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SUMMARY

The co-ordination behaviour of the pseudohalide ions (NCOH NCS~ NCSe
NCTe-) has been studied. A number of N- and S-bonded thiocyanate com-
plexes of rhodium(I), of the type Rh(PPhS)Z(L)CNS (L = ligand), have
been prepared. The mode of linkage of the thiccyanate group has been
estahlished by means of infrared spectral measurements. The preparation
of Rh(PPhS)z(plperidine)NCS clearly demonstrates that a strongly m-accept-
_ing ligand such as CO is not a prerequisite for a N-thiocyanato complex
32766

of the type Rh(PPha)z(L)NCS. In addition, the complexes Rh(PPh_ )}, (C_.H )SCN

and Rh(PPhS)zsCN, which are of special interest from the point of view

]
1
b

of their bonding and cojordlnatlng number respectively, have been prepargd{
Some selenocyanato complexes of rhodium(I), of the type Rh(PPhS)z(L)SeCN,
have also been synthesised similarly. Cyanato-tris(triphenyl phosphine)-
rhodium(1) and i1ts linkage isomer have been prepared i1n the solid state,
and characterised by means of infrared spectral measurements. Attempts
have been made to prepare tellurocyanate complexes of rhodium(I) and the

results are discussed.

The co-ordination behaviour of organic th10cyan§tes and i1sothiocyan-
ates to a class "a' metal has been studied by means of proton magnetic
rescnance, spectroscopy and the use of the lanthanide shift reagent
Eu(fod)a. A number of 1norganic-throcyanate complexes have alsc been
examined, and it has been found that N~ and S-bonded thiocyanate complexes
containing organic ligands can be readily distinguished by vairtue of

differences observed an chemical shift by the nuclei of the organic
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ligands. The method has been extended 1in order to provide a means of

determining the mode of co-ordination in cyanate complexes.

Thiocyanate complexes of rhodium(III) and iridaum(II1) have been
prepared by the oxidative additlén reactions of organic thiocyanates
and isothiocyanates to rhodium(I) and iridium{I) complexes, and the
mode of co-ordination of the thiocyanate group has been established by
infrared measurements, Complexes have been prepared where the bonding
of the thiocyanate group in organic isothiocyanates occurs through car-
bon.and sulphur. The oxidative addition reactions of allyl thiocyanate
or allyl isothiocyanate to rhodlup(l) and iridium({I) complexes is

! .
followed by the reductive elimination of allyl chloride. Similar behav-

'

iour occurs when ethyl cyanate 1s used,

The X-ray crystal and molecular structures of (ﬁ—cp)le(NCO)z have
been determined. The cyanate groups are shown to be N-bonded in the

solid state.

A convenient method of analysis by X-ray spectrometry has been dev~
eloped, where small amounts of sample are presented as borax discs. The
method 15 especially suitable for compounds which are not amenable to

conventional combustion analysis,
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NOMENCIATURE |

The formula for an N-bonded thiocyanate complex will be written '
M-NCS and an S-bonded or normal thiocyanate will be written M-SCN.

The corresponding formalism will apply to the selenocyanate and

undecided, theréomplex will be written M—-CNX, where X = 0, S, or Se,
and should not be confused ,with fulminates or thiofulminates etc. -

The following abbreviations will be used:
\

}

bipy = 2,2-dipyridine.

bu = butyl. :

cp = cyclopentadienyl, CSHS'

dien = diethylenediamine,

DH = dimethylglyoximato anion (univalent).

i
cyanate ions. Where the mode of co-ordination is not known or is
DM50 = dimethyl sulphoxide.

dpm = 2,2,6,6,—tetramethylheptane—3,5,-aione.

Et = ethyl, 02H5.

L = lipand.

Me = methyl.

pic = plcoline, i
Ph = phenyl.

phen = 1,10-phenanthroline.

py. = pyridine.

R = alkyl or aryl.

trien = triethylenetetraamine.




CHAPTER 1

AN INTRODUCTION TO THE CO-ORDINATION BEHAVIOUR

OF THE CHALCOGENOCYANATE IONS IN METAL COMPLEXES



AN INTRODUCTION TO THE CO-ORDINATION BEHAVIOUR OF THE

; CHALCOGENOCYANATE IONS IN METAL COMPLEXES

The chalcogenocyanates or pseudohalides have the general formula
NCX (X = 0, S, Se or Te). They are all potentially ambidentate, that
is they can form a co-ordinate bond to a Lewis acid through N or X,
Thus, "for example, the thiocyanate ion may form N-or S-bonded complexes
depending on the nature of the ligand, and this preference may be modi-
fied by the presence of other ligands, or by whether the complex is in
the solid state or in solution. The chalcogenocyanates can also be
present in a variety of bridging modes., There are many examples of
complexes containing the thiocyanate group, and a variety of reasons
have been proposed, sometimes conflicting, to explain the co-ordination
behaviour. The remaining chalcogenocyanates have not been studied to
the same extent, but they show similar co-ordination characteristics,

and similar arguments have been applied.

1) Thiocyanate Complexes

The. varying co-ordination behaviour of the thiocyanate ion towards
different types of metals was first observed by Lindquist and
Strandberg(l). This behaviour parallels the division of metals into
class 'a' and class 'b' acceptors(2). The general pattern found is
one where Jsoft acceptors"” or class 'b' metals form S-thiocyanate com-
plexes, whilst "hard acceptors” or class 'a' metals form N-thiocyanato

complexes as observed in the mode of co-ordination of the thiccyanate

group in known homogeneous anionic complexes(3).



However, the co-ordination behaviour of the thiocyanate group may
be influenced by the nature of other ligands present, as exemplified
by some examples presented in Tahle 1.1, This does not occur for every
metal but if the metal belongs to class 'b', or shows characteristics
between class 'a' and class 'b’, then ligand effects may be important
in determining the co-ordination behaviour, for which a variety of

explanations have been proposed.

(a) Steric Effects

The thiocyanate group co-ordinated through sulphur makes greater
steric demands than the N-thiocyanate group, because the M-SCN bond is
usually bent (bond angles of 100° are common) whereas the M-NCS bond
is usually linear. It is, of course, impossible to separate steric
arguments from electronic £actors completely. Neverthelessfsteric argu-
ments have been applied to explain the co~-ordination behaviour iA a
variety of complexes. The formation of Pd(SbPh3)2(SCN)2,in contrast to
Pd(PPhs)z(NCS)Z,has been attributed to the larger antimony atom reducing
the steric effects of the phenyl groups, whereas with the smaller phos-
phorus atom overcrowding round the central atom is ancreased, which is
reduced by the thiocyanate group adopting a linear Pd-NCS bond(5). A
clearer example of such an effect is demonstrated by the cations

[Pd dien(SCN)_T- and'[pdEt d19n(NCS)]+ where the introduction of four

4

ethyl groups around the vacant co-ordination position cause the only

example of a linear Pd-NCS group in an amine complex of PA(II) (6).



The Effect of Lipand on Thiocyanate Co~ordination
in Some Complexes*

PA(SCN) 42' CANCS) 42—
+
PA(NH,),,(SCN) [cetnm,) 51\rcs]2
)
PA(PEL ), (NCS),, oot , (ves)f',
Eoen), & xes*
. Pd biby (NCS), L =Cl or NCS

Pd (4,4 Me_bipy)(NCS)(SCN T coDH) SLINCS

Pd(phen) (SCN) 5 )

Pd(5.N02-phen) (xes), iCo{DH)é!..’),SCN
[estem 5(scn)]3'

PA(PPh,), (NCS% Ccobips), BCY

- IPd(AsPPha) 5 (NCS£ .

PA(SbPh_) (ST, [Rnrsam (f'
[ro o ) ] 2

[Pa diencseny*

[Poatt, dienkres J'sen”. Mn (CO) NCS

[patt 4dienXSCN)I+PBh . Mn(CO) 5 (PPh;) SCN

Rh(PPh3)2(CO)NCS

Ir(PPha) 2(CO)NCS

*from Norbury 3, 4 and references therein.

IStable linkage isomer.

Table 1.1.




The importance of steric effects becomes apparent in the series of
Pd(II) - diphosphine complexes (Pd thP(CHé)nPPhéNCSE);n = 1-3 reported
by Meek, et al.{7), where the thiocyanate groups are each trans to two
equivalent phosphorus atoms. The donor atom changes from sulphur to
nitrogen as the carbon chain between the phosphorus atoms is lengthened,
(see Table 1.2,); this leads to a large increase in the P-Pd-P angle
whilst still maintaining essentially constant electronic¢ character.

The increase in the P-Pd-P angle results in an increasing steric inter-
action between the phenyl groups and the co-ordinated thiocyanates
which is reduced by the formation of Pd-NCS bonds., Similarly,the exis—
tence of Pd(thPCH = CHPth)SCNé as the S-bonded isomer may ba attri-
buted to the shorter length of the C=C bond (1.33%°A cf 1.54°A for C-C

bond) which in essence pulls the phenyl groups away from the thiocyancate

group allowing both thiocyanates to be 5-bhonded(8).

