co
© l g l ° P —
~_— "
(6a): Solv = THF (7)

(gp): Solv 5 CH3CN

the same singlé SpeCies which, based on its spectral
 parameters; it§ @leMental analysis and’ its conductivity, has
been identifieq as [Rﬁz(co)z(u;SCﬁMéz)(DPH)Z][BFA] (7).

This species digdlaYs cérbbnyl stretches at 1988 and 1948
cm"l, Wthh shlft t0 1942 and 1902 cm -1 when.the product is

labelled with %00, and a C-N stretch for the bCNMe2 group

’

at 1521 cm"1 s¥QgeSting the bridging mode for this group
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. ( .
(vide supra). The infrared spectrum of 7 does not change

when’ NaBD4 is used as the reductant 1nste§9 of NaBH4r nor
are any resonances observed in the 14 NMR spectrum of the
BH4 recuctionAproduct which can be attributed to aAmetal
hydride species.. The 3lp{1lH} NMR spectrum‘isxqualitatively‘
vef% similar to that of compound 4, suggesting a species of
'51m1L§r geometry and when 13co-1abelled sample is used both
" sets of 31P resonances are split by 13C, indicating that the
two carbonyls are on dlfferent metals< Furthermo'~,

the 13C{31P{1H}} NMR. spectrum, whlch cbn51sts of.. two
‘doublets (8 = 199.8 and 191.3 ppm,’ 1JRh_C = 55. 9 and 71.5
Hz, respectivély).with no 13¢-13c. coupling, confirms this .
conclusion. Based on chese data andmthe cenductivity,.which
indicates that 7 is a 1:1 electrolyte, the structure shown ¢
earlier is proposed. This stfucture is enalogous to those
of 6a and 6b in which CO\has displaced the weakly
Acoordinaced eolvent molecules. It is clear,tnat'whatever
the unknown species are in the reductions_cf 3 in sqlvents
cther than THF and CH3CN, their"reactions with CO convert
these unstable spec1es into the air-stable dlcarbonyl, 7,‘
probably again'v1a displacement of the ‘eakly coordinating
solvent molecules. Unlike compound4,/Zhich also has a
brldglng,bCNMez group but- which showq only one methyl
resonance in the H NMR, compound 7 dlsplays two methyl

,resonances at 1.66 and 2.85 ppm‘lndlcatlng hindered rotation'
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about the C-N bond for the latter. This observation 'is
consistent with the higher C-N stretching frequency observed

for 7 (see text and Table 11).

Conclusions

The preparation of [Rh2C12(CO)(SCNMeZ)(DPM)Z][BF4] (3)
by the oxidative addition of SC(Cl)NMe, to
\[hablz(u—CO)(DPM)zl in the preéencé of NaBF4jhas been
accomplished. Although fhe SCNMe » gfoup in compound 3 is
side~on bound through sulfur and carbon to only one metal
center, this groups is oriented such that the sulfur atom 1s
close to the second metal suggestlng that its N
interconversion between chelaE%ng and bridging coordlnatlon
modes should be possibl- Such facile interconversion has
been obéerQed’iﬁ,two reactions. First, reversible carbonyl—
loss from compound 3 yield§ [RﬁéClz(u—SCNMez)(DPM)zl[BF4]
(4) and second, reduction of 3 by BH, yields
[ha(CO)(u—SCNMez)(DPM)Z(SolvéntS][BF4] (6); both species 4
and 6 have bridging SCNMe, groups.’ Another éompound,
[ha(CQ)z(u-SCNMez)(DPM)Z][BF4] (7), also having a bridging .

SCNMe, moiety, can be obtained from 6 by reaction with CO.



CHAPTER FOUR

J

CONCLUSIONS

As stated in Chapter One, the aims of the studieé
described in this thesis are two-fold: to study the
chemiser; of sulfur pon;aining ligands in the preSence of
two metal centers in order to assess the effect of the
second metal, and to interpret the results in terms of their
possible application to catalytic’pfocesses. The results of
these studies suggest'that_both these objectives have, to a
certain extent, been achieved.

The effect of two metal centers on the chemistry of the
liéands is best observed in the reactions of the. act1vated
isothiocYanates RC(O)NCS (R = Ph, Et0O) with.
[Rh2C12(u—C0)(DPM)2]. Initial insertionuof“the activated
isothiocyanﬁte .to the metal-metal bondlof this complex

occurs to [2h 21 (u=SCNC(O)R) (DPM) 5], which contain the

ligand in the pieviously unknown bridging coordination

mode. The further reactions of the isothiocyanate ligand (R
= EtO) with.other heteroallenes to give condensation
products prpceed in a diféerent manner to analogous o

mononuclear condensations. The reactive species in the

mononuclear reactions appears to be an nl coordinated

110
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isothiocyanate ligand, thg‘sulfur atom of which possesses
considerable nucleoph111c1ty The bridging isothiocyanate
llgand does not require this type of reactive 1ntermed1ate
for condensition; the electronic distribution with ligand
leads to the exocylic nitrogen having sufficient
nucleophilicity for condensation reactions to_occur; The
conclusion ‘to be drawn from this is that the reactivity of
the isothiocyanate ligand is.dependent on its coordination
mode. The presence of a second metal therefore has
ihpor;ance ih the transformations of this ligand. -

~The oxidativé addition of SC(Cl)NMe, to
[Rh2x12(u CO)(DPM)Z] occurs, in contrast, at one metal
centre, w1th a concomitant rearrangment of some of the
ligands. The crystal structure of one of these products
[Rh2C12(CO)(SCNHe2)(DPM)Z][BF4] ihdicateé} however, that the
sulfur atom of the SCNMe,  ligand ia quite close to the
other metal centre, sugges’' ~g that the bonding mode of the
ligand could be converted to bridging. Such a conversion -
was achieved in a number of reactions; most notably
reversibly by the removal and aédition of CO.

The results of these studies can be interpreted in .
terms of application ‘to catalytic processes. The altered
reactivity of the isothiocyanate ligand when bridging two
metals, compared'to that of a chelating ligand, suggests

‘that the reactivity Ef CO, could also depend on its
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coordination mode. Thus, a COjp molecule coordinated to two
“metals in a bridging fashion may well be able to undergo
transfofhations different to those of a terminally bound
ligand.
fhe facile interconversion of the bonding modes | of the

SCNMez’ ligand suggests that a similar process could occur
for_a‘hydroxycarbonyl ligand; both terminal and bridging
coordinétion modes of this latter ligand are“known.lsz'153
‘The interconversion could serve to provide stability to aH
intermediate species, or could allow the expulsion of one
fragment from the immediate environment of the ligand and
the introduction of another.” Such processes have been

proposed38 for many reactions (involving similar fragments)

on metal surfaces.
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