(b) Electronic Effects

The co-operative effect of ligands was originally introduced by
Turco and Pecile(9). They attributed the differing modes 0f co-ordina-
tion of the thiocyanate group in Pd(NHs)Z(SCN)2 and Pd(PEts)z(NCS)2 to
the T-withdrawing ability of the other ligands present. They argued
that although the sulphur atom i1s a weaker CO-donor than the nitrogen
atom the metal sulphur covalent bond may be stabilised by back-honding

as in Pd(NHS)iSCNL since NH, as a ¢ donor ligand would increase the

3

electron density on the central metal atom, On the other hand,the

central metal atom in Pd(PEta)NCSL has reduced electron density and




The Effect of Steric Control on Thiocyanate

Co-ordination in PdII) Complexes

Pth(CHé)nPth P~-Pd-P

n o= 1 73.2°
n = 2 85.1°
n ==z 3 89.10

Table 1.2.

Mode of Co-ordination

pa(scn)2

PA{NCS) (SCN)

Pd(NCS)2




assumes more ionic character, due to back-bonding between the filled
metal and empty phosphorus ¢ orbitals, and hence the more ionic Pd-NCS

linkage is favoured.

However,steric effects could provide as valid an explanation for
the PA{II) complexes as does the f-bonding hypothesis, This is exempli-
fied by cis—Pd(Ph2PCH = CHth)(SCN)z(S) which involves a phosphine with

better g-acceptor properties than that in cis—Pd(PhZPCHZCHéPth)(NCS)

(8CN)(7), but whose steric requirements are less,

Nevertheless,there are a number of amine complexes where the T-
bonding hypothesis does provide an explanation for thiocyanate co-
ordination behaviour, The presence of electron withdrawing substituents,
like the nitro group in phenanthroline, increases the ability of the
ligand to take part in qbackbonding and thus explains the co-ordina-

tion behaviour in Pd(phen)(SCN)2 and Pd(5-NO

2phen)(NCS)Z(G).

Conversely the presenceof electron donating substituents would decrease
the ability of a ligand to form a w-bond with a metal, as observed in

deipy(NCS)z(lo) and Pd(4,4 dimethylbipy){(NCS)(SCN)(6).

On the other hand,octahedral cobalt (III) complexes, exemplified
; 2+ 3-
by the stable isomers [bo(NHs)SNCS] and [Co(CN)5 SCN] {12}, also
clearly illustrate a co-operative ligand effect. In contrast to the
previous discussion on class 'b' metals, cobalt is a class 'a' metal
and ligands of strong m-bonding ability favour S-thiocyanate co-ordina-

tion, whereas o donors such as NH, favour thioccyanate bonding through

3



nitrogen.

The co-ordination behaviour of metal carbonyl thiocyanates reported
by Wojcicki and Farona(l3), is in general agreement with that of Cobalt
(III). Thus,of the two linkage isomers Mn(CO)SSCN and Mn(CO)_NCS, the
S-bonded isomer is the more stable, and substitution of two CO groups
by weaker m-bonding ligands, such as amines and phosphines, generally

yields N-bonded complexes, Mn(CO)BLzNCS(14). ﬁn order to explain

apparent exceptions i.e. cis-Mn(CO)SLéSCN (L=AsPh prh3) it is suggested

3
that steric factors play a major role in stabilising the angular M-SCN
linkage in these compounds.] Similarly,the co-ordination of the thio-

cyanate group in the stable linkage isomers of (ﬂ~05H5)Fe{CO)2(CNS) and

(n—CSHS)MI(COIJ(CNS)(IS) is through sulphur.

These examples for class 'a' metals are in disagreement with the

mbonding hypothesis of Turco and Pecile, but may be explained in terms
of symbiosis, as proposed by Jorgenson{(18), such that like ligands

]2+

"flock" together. Therefore,in the ion [(Co(NHa)SNCS , the hard NH

3

.

3~
and N-bonded thiocyanate co-ordinate to cobalt, whilst in [Co(cn{‘)_,;SCN]
the soft cyanide and S-~bonded thiccyanate are found. " However,when the
palladium {II) complexes are considered symbiosis predicts the wrong

effect.

Pearson has extended his principle of hard and soft acids and
bases (19, 20) and introduced the idea of antisymbiosis(21) by applying

the original concept of Chatt and Heaton(22), "that groups of high




3

mutual trans position more susceptible to bonding by what are known as

trans effect, such as ethylene h1Pt©2H4)Cl render the position in
hard bases". Whether a trans activating group is a od-denor or macceptor
15 of little consequence., In either case it is advantageous to have an
ionic ligand trans to a strongly‘covalent ligand, Pearson states "two
soft ligands in mutual trans position will have a destabilising effect
on each other when attached to class 'b’ metals”™, This concept, like
symbiosis, has wider chemical application but when used to explain
“Ehiocyaﬁéfe‘Eo—ordination behaviour 1t would tlms predict that cis-
palladium-phosphine complexes would contain N-thiocyanate groups while
the corresponding trans compound% would be S-bonded. Burmeister and
Mel;older(ZS) have prepared a seéies of thiccyanate gold complexes of
the type LAu(SCN) containing llgaﬁds of varying trans influence, where
the steric environment remains essentially constant. They concluded
that the proportion of N-bonded isomer in the complexes increased as

the trans influence of the complex increases, in accordance with

Pearson's antisymbiolic principle.

Norbury, however, provides a semi-quantitative approach to erlain
thiocyanate co-ordination behaviour for both c¢lass 'a' and class 'b'
metals(24), based on Klopman's polyelectron pertubation theory(25).
Molecular orbital calculations show that the electron distribution in
the two most energetically available orbitals of the thiocyanate ion is
unequal, being concentirated moxe on the nitrogen atom in 04 and on the

sulphur dtom in 03(26). It is argued that both these orbitals would

play an important part in thiocyanatg co—ordination. Although thes
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orbitals energies are constant for each orbital, regardless of which
atom acts as a donor, the de-solvation energy, however, will be very
much dependent upo; whether the nitrogen or sulphur atom 15 being
desolvated before co-ordination. Calculation of hardness and softness
parameters of each donor atom in each available orbital, shows that
there are four softness parameters, depending upon which atom is co-
ordinated and on which orbital is considered. It also takes into

account the variation of softness or hardness with dielectric constant

of the solvent used, as the results illustrate in Fig. 1.3.

It is thus argued that since the hardest centre available is the

i

nitrogen end of the tﬁ orbital, this is the most likely donor to the
hardest lewis acids, namely class 'a' metals, surrounded by hard
ligands e.g.[Co(NHS)SNCS]2+. The softest centre is also a nitrogen
atom but now that of the Oé orbital, which will bond to the softest
Lewis acid available, namely a class 'b' metal surrounded by soft lig-
ands (e,g. Pd(1I) - phosphine complexes). Intermediate situations
invelving a class 'a' metal with soft ligands or class 'b' with hard

ligands would each prefer to co-ordinate with the sulphur atom e.g.

[‘CO(CN%S‘CN] -,

The major disadvantage of all previous arguments is that they
neglect any 7m-bonding between the thiocyanate group and the metal.
Gutterman and Gray(27) have suggested that S-bonded thiocyanates acé
not as a.m-acceptor as indicated for 2nd and 3rd‘row complexes but

Wen
rather as a n-donor ligand due to the availabaility of X7 electrons on
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sulphur. Marzilli et al.(28) have used these conclusions to explain
the influence of trans ligands of varying y-acceptor ability in
Co(DH)z(L)SCN on the equilibrium between N-and S~bonded isomers.
However ,such behavioqr may equally be explained in terms of the semi-
quantitative approach discussed previously as applied by Norbury et al.

to a more extended series of results on Co(DH)Z(L)SCN(ZQ).

It is evident that no one explanation seems satisfactory.
Although the co—operative ligand effect 1s electronic in nature, the
factors governing such an effect are complex, and further understanding

LY
1s required.

(c) 8Solvent effects

The advantage of the semi-quantitative approach by Norbury(24) is
that not only does it allow a description for both c¢lass 'a’ and class
'b' metals, but also the effect of solvents. Burmeister et al, (30, 31)

ohserved that the co~ordination bpehaviour of Pd{Ph As)éNCSL and similar

3

PA(II) complexes may be modified in solution by the solvent. They con-
is
cluded that the S-bonded thiocyanate complex was favoured by solvents

of high dielectric constant, whilst i1n solvents of low dielectric constant,

the N-bonded isomer predominates.

On the other hand, experimental evidence for Co(DH)zpySCN indicates

the reverse and that solvents of high dielectric constant favours the

thiocyanate group bonded through nitrogen and in solvents of low
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Varijation of Hardness or Softness of the NCS-Group
with Dielectric Constant

Co-ordinating Atom
Oy
) I i \Nitrogtzn
Hard
‘l Sulphur
0'3 1 :
Soft T —>ulphur
Nitrogen
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dielectric constant through sulphur(32), However,evidence for a solvent
effect is limited, but 1t does appear that for linkage isomers in a
high dielectric constant M-NCS bonding is favoured for class 'a’
metals and M-SCN for class 'b' metals. The opposite effect 1s observed
in solvents of low dielectric constant. By applying the semiquantitative
approach of Norbury, Fig, 1.3.shows that,assuming the metal is unaffec-

'a' metal, increasing the

ted by changes in the solvent, for a class
dielectric constant changes the preference from M-NCS to M-SCN (dotted
line Fig, 1.3.). For class 'b' metals the opposite effect i1s observed,

consstent- with the experimental evidence obtained.

Since the factors governing the co-~ordination behaviour of the
thiocyanate group will be in approximate balance for linkage isomerism
to occur, other small energy changes may be important, which are not
taken into account by the above treatment. For 1instance,the fine bal-

ance of ligational effects may be perturbed by the solvent,

(d) Counter—Ion Effects

The mode of the co-ordination of the thiocyapate group may be
affected by the nature of the counter ion in charged complexes. Solid
[Pd@t4dienXSCN8PF6 does not readily isomerise whereas isomerisation
does occur in [Pd@:t4dier1ISCN)] NCS(33). Similar behaviour is exhibited
vy [pdEt 4dienXNCS)] BPh, to give [PdEt,dienXSCN)] BPh, in the solid
state where 1somerisation is asecribed to the interaction of the sul-

phur with the phenyl groups in the crystal which over-rides its inter-
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action with the co-ordinated amine(34). A similar type of effect has

been observed with cations. KéCo(CN)SSCN is the stable isomer in the

solid state(12), although its linkage isomer is known(35). When the

4N+, isolation of a pure S-bonded isomer was

found impossible, and further isomerisation to give (Bu4N)SCo(CN)5NCS

cation is replaced by n-Bu

was rapid(37). It was suggested(36) that the stabilisation of the N-
bonded isomer was due to an electronic effect in which the polarisable
end of the thiocyanate group is better_accommodated by the soft non-

. polar environment of the n—Bu4N cation while the hard K+ undergoes a more
favourable interaction with the hard nitrogen atom. This explanation
would predict the wrong results if applied to the Pd complexes, and

1
steric arguments do not apply to:ithe latter. Unfortunately,there are

|

too few examples to make generalisations,

2) Selenocyanate Complexes

Although the selenocyanate group has not heen so well studied,
certain comparisons can be made with the thiocyanate group. The homo-
geneous anionic selenocyanate complexes show a similar behaviour to
the thiocyanate complexes, in that the selenocyanate ion prefers co-
ordination to class 'a' metals through nitrogen, ;hilst in class 'b'
metals bonding through selenium is preferred(3). In mixed ligand com-
plexes,although the selenocyanate group is less sen51£ive to ligand
effects, 1t is subject to the same differences in co-ordination
behaviour in class 'a' and class 'b" metals which prevail in thiocyanate

co-ordination(3).
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3) Cyanate Complexes

Fl

0f the homogeneous anionic cyanate complexes,only the compounds,
2- - 3- 2~
namely [Re(OCN)G] , [Re(OCN)G] and [MO(OCN)G] (37) and [Hg(ocw), )" (38)
have been reported to contain the O-bonded cyanate group based on the
fundamental cyariate vibrations, The others are regarded as isocyanate
complexes metal-N bonding. Only for the latter compound has any con-

14
firmatory measurement been attempted, in which case N nmr showed a

relatively small upfield shift characteristic for an N-bonded compound(39).

The cyanate group seems insensitive to variations in the electronic
environment of the metal in mixe& ligand complexes., Norbury and Sinha
have studied a variety of Pd(II) énd Pt(11) complexes of the type
MLz(NCO)z containing a variety of o-and w-bonding ligands, and without
exception all were N-bonded(40, 41), The few reported mixed ligand O-
cyanate complexes are K[bu(picollne)zﬂcN](42) and the series of complexes
CpZM(OCN)ZIﬁ:Ti,Zr,Hf](43, 44). However,there is conflicting evidence
on the co-ordination behaviour of the cyanate group in the latter
series which will be discussed further in chapter 1L The existence of an
oxygen-bonded complex has not been unambiguously demonstrated by an X-
ray crystal structure determination. The preparation and crystal

structure determination of [ﬁl trenz(NCO)z]BPh4(45) 15 the only uneguiv-

2
ical proof that the oxygen of the cyanate group is involved in bonding

where the cyanate group 1s acting as an eﬁd-to-end bridge(I) Pig. 1.4.(I).

N=C=0

N\
/

N=C =O/ M M
(1) (11)
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The other type of bridging normally found in cyanate complexes is of a
single atom variety where the nitrogen atom is involved(II)(46): These
facts suggest that the oxygen atom of the cyanate group is involved in
co-ordination only with reluctance, and hence no comparison can be made

.

with the other pseudohalide complexes.

4) Tellurocyanate Complexes

The existence of the TeCN ion has only recently been establashed

—247, 48; 495; No tellurocyanate complexes have as yet been reported,

5) Physical Methods for Determining the Mode of Co-ordination of the
Chalcogenocyanate Ions i
|

The mode of co-ordination of the chalcogenocyanate ligands has
been determined by a number of techniques. However,in certain cases,
e.g. assignment of O-and N-bonded cyanates, anomalies and difficulties

arise, and X-ray crystallography remains the only reliable method.

Infrared spectroscopygU.V spectroscopy,14Nn.m.r.. Massi"Spectrometry,
spectrospy
&{ proton n.m.r.pand dipele moments have been applied in order to
determine the mode of co-ordination but, of these; the former has the
widest application, and has been used extensively in this work. For
these reasons it is convenient to survey only infrared spectrophoto-

metric measurements for determining the mode of co-ordination of the

chalcogenocyanate group.
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Infrared spectroscopy

This technique is the moét important for making structural assign-
ments and has recently been reviewed by Bailey et al,.(50)., The normal

vibrations of a linear triatomic molecule NCX are:-
1

gl i R

N-C-X 1pseudo—assymmetrlc stretch (vCN)
N-dx  (enex)

> 3 -

N-C-X . pseudo-symmetric stretch wex).

These vibrations have been examined in order to correlate frequency

shifts with the mode of bonding of the various pseudo-~halides.

Thiocyanate complexes ;

The infrared spectra of thiocyanate complexes have heen extensively

studied, and a number of examples are presented in Table 1.5.

On co-ordination of the thiocyanate group through nitrogen or
sulphur the CN stretching frequency is slightly changed from the free
ion value 0@{&02057ém1).u Whilst N-bonding leads to little change and
sometimes a decrease below the free ion valuse, sh;fts in the order of
50—79Fm-1 are reported for co-ordination through sulphur, Howeve?,
it has been observed that overlap between the frequency ranges of S-
and N-bonded complexes may arise and sometimes be reversed, as demon—
strated by the linkage isomers Co(DH}zpy(CNS)(32) (Table 1.5)., It has

been shownthat other possible electronic and structural factors prevent
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-1
Infra red Spectra of Some Thiocyanate Complexes (cm ~)*

o) \CS) . dlves) A®

=

m-C_H Mo(CO) JNCS 2009 - - 9.80
" b
n-C5H5Mo(CO)3SCN 2114m 699w 2.19
Mn(CO) SCN 2160 676w
Mn(CO) NCS (in CH,CN) 2113 813
b
) Mn(co)sgAsph3)ZSCN 2148m
b
Mn(CO)a(AsPha)ZNCS 2103m 814m
b
n~C,H_Fe(CO) NCS 2123, 830m 6.70
i
7-C_H_Fe (CO)_SCN 2118 698w 1.64
trans-Co(DH)zpyNCS 2128s,sp 837w 10,24
trans—Co(DH)zpySCN 2118s,sp 1.2
[po(an)chs](c1o4)2 2125b 806
[bo(NHS)SSCN](01o4)2 2100sp 710w 426
Pa(AsPh,)_(NCS),, 2089s,br  845m
Pd(AsPha)z(SCN)z 2119s,sp ‘
[PdEt4dienNCS]+ 2060 830
[PdEt4dienSCN]+ 2125 710

The data were recorded as mull spectra unless otherwise indicated.
¥*From Norbury ref.3,

(a) :-clO--(lM'-]'cm—2

(b) In CHC1,

(¢) Includes V{N)for cyano-groups

Table 1.5.
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this criterion from having a general application(51, 52, 53). The CN
stretching mode for bridging thiocyanates normally occurs at hagher

frequencies than in terminal complexes(54, 55).

-1 “ !
If the CS stretching frequency i1s considered, bands at 70#Lm are

indicative of bonding through sulphur, whilst those between 8C0-830

1

cm 1 suggest N-bonding(56). As well as being subject to possible
structural and electronic factors, this frequency also occurs in the
same region_of the spectrum as frequencies associated with other
ligands or counter-ions, so that being only of medium or weak intensity
it is difficult to assign. A further complication is that it can be

|

sometimes confused with the first overtone of the bending frequency(57).
Finally,a single sharp band at "48?émh1 has been assigned to the
bending mode in an N-bonded complex in contrast to the several low
intensity bands near 42qu_1 observed in S~-thiocyanates(56, 58). These
splittings in the latter case may be due to the removal of degeneracy
attributable to the lower symmetry of the non-linear M-SCN bond.
However,1t has been shown that the double degeneracy of the bending
mode is sometimes resolved in the case of the isothiocyanate complexes

as well(59).

It 1s clear that change in the mass, size of charge on the metal
can have profound consequences on the position of a given frequency,
not withstanding the further effects dus to the size or electronic

nature of the ligand., Kharitonov et al,(60) have calculated theoretical
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changes 1n the vibrational frequencies with changes in the force con-
stants of M-N and M-S bonds on the assumption that the internal force
constants remained unchanged from the free ion values, Their conclusions
have been summarised by Bailey et al.(?O) and by Norbury(3) in their

reviews., !

Further clarification of the bonding mode of the thiocyanate group,
can be made by measuring the integrated absorption intensity of the
CN stretching frequency, (i.e. the area under the absorption peak)
(61, 62). Ramsey's method of direct integration is often used(63).

The eguation is: !

‘.
t I
m o
A = ol log . Avk.

I
where C = concentration in moles/litre 1 = cell thickness, T = B,
o

frarhion of transmitted light, aﬁd Avk = width of the absorp-
tion band at half the height of its peak.

Values in the region 375 x 104 l!.‘l_]'cm"2 are found for the free
thiocyanate ion,whilst integrated intensities below this are recorded
for S-thiocyanate and values of greater than 9 x 104 M—lcm-Z are found
for N-bonded complexes (See Table 1.5.) A theoretical justification
(61, 64) for such results is that co-ordination through S8 would favour
an increased comptribution from N=C-S of the three resonance forms of
the ions {see Table 1.6.), such that the dipole ﬁoment of the ion

would be decreased. Conversely,for the N-bonded case,there is an
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increase in contribution from the other two resonance forms resulting
in an increase of the dipole moment of the 1on. The aréument is based
on the assumption that a change in the magnitude of the dipole moment
causes a corresponding change of the dipole during vibration, and hence

a change in the intensity of the band.

Percentage Contribution of the Principal Resonance
Forms of the Chalcogenocyanate Ions*

SR .- - N=C-X_  N=C=X 2 N-Cax'
X=0 75 1 24
S 76 ‘\ 5 19
Se 88 | o 12
Te 90 ‘4 6

*¥From Norbury ref.3. -

Table 1.6,

Since measurements are made in solution, care must be taken in
interpret;ng results as the integrated intensity may be influenced by
a number of factors. As discussed previously,the mode of co-ordination
may be influenced by the nature of the solvent, Also,line broadening

may arise when using hydrogen bonding solvents.

Measurement of integrated intensities has been extended to insol-
uble compounds using KBr discs(64). Satisfactory results have been

obtained for both S—and N-bonded complexes., The method has heen refined
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by the use of internal standards, such as using theCO stretching fre-
quency of salicylic acid(65). Integrated intensities in either case
are cited per thiocyanate. Problems may arise in interpretation when
a complex contains more than one thiocyanate group. In view of the
difficulties, care should be taken 1in assigning the mode of bonding
purely on infrared data alone, and supplementary measurements should

also be made.

Selenccyanate Complexes

Kharitonov et al.(60) have applied a similar treatment as pre-
1

viously described to selenocyanatF complexes, and their conclusions
1

are the same in both cases. Examination of the infrared spectra of

some selenocyanate complexes {Table 1.7.) indicates a similar situa-

tion to the thiocyanates,

On co-ordination of the selenocyanate group through either end,
the stretchang frequency is slightly increased from the free ion value.
However, as in the case of the thiocyanate éomple;es,the change in CN
stretching frequency alone does not provide a reliable criterion for
the diagnosis of the bonding mode of the selenocyanate group. When
the selenocyanate group acts as a bridging ligand,the CN stretching
frequency is appreciably increased relative to the free 1on value.

The C-Se stretching mode of the selenoccyanate ion 1s inereased on N-co-
ordination and decreased on Se-co-ordination. Tpe SeCN bending fre-

£

quencies show at least one component below 407Lm-1 while the N-bonded

complexes,even when split,do not lie this low and generally occur




_23-—.

Infra red Spectra of Some Selenocyanate Complexes (cm_l)*

Ve Vese  Snese A
n-che(CO)(PPhS)NCSe 2120 m 663 nw
1
2107 m® 5.3
ﬂ~che(CO)(PPh3)SeCN 2112 mw 532 w
2117 mwh 1.7
cis—Co(DH)z(Hzo)NCSe 2075 605
trans-Co(DH)z(HZO)SeCN 2140

Rh(PPh,),CO(NCSe) 2094%\ 7
Rh(PPh,) MeCN(SeCN) 2135 2.3
[pa Et, dien NeSe]” 2085 s,br 618

2089° 6.6
[pa Et, dien secn|* 2121 s,sp 533 w 404 w

2125° © 0.63

The data are recorded as mull spectra unless otherwise indicated.

*¥*From Norbury ref.3.

-d =1 -
0O 4 M 2

(a) x 1 cm <,

{(b) In CHC13.

(c) In acetone,.

Table 1.7.
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above 400cm
The relative contributions of the resonance forms of NCSe
(Table 1.6.) are comparable to those of NCS so that integrated inten-

sities can be used in a similar way.

Cyanate Complexes

The use of infrared measurenents to determine the mode of co-
ordination in cyanate complexes becomes even more difficult for two
reasons: (i) there is more mixing between the cyanate fregquencies

i

than 1s observed for the other 1ons and this is also observed in com-
plexes, (ii) there are very fewgreported 0O-bonded cyanates, none of
which have been confirmed by X—r;y crystallography. Only the complex
(ﬂ—cp)zTi(OCN)2 has been studied by techniques other than infrared

(66, 44, 67), but these measurements gave conflicting results.

The infr;red spectra of a number of cyanate complexes are recorded
in Table 1.8. including the spectra of a number of organic cyanates,
Infrared spectral and other measurements indicate that most of the
complexes are N-honded; the CN stretching frequency increases and the
NCO bending frequency slightly decreases, as might be expected from
previous arguments. Similarly,the CO stretching frequency slightly
increases 1n N-cyanate complexeé. T -

The percentage contributions of the different resonance forms

(Table 1.6.) are comparable with those of the other ions, and this



Infra red Spectra of Some Cyanzte Complexes (cm—l)*

Yen Yeo Snco A
CH_OCN 2256 s,sp 1100 s, sp
1218 mb‘
C2H500N 2245 s,sp 1102 s,sp
1127 w,sw
1173 nm,sp
n-CSH7OCN 2247 s,sp 1107 ss
N _ 1165 m
(n—cp)3CeNCO 2145 s 1310 -
(CgH,),Co(NCO), 2225 m 1320 m
\
(r-op),Titocm),t  2235° | ls2m 626w 13
2196 593 m 18
(7-cp) , TANCO 2216° 1302 ms 599 m -
590 m
(ﬂ—cp)zzr(OCN)zl 2233° 1257 w 631 m 12
2200° 1070 sh 607 m 16
(n-cp)zﬂf(OCN)2 2246b * 1257 w 632 m 12
2211° 1071 sh 606 m 18
[Mocoem 2205 s 1206 m 595 m
1140 m
.
[Re (o) 6]2" 2224 s 1306 w 595 m
1138 w

[Re cocy 6_]" 2220 s - -




Ven Vco ®nco A
Pd Py, (NCO)2 2180-2210 s 1332 m,sp 586 m, sp
22029 21.4
Pt(Ph,P), (NCO), 2230 sh 1355 vw 590
1
2200 s,sp 1312 m,br
2258° 13.0
K[cu pic, (0oM)] 2143 1205 630
. . . 625

l‘\
!
!
*.
The data are recorded as mull sbectra unless otherwise indicated.
¥From Norbury, ref. 3.
- - -2
(a) =x 10 4t cm o .
(b) In CH_C1_.

2 2

(c) In acetone.

(d) In CHClz.

(e) In CH3N02.

One or other of these structures is incorrectly formulated.

Table 1.8.
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would indicate that integrated intensity criteria could be used as
before, The integrated intensities for a series of palladium and
platinum complexes cited per cyanate group are in the range 13-23x104
Moles--lcm“2 and larger than the free ion value of 8.4,i1ndicating N-
boﬁding(40). However, the integrated intensities of 07-05H5)2M(OCN)2
(N=Ti,Zr,Hf) are also larger than the free ion values, and it has been
suggested that this criterion is inapplicable to cyanate complexes

because of the small difference in mass between the nitrogen and

oxygen(44). -

For the O-bonded cyanates reported,wN)increases and §NCX}also
[

decreases in the same order as N{bonded cyanates, However, two bands
are often observed for the bendlné vibration (“GO?Emnl) in the 0O-bonded
cyanates which might be expected., The removal of the degeneracy of
the corresponding NCS mode due to the lower symmetry of the non-
linear M-SCN group has been used as a criterion for S-bonding an
thioccyanate co—ordination(Sd). Similarly,the M-OCN unit might also be
expected to be non-linear, in which case if the dégeneracy of the def-

ormation mode is removed then two bands would be predicted, However,

splitting of this frequency is sometimes observed in N-bonded cyanates.

It is the CO stretching frequency whlch’has been important in
determining O-cyanate complexes. Fermi resonance occurs between \CO)
and 28NCO in the free ion(70), (e.g. KNCQ%K»IBO?émFI, IZO?Am_l -calcu-
lated value 12ﬁgcm_l(71)). On co~ordination through nitrogen U@KD A

generally increases in magnitude and § decreases. The medium strong




band at 1302cm_1 in cpleNCO has been attributed to CO) for an N-bonded
speciles without Fermi resonance on thas ba51§(44). {(See also Table 1.8.)
For these or for otherwreasons,Ferml resonance has not been observed in
N-cyanate complexes. In O-bonded cyanates there is ample opportunity
for the phenomenon of Fermi resanance to be maintained. Such Fermi
resonance is exhibited in the infrared spectra of organic cyanates

where two bands attributed to the CO stretching frequency are observed

in the region 1200-11 cm_1(68). Similarly,the bands at approximately

1307bm-1 and 114?}m-1 in 1Re(OCN)6]2_ and [Mo(OCN)G]S— have been

assigned on thisbasis(37). Burmeister et al. have attributed the bands

at ~125 cm_1 n cp2M(OCN)2 [ﬂ:Zr;Hf] to Fermi resonance(44). No such

I
splitting 1s observed in cpzTi(OCN)2 and it 1s argued that Fermi res-
onance does not occur. However,evidence does suggest that one or more
of this series of complexes 15 incorrectly assigned ~whichiwill be -

discussed in a later chapter.

Therefore, the determination of the co-ordination of the cyanate
group by infrared measurements can only be treated with the utmost

caution, finding further data, 1.e. crystal structure determination of

0O-bonded cyanate complex.
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CHAPTER 2

~ THIOCYANATE COMPLEXES OF RHODIUM(I)
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THIOCYANATE COMPLEXES OF RHODIUM(I)

A series of complexes of the type Rh(L)z(CO)NCS (L = phosphine,
arsine or stibine) and Rh(L)aNCS {L = P(OCGHs)é) have been prepared
and studied by Jennings and Wo;c%ck;(?Z). The mode of co-ordination
of the thiocyanate group in all the complexes was found to be exclu-—
sively through nitrogen. This is in contrast to the isoelectronic

PA(II) complexes where,depending on the other ligand, both PAd-NCS and

Pd-5CN ilnkages have been obtained as have some examples of linkage

isomers e.g. trans Pd(AsPhS)z(CNS)z(S, 9, 10, 57).

i
|
It was observed that there w?s a great tendency on the part of
aryl-arsine and trlphenyl-phosphi%e rhodium{1) derivatives to form
dinuclear thiocyanato-bridged species in solution (Fig. 2.1.) These
complexes also showed an ability, in the presence of excess thiocyanate
ion, to form bis thiocyanate rhodium(I) complexes, as shown in Fig.2.1,,

although no evidence was offered for the nature of the particular NCS-

bridge.

NCS

2Rh(AsR_) CO(NCS)= AsR_CORh \-‘(hCO(AsR) +2As(R)
32 3 g 3

NCS/ 3

NCS
AsR3(£.Q)xk\ /RhCO(AsR)3+2NCS =2 [Rh(asr,) caics]
NCS

Fig. 2,1.
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No attempts were made,however,to study the thiocyanate -
trls(triphenxl_ghosphine)rhodium(I) system. This chapter describes
the preparation and some of the reactions of this compound. Because
of the complexity of the system the results-discussion section has

1

been divided in the following manner:-

i+ {i)r An infrared spectral study of the reaction of

the Me4NSCN with Rh(PPha)scl.

(1i) The preparation and reactions of Rh(PPh3)3NCS

L}
(1ii) The preparation of Th(PPha)z(L)SCN [L = CGHG,CGHSCI]

(1v) The preparation of Rh(PPhB)zsCN -~ A three co-ordinate

rhodium{I) complex.
(v) Oxygen adducts of rhodium(I)-thiocyanate complexes.

{(vi) Catalytic properties of Rh(PPhs)aNCS.

Results and Discussion

(i} An Infrared Study of the Reaction of Me4NSCN with Rh(PPh3)301

When the reaction between Me4NSCN and Rh(PPh3)3CI in MeCN was
followed by infrared spectral measurements the solution spectrum showed
that the thiocyanate group co-ordinated initially through nitrogen as

indicated by the 'CN stretching frequenc¢y at 2095cm_l (ct Rh(PPhB)z(CO)NCS

V(CN)2095c:m_1 in CHCls): subsequently a very insoluble bright yellow



compound was formed.

The infrared spectrum of this solid exhibits a
CN stretching frequency at 2135cm_1, hagher than that for Rh(PPha)z(CO)NCS,
(73) and an integrated intensity lower than the free ion value indicat-

ing co-ordination of the thiocyanate group through sulphur (See Fig,

2.8,). Further,no bands occur between 700-900::111“l which ,may be attribu-
table to the CS5 stretching frequency for an N-bonded complex;
Rh(PPhs)z(CO)NCS exhibits a CS stretching frequency at 8380m-1. The

CS stretching frequency range for the S-bonded case 1s obscured by tri-

pheny}@hosphine bands. On the basis of analytical data, and the fore-

going infrared data,the complex is formulated as Rh(PPha)z(MeCN)SCN.

2

The CN stretching frequency for a?etonitrlle in the complex at 2257cm_1
is slightly shifted from that of %he free solvent where\%ﬂqoccurs at
2253cm-1. When the reaction was perforéed using less solvent (half
quantities), a yellow compound was obtained whose analysis is consistent
with the formulation Rh(PPhs)z(CNS)MeCN (%Rh14.2, %P8.9, Found, %Rhl4.2,
%P8.7, Calculated), but whose infrared mull spectrum exhibits two VCN)

bands at 2135(:,m_1 and 2095c:m_1 attributed to both N- and S-bonded isomers.

Approximate Frequency Range for Thiccyanate Co—-ordination¥

\tNXcm—l) u@SXcm-l) QNCQ(cm—l) A(x10_4M-1cm-2)

NCS 2033 746 486,471 3-5
M-NCS 2100-2030 s,b 870-820 w  485-475 7-11
M-SCN 2130-2085 s,sp  760-700 470-430 1-3
M-NCS-M 2165-2065 800-750 470-440

*From Norbury (3)
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The complex Rh(PPhS)z(MeZCO)SCN was prepared similarly from the
reaction of Me4NSCN with Rh(PPha)scl in acetone. Its infrared spectrum
indicates that the thiocyanate group is again co-ordinated through
sulphur (Table 2.8.) and that an acetone molecule is co-ordinated
(Table 2.9.), as indicated by the CO stretching frequency for acetone
at 1710cm'_1 compared with that for the free solvent at 1718cm”1.
Co-ordinated acetone in Ir(PPhS}z(CO)Mech)(¥CSe)(73) exhibits a CO
stretching frequency at 1712cm"1. It has been shown that the CN
stretching frequency for Me(N does increase to higher wavenumbers on
co-ordination, as in Cu(MeCN)4C]_04(74) where V{CN)occurs at 2270cm—1.
Although the shift of this freque?Cy in Rh(PPhs)z(MeCN)SCN is small,
it does 1mply that acetonitrile 1% co-ordinated, as with acetone,
Furthermore, the analyses for the;e complexes remain unchanged even
after drying for several hours under vacuum and the infrared spectra

showed that the acetone or acetonitrile band had not decreased in

intensity.

{ii) The Preparation and Reactions of Rh(PPhs)SNﬁS

The complex Rh(PPh3)3NCS can be prepared from the reaction of

Me4NSCN w1th,Rh(PPh3)301 in acetonitrile containing excess triphenyl-

phosphine. The infrared spectrum of this complex exhibits EN) at

20950cm *

and VCS) at 8110m_1, similar to Rh(PPhs)z(CO)NCS, and an
integrated absorption intensity for the CN stretching mode which is

larger than that of the free 1on (A=8.51-:1041‘.11_]'cm_2 in KBr).
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(a) The reaction of Rh(PPhs)BNCS in solution.

When the complex Rh(PPh3)3NCS is added to solvents such as
acetonitrile, acetone, or diethylether under nitrogen

the bright yellow compounds Rh(PPh3)2(L)SG§ [L=MeCN,Me Ccgo, Et20]

2
are isolated (Table 2.8.). These will be discussed in

greater detail in a later chapter. All these observations

are consistent with the following reaction scheme:-

Rh{PPh ) Cl+Me NSCN - Rh{(PPh,).NCS - Rh(PPh.)_(L)NCS
1°3 4 33 3'2
¥
. Rh(PPhs)z(L)SCN.

(b) The reaction of Rh(PPhB)NCS with excess Me ,NSCN.

When a solution of Rh(PPhS)éNCS in CHCls/MeCN was treated
gradually with tetramethylammonium thiocyanate, the
intensity of the band at 20950m-1 decreased and a new
peak appeared at 2110—2115cm—1. When Rh(PPh3)301 was
similarly treated with twice the mole amount of Me4NSCN,
the infrared solution spectrum showed initially a band
at 2095cm © and then the appearance of a band at 2115cm
(F1g.2.3.). Both the infrared solution spectra showed
eventually the complete disappearance of i1onic thiocya&%a
(as demonstrated in Fig. 2.3.) simultaneously with the

formation of the VCN)band at 2115em  which gave an

-

1ﬁtegrated intensity of 15.0:::1041'uf1-lcm_2 (A=7.5x104M—1cm_2

per thiocyanate) consistent with the formation of lﬁh(PPhs)JNCSE]-

However, attempts to aisolate this species were unsuccessful.
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Infrared Solution Spectral Studies of the Reaction
between Rh(PPh3)3X and NCS

Rh(PPh ) CI + NCS
33

h

Q W V"-/'/Y o2|15t:rn‘1
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| /&DTo
o " \A\ \

0

=
B

y
£

E -1
: 2095cm
8
, \ \ 2 053cm
10 20 30 40

Time in Minutes

Rh(PPh) NCS + NCS
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Fig. 2.3




(c)

- 36 -

The Reaction of carbon monoxide with Rh(PPh3)3NCS and related

complexes.

It was found that bubbling carbon monoxide through a sus-

pension of Rn(PPh,) NCS or Rh(PPh,),(L)SCN [L-MeCN,Me,cCO]

in acetonitrile resulted in the formation of the N-
bonded complex Rh(PPhs)z(CO)NCSfrom infrared spectral
and analytical data. Similar results were obtained by .

passing carbon monoxide over the S-bonded complexes in

the solid state. In no case was it possible to detect

any bands in the infrared spectrum which might corres-

L

pond to Rh(Pphs)z(CO)SCN.?

3
H
]

{d) The Reaction of Rh(PPh3)3NCS in Benzene. .

The infrared spectral solution of Rh(PPhS)SNCS i benzene

in the presence of air exhibits two V{N)bands at
21550m_1 and 20950m—1, the former being consistent with
the formation of bridging thiocyante. The‘gradual
addition of triphenylphosphine results in the diminution
of the band at 21‘550m_‘1 and eventually the complete dis-
appearance of this absorption. This agrees ﬁith the
results of Jennings and Wojcicki{72) and is consistent
with the type of equilibrium in Fipg. 2.1, Similarly,
when the insoluble S-bonded complexes are refluxed in

benzene for several minutes dissolution results, and

their infrared spectra exhibits in solution bands at

~
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2155cm“1 and at 2095(:111“1 attributable to bridging
and terminal thiocyanate spectes respecfively.
Addaition of triphenylphosphine again results in the
disappearance of the band at 2155cm-1. When
Rh(PPhs)SNCS 15 added to genzene under nitrogen,
the infrared solution spectrum exhibits only one
band at 20950m—1 due to an N-bonded thiocyanate
species. A bright yellow solid eventually precipi-

tétes_and 15 described in the next section.

(iii) The preparation of Rh(PPh3)2(L)SCN where L =~c6H6’C6H5Cl

|
!
!

The infrared spectrum of the complex isclated from the reaction
of Rh(PPhs)SNCS in benzene,1llustrated in Fig. 2.4,, exhibits a u@N)
band at 2142(:.m_1 (A=2.9x104M-1cm-2 in KBr). Analytical data indicate
the formulation Rh(PPh3)2(06H6)SCN. Because of triphenylphosphine
ligand vibrations 1t is diffaicult to discern any definite bands attri-
* butable to benzene in the complex,although the band at 672cm-1 could
be due to the benzene ﬂpﬂ)v1bration. The complex Rh(PPha)z(CGHSCI)SCN
was prepared simlarly. The infrared spectrum exhibits bands at 1583
and 472(:m-1 which may be assigned to W@C)and X-sensitive vibrations of
cholorobenzene respectively. These bands occcur at 1588 and 4700m—1 in
free chlorobenzene {(Fig. 2.4.) The analyses of both these complexes

after drying for several hours under a flow of nitrogen show no change,

and the intensity of the bands in the infrared spectrum attributable to

chlorobenzene in Rh(PPh3)2(CGH501)SCN does not decrease. In the
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The Infrared Spectra of Rh(PPh3)25CN and Rh(PPhB):Z(L)SCN

Rh(PPh ) SCN — Ms
32 r-jm 440
“1 "
| - 742
1092
2137
: 695 690
Rh{PPh ) (C H JSCN —
32 6 6
" 418
A5
1036 498
2142

742 687

Rh(P (C —
h Ph3)2 6H5CI)SCN
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presence of air, the complexes readily lose these solvent molecules

and the rapid uptake of oxygen occurs,

It has been argued that the complex I?hCO(Sth3)3C1]-CGH6 is a

1
pentaco-ordinate species stabilised by large stibines where benzene is

present as a tightly held clathrated molecule(75). In the infrared

spectra of the complexes Rh(PPhs)z(L)SCN (L = CH_CN, MeZCO) shifts,

3

albeirt slight, are observed 1in the principle bands of acetonitrile

énd acetone Eompared with the free molecules. Shifts in the CN
stretching frequency of the thiocyanate group compared with Rh(PPha)zsCN,
which will be discussed shortly,lglso occur, Similarly,the CN stretch-
ing frequency in the benzene and thorobenzene complexes is different
from that observed 1in Rh(PPha)zsCN,as shown in Fig. 2.4.,and small

shifts are also observed in the principle bands of the chlorobenzene

in the complex. It may be concluded,therefore, that the solvent molecules

are co-ordinated 1n the complexes Rh(PPha)z(L)SCN,where L=2C H6 and C_H_Cl.

6 65

(iv) Preparation of Rh(PPha)ZSCN ~ A Three Co-ordinate Rhodium(I) Complex

Whilst successive washing of the benzene analogue with dry hexane
shows no change in 1ts analytical composition, the chlorobenzene complex,
on the other hand, seems less stable, and washing with hexane results in
a weight loss equivalent to one molecule of chlorobenzene and this is ‘
confirmed by subsequent analyses. The infrared spectrum of this complex
now shows no bands attributable to chlorobenzene and the CN stretch-

ing frequency of the thiocyanate group shifts from 2142cm“1 to 2137cm-1.
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Similarly, gentle heating of the complex Rh(PPhS)z(CGHG)SCN under a
nitrogen atmosphere results in a weight loss eguivalent to one molecule
of benzene. Analytical data are consistent with the formulation
Rh(PPhs)ZSCN and the infrared spectrum also shows a shift of the CN
band from 2142cm-1 to 2137cm’1. "The integrated absorption intensity

of this vibration is 3.0:-:104111--1@11_2 in XBr similar to the integrated
absorption intensity of the q@N)stretching frequency chserved in
Rh(PPhs)z(L)SCN, indicating that the co—ord;natlon of the thiocyanate

group is unchanged 1.e. terminal bending of the thiocyanate group

occurs through sulphur,

¥

When the complex is treated %ith refluxing benzene,1t slowly dis-
solves and the infrared solution ;pectra exhibit a band at 21550m_1,
characteristic of a bridged thiocyanate species. When treated with CO
or with other solvents,Rh(PPh3)2SCN readirly takes up a further molecule
to form Rh(PPha)z(CO)NCS or Rh(PPh3)2(L)SCN where L = MeCN,CGH6 etc.

The evidence does suggest that Rh(PPhS)ZSCN 15 a three co-ordinate
complex, probably stabilised by the bulky phosphine gréups and co-
ordination of the thiocyanate group through the large sulphur, and with

favourable crystal packing in the solid state. The most likely struc-

ture for this complex would be one with trigonally disposed ligands,

(v) Oxygen Adducts of Rhodium({I) — Thiocyanate Complexes.

Oxygen complexes of iridium and rhodium complexes have attracted

much interest as a model system for biological oxygen uptake, Since
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the initial preparation and studies of Ir(PPh3)2(CO)Cl.0 by Vaska(76),

2
a number of related iridium complexes have been prepared and X-ray
structure determinations performed (77, 78, 79). The complexes are
shown to contain oxygen bonded sideways on to iridium. The complexes
can bhe depicted by the two geomeérically equivalent structures (Pig.

2.5.1 & I1,, which are valence bond representations of the limiting

oxidation states iridium (III) and iridium (I) respectively).

The oxyéen-oxygen bond length varies considerably wi;h the ligands
co-ordinated to iradium. For instance, the 0-0 bond lengths in the
chloride and iodide complexes of'}r(PPh3)2(CO)x.02J?=CI,I] are 1.309A

and 1.51°A respectively(79). Thetoxygen adducts are characterised by

an infrared band of medium 1ntens;ty between 900-8500m_1 which is
insensitive to 0-0 distance,suggesting th;t 1t is not a pure 0-0 stretch-

ing mode(79).

On bubbling oxygen through a solution of Rh(PPh3)301 an CH2012,

brown crystals were obtained, whose infrared spectrum exhibited a band
at 400cmf1 due to co-ordinated oxygen(80). 'The structure of this com-
rlex has also been determined by X-ray crystallography, and shown to
contain dimeric units with an unusual 02 bridge (Fig.2.5.111)(81)..’
Augustine and Van Peppen(82) showed that uptake of oxygen by Rh(PPh3)01
in solution was solvent dependent. In methanol a complex, whose

analysis indicated a formulation ha(PPh3)401205, was formed, Fig. 2.5.(V),

whilst 1n ethanol extensive oxygen uptake occurred.
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The reaction of Rh(PPh3)3CI with Me4NSCN in acetonitrile contain- ;
g an excess of triphenylphosphine in the presence of air gives a
greenish brown complex Rh(PPhs)aNCS.Oz. The infrared spectrum of this
complex shows a band at 81’!,5cm-1 due to co-ordinated oxygen but no bands
attraibutable to PO stretching fréquencles. The infrared spectirum,in

contrast to the VN)band at 2095cm © in Rh(PPh,),NCS exhibits a CN

) - -1 .
stretching frequency at 2110cm 1 and a u@S)band at 825cm ~. The integ-
rated absorption intensity of both complexes are similar and greater

than the free 1on value, This andicates that the N-bonded co-ordination

of the thiocyanate group 1s retained in the oxygen complex.

1

|
Addition of Rh(PPhS)BNCS to Qiethyl ether 1n the presence of air gives

the greenish-fellow complex Rh(PPhs)z(Etzo)SCN.O2 The infrared spec-
trum exhibits a band at 905<:m“l due to co-ordinated oxygen. The thio-
cyanate group is co-ordinated through sulphur,as indicated by the U@ND

band at 2146cm L (A=3.1x10°M Yem 2 1n KBr). The addition of Rh(PPh,) NCS.0,

to diethy%sther or acetonitrale under N2 showed no indication of givaing

an S-bonded product and extraction of the product from acetonitrile

showed the presence of Ph_PO bands in the infrared spectrum.

3 |

The complexes probably have a similar structure to the iridium
analogues,as shown in Fig. 2.5., and they further demonstrate the

ability of rhodium and iridium complexes to co-ordinate molecular oxygen.

(vi) Catalytic Properties of Rh(PPhB)SNCS .

In view of the ability of these complexes to take up oxygen,it was
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interesting to determine whether they exhibited catalytic properties

similar to that of Rh(PPh3)301(80, £3-88).

Oxygen was bubbled through a solution of xylene containing triphenyl-
phosphine and a small quantity of Rh(PPhS)sNCS in the mole ratio of
20:1 for one hour. The infrared spectrum of the residue,after removal
of the rhodium(I)~comp1ex,exhib1ted strong bands due to triphenylphosphine
oxide (11200m_£ 7200m-1). Bubblaing oxygen through a solution of tri-
phenylphosphine containing no Rh(PPh3)3NCS gave no indication of forming

triphenylphosphine oxide.

i
The complex Rh(PPh3)301 hasialso been shown to readily catalyse

the hydrogenation of olefins(83)." However, the complex Rh(PPhS)SNCS

gave no indication of co-ordinating ethylene or hydrogen.' Bubbling

ethylene through a solution of Rh(PPh 3NCS in benzene only resulted

3)
in the isolation of Rh(PPhs)z(CeHG)SCN. Similarly, passing hydrogen or
ethylene over the complex Rh(PPhs)zsCN as a solid or as a slurry caused

no change in its infrared spectrum nor any increase in weight,

However, the complex Rh(PPhS)SNCS was found to effectaively catalyse
the decarbonylation of benzaldehyde(83, 85). Reactions performed using
both Rh(PPh3)301 and Rh(PPhs)sNCS as catalyst under identical reaction
conditions, gave yields of benzene four times greater in the latter

case.,
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Conclusicns

The results described_ in this study are summarized in the reaction

scheme proposed in Fig., 2.6, and show that the redction of

]

N-thiocyanatobiotris(triphenylphosphine)rhodium({I) in sclution can proceed

in one of two ways:-

(1) The formation of dinuclear-bridged thiocyanate in
_ . _ accordance with the results of Jemnings and
Wojcicki, :

or (2) The formation of four, co-ordinate species in which

one molecule of PPh3 has been replaced by a sol- |

vent molecule, \

Such behaviour can be compared with Rh(PPh3)3Cl. The latter com-
plex dissclves in strong donor solvents (L), such as pyridine, dimethyl-
sulphoxide and acetonitrile to yield complexes of the type Rh(PPhS)z(L)Cl.

The dimer [Rh(PPha)ZCI] is obtained, however, from benzene solutions(83).

2
The dissociation of Rh(PPhS)SCl has been extensively studied(82, 83, 89-
91). Evidence now suggests that dissociation is not extensive in the
absence of oxygen(89-91), but 1s promoted in its presence, and that it
15 this reactive dissociated species which i1s important in explaining
its catalytic behaviour(82). It has not yet been established whether

the dissociated three co-ordinate species Rh(PPh3)201 or a complex con-

taining é'weakly donating solvent ligand occupying the vacant fourth

site exaists in soluticn.
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The Reaction of Me4NSCN with Rh(PPh3)3CI

Rh(PPh)C
h( 3)3 1+ M%NSCN-*“* Rh(PPh3)3NCS

i / L
NCS
1\ PPh, Rh(PPh)(L)NCS
#_ ! / g
[Rh(PPh3)2(NCS)2] : [Rh(PPhJ)zN(‘ZS{
Rh(PF’h3)2( L)SCN
Rh(PPh_).SCN cOo
CR I
Rh(PPh,)(COINCS

*
Species identified in solution only.

Fig. 2.6
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The complex Rh(PPh3)3NCS behaves in a saimilar fashion. It readily
dissociates in solution, and the products may dimerize to form
[Rh(PPhs)zNCS]2 or the fourth vacant site may be occupied by a solvent
ligand(L) to form Rh(PPha)z(L)SCN. The essential point is that whilst
the dimer is formed in the presence of oxygen, the solvated complexes
are formed in its absence. This suggests that although the dissociation \
of Rh(PPhs)SNCS is extensive, the fourth position may be occupied by

a solvent molecule, even a weakly co-ordinating donor molecule such as

benzene. Further dissociation only arises in the presence of oxygen.
For example, the complexes Rh(PPhS)z(L)SCN in the solid state readily
lose the solvent ligand(L) when left in the air i.e. in the presence of

|
oxygen, but may be stored indeflﬂ}tely under nitrogen.

.

In terms of the reaction scheme,described in Fig. 2.6.,there is
evidence to show that Rh(PPhS)z(L)NCS is a key intermediate in the
formation of Rh(PPhS)z(L)SCN. Whether Rh(PPh3)2NCS 1s also ainvolved
is not clear, but evidence has been obtained for the three co-ordinate

complex Rh(PPh3)2SCN, which also tends to lend support to hypotheses

for the existence of a dissociated species in Rh(PPh3)301 systems{82, 83).
In addition, the complex Rh(PPhg)z(CGHG)SCN is also of particular
interest and prompts the question: Is benzene co-ordinated? On balance,
when compared with Rh(PPh3)2(L)SCN]ﬁhere L=MeCN or MeZCO]ev1dence does

suggest that it could be co-ordinated, but it is not clear how this
occurs. -The available py orbitals on benzene are in such a position as

to favour a six electron donation as in (w-C HG)Cr(C0)3(92), and thais

6
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in terms of the E,A.N. rule for the rhodium{I) complex would mean 2
electrons more than the rare gas confaguration, However, benzene has
been shown to co-ordinate through only one localised pair of w-electrons
in Ag(C .C10,{(93 LA . -
as in Ag( GHG) C1 4( ), CGHG gAlCl4(94) and CGHG CuAlCl4(95) Also
if benzene 1s regarded as a typé of 'wedge' the position of the avail-

able orbitals would only allow back donation of electrons from rhodium

to benzene.

) Finally, this study has established that it 1s possible to make a
series of complexes of the type Rh(PPha)z(L)SCN containing a variety
of ligands{L). These complexes will be discussed in the following
chapter. i

Experimental

All the solvents used were carefully dried according to the methods
described by Weissherger(96)., Tetramethylammonium thiocyanate was pre-
pared according to Songstad and Strangeland(97). The complex Rh(PPh3)301
was prepared according to the method of Wilkinson and co-workers(83).

All reactions were performed under nitrogen except those for the pre-
paration of the oxygzen products.

The Preparation of the Rhodium{I)-Thiocyanate complexes.

N-thiocyanato tris(triphenylphosphine)rhodium(I).

Tetramethylammonium thiocyanate (0.26g, 2mmole) and triphenylphos-

phine (0.8g, l.3mmole) were dassolved in degassed acetonitrile (80 ml, ),

Tras{triphenylphosphine)chlororhodium(I) (0.46g, O.5mmole) was added
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and the reaction mixture stirred at room temperature, The product pre-
cipatated as a bright orange solid which was removed by filtration
under nitrogen. Yield = 0.38g, (80%).

S-thioccyanatobis(triphenylphosphine)(acetonitrile)rhodium({I)

Tetramethylammonium thiocyaﬁate {0.066g, O.5mmole) was dissolved
in degassed acetonitrile (60 ml:). Tras(triphenylphosphinechloro-
rhodium(I) (0.23g, 0.25 mmole) was added and the reaction mixture
stirred at room temperature. The product precipitated as a bright
iéllow complex which was removed by filtration and dried under nitrogen.
Yield = 0.15g, (82.5%).

S~thiocyanatobis{triphenylphosphine)(acetone)rhodium(I)

r

The complex was prepared similarly using 200 mls. of acetone.

'

Yield 0.16g, (88%).

S-thiocyanatobis(triphenylphosphine){L)rhodium(I) [L:MeCN, Mezco,

Et,0, Ci, 06H501]

N-thioccyanato~tris(triphenylphosphine)rhodium(I) (0.5g) was added
to the respective degassed solvent (50 ml.) and the mixture stirred at
room temperature for one hour. The products prec;pitated as bright
yellow solids which were removed by filtration under a nitrogen atmos-

phere. Yields 0.25-0.35g, % Yield 63-88%

N-thiocyanatotris(triphenylphosphine){dioxygen)rhodium(I)

2

The complex was prepared similar to N-thiocyanatotrais{triphenylphos-
phinel)rhodium{I) in the presence of air. The reaction mixture was
stirred over 18 hours. The product precipitated as a greenish brown

solid which was removed by filtration. Yield 0.2g, (42%).
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S-thiocyanatobrs(triphenylphosphine)(diethylether)(dioxygen)rhodium(I)

N-thiccyanatotris(triphenylphosphine)rhodium{I) (0.5g) was added
to diethylether (30 mlv) and stirred at room temperature in the presence
of air for 30 minutes. The product precipitated as a greenish-yellow
Y

solid which was removed by filtration. Yield 0.3g, (80.0%).

Catalytic reactions of thiocyanate-rhodium(I) complexes \' !

—_—— -

Oxygen was bubbled through a solution of triphenylphosphine (5g)
in xylene (5g) in xylene (50 mlJ) containing N-thiocyanato tris(triphenyl-

-phosphine)rh;dium(l) (0.1g) and stirred for 2 hours.

Decarbonylation ‘
|

\
A suspension of Rh(PPh3)3X where X=Cl or NCS in benzaldehyde (40 mls)

was gently refluxed for 10 hours. Fractionation of the solution between

58—7000 yielded small quantities of benzene.

General Properties

The complex Rh(PPhS)gNCS is a bright orange éolid which readaly
dissolves in benzene, acetone and chloroform. Addition of the conmplex
under nitrogen conditions to scolvents such as benzene, acetone and
acetonitrile results in the formation of bright yellow complexes of the
type Rh(PPhs)zLSCN (L=solvent molecule). These complexes and Rh(PPhs)ZSCN
are highly insoluble and will only dissolve in chloroform or benzene
under reflux conditions. All the compounds slowly decompose in the *

presence of air with the uptake of oxygen. However, the compounds are

stable when stored under nitrogen conditions, at room temperature, but |
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decompose without melting on heating

Analzsis

Attempts to characterise tne S-bonded thiocyanate complex from
C, H and N analyses, obtained by combustion* were found unsatisfactory.
However, analysis of rhodium, sulphur and phosphorus by X-ray
fluorescence spectrometry using a Philips PW1540 vacuum spectrograph
Ssee chapte{_lz) gave satisfactory results and are recorded in Table
2.7. The brown complexes Rh(PPhs)Z(CO)NCS and Rh(PPh3)3NCS.02 have

been characterised by both methods,

[

Infrared spectra

The positions of infrared absorption bands due to the thiocyanate
group in these complexes were obtained by a comparison of their spectra
with that of the complex Rh(PPhs)SCI. Bands observed in the mull
spectra, and as KBr discs using a Perkin-Elmer 457 spectrophotometer
are recorded in Tables 2.8.; those for tetrameth}lammonlum thiocyanate
and the known complex Rh(PPhs)z(CO)NCS are also included. The inter-
grated i1ntensities of the CN siretching frequency were measured as
KBr discs; those for Rh(PPhs)SNCS and Rh(PPhs)ZCONCS were also recorded
1

in chloroform. All bands were recorded to within an accuracy z lent

against a polyethylene f£ilm as standard,

*Analysed by the Micro-analytical Laboratory, Manchester University.
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Complex

Rh(PPh3)2CONCS
Rh(PPhS)SNCS
Rh(PPha)zscN

Rh(PPhs)zsCN(L)
L=MeCN

MezCO

Et20

Collg

CGHSCI

Oxygen Complexes

Rh(PPhs)SNCS.O2

Rh(PPhS)z (Etzo)SCN.o2

i

Analytical Data for Rhodium{I)-Thiocyanate Complexes

Found Calculated

4Rh %P %S 4C 95 N | 9Rh %P %5 % 9H N
14.5 8.9 4.6 63.9 4.2 2.6 | 14.5 8.8 4.5 63.7 4.2 1.9
10.8 9.6 3.4 10.9 9.6 3.6

14.9  9.25 4.6 15.0 9.1 4.7

14.2 8.8 4.3 ) 14.2 8.7 4.4

13.9 8.4 4.2 13.9 8.4 4.3

13.6 8.2 4.3 13.6 8.2 4.2

13.4 8.2 4.1 13.5 8.2 4.2

13.4 8.1 4.1 12.9 7.77 4.0

10.3 9.7 65.7 4.5 1.2 | 10.5 9.5 67.0 4.7 1.4
13.3 8.0 13.5 8.1

Table 2.7.

_zg_
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Infrared Frequencies of the Thiocyanate Group in Rhodium{I) Complexes

(a) (a)
g@N!(cmhl) HCS[(cm—l) A(10-4M—lcm-2)

Me NSCN 2055 s 746 w
RR(PPh),CONCS 2095 Pg 1 838 w 12.0¢%)  (73)
Rh(PPh,) NCS 2095 %5, 811 w g.52)

2095 s,b 8.3
Rh(PPhs)ZSCN' 2137 s,sp- - 2.5
Rh(PPh3)2$CN(L)

L=MeCN 2135 s,sp x - 3.0
=Me,,CO 2134 s,sp i - 2.8
=E1:20 2138 s,sp I' - 3.1
=C6H6 2142 s,sp - 2.9
=CGH501 2142 s,sp - 3.2

{a) Presented as KBr disc unless otherwise stated,.

{b) Chloroform solution,

No bands have been assigned to ONCS due to the complexity of the

spectra between 500—400cm_1.

Table 2.8.
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Infrared Spectral Data for the Principle Solvent Ligand(L)

Vibrations(em ) in the Complexes Rh(PPh,,),, (L)SCN

Rh(PPhS)z(L)SCN Free Solvent

L=Me, CO 1710 s (MCO), 1225 m 1718 s (VEO), 1224 m

=MeCN 2257 w (VCN) 2253 m (VCN)

] =lEt20 o (a)

?CGHG (a)

=CH.C1 1583 s (VEC), 472(X-sens) 1588 s (\VC), 470(X-sens)
1025, 903 1025, 903

i
|
!

T

(a) No bands could be attributed with certainty because of

triphenylphosphine ligand vibrations.

Tahle 2.9
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Electrical Conductivity

-1 2
The molar conductivity of Rh(PPh3)3NCS {10,0 chms CMm )

neasured in acetonitrile using a Wayne-Kerr Conductivity bridee and
platinised electrodes shows that it 1s a non-electrolyte. No other

L}

complex could be measured  because of their high insolubility in all

solvents,
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CHAPTER 3

'CO-OPERATIVE LIGAND EFFECTS IN RHODIUM(I) - THIOCYANATE COMPLEXES
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CO-OPERATIVE LIGAND EFFECTS IN RHODIUM(I) - THIOCYANATE COMPLEXES

Since the T-bonding hypothesis put forward by Turco and Pecile to
explain the co-operative effect of ligands in Pd(II} and Pt(II) com-—
plexes on thiocyanate co-ordina£ion(9), other explanat:ions for this
phertomenon have been proposed including symbiosis{18), antisymbiosis(21),
and the semiquantitative approach of Norbury(24), In the previcas
chapter i1t was shown that the lability of triphenylphosphine in

‘Rh(PPh3)3NCS could be exploited to give a number of rhodium(I) complexes
of the type Rh(PPh3)2(L)CNS. Further complexes of this type have been
synthesised using a range of 1igéFds of varying O-donor and mw-acceptor
ability, so that the effect of th; ligand on the mode of thiocyanate

[

linkage in these complexes may be evaluated.

Results

The complexes listed in Table 3.1. were prepared by either or both

of the following methods:-

(1) Reaction of Rh(PPhs)SNCS with the corresponding ligand
as solvent, as previously described.
{(2) Reaction of Rh(PPhs)SNCS with the corresponding ligand

in hexane.

General Properties

Whilst Rh(PPhs)z(L)NCS,[z paiperidine, qu1n011ne] are only moderately

soluble in chloroform and acetonitrile, the remaining S-bonded complexes




1

Analytical Data for Rhodium(I) ~ Thiocyanate Complexes

Method of
Complex Preparation % Found . ! % Calculated
(1 or 2)
Rh(PPhS)Z(L)CNS Rh P S C H N Rh P 3 C H N
L = piperidine 2 . 13.1 8,0 4,0 64.2 5.9 3.9 13.3 8.1 4.1 65,5 5.8 3.7
quinoline 2 12,4 7.5 4.1 12,6 7.6 3.9
DMSO _ 1 13.6 8.1 8.3 .—-—— 13.5 8.2 8.4 é
’ Me,S 2 13.5 8.4 8.3 13.7 8.3 8.6 :
LtCOOH 1 13.7 13.6 8.2 4.2
EtOH 1 14,0 14,1 8.5 4.4
MeCOOEt | 12.8 8.4 13.¢ 7.9 4.1
diacetone alcchol 1 12.6 7.9 2.8 7.7 4.0

Table 3.1
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Rh(PPha)z(L)SCN'[ﬁeCOOH,MeCOOEf, Mezs, DMSO, EtOH, and diacetone
alcohol] are insoluble in most solvents. The S-bonded complexes are
moderately soluble in piperldlné, aniline and pyridine but give N-
bonded species in solution by the displacement of the ligand (L) by
piperidine etc. All the complexés are air sensitive in the sense that
the solvent ligands are lost and oxygen 1s taken up as indicated by
the triphenylphosphine bands in their infrared spectra. However,the
complexes remain unchanged over several w?eks when stored under Nz.
The liéandi(i) in many of the complexes is displaced on heating and
continual stirring in hexane results in the formation of Rh(PPh3)£SCN.

1

All the compounds decompose w1th09t melting.

Electrical Conductivity

Eleetrical conductivities for the complexes Rh(PPhS)z(L)SCN could
not be measured because of their insolubility. The molar conductivities
of Rh(PPhs)z(L)NCS [L = quinoline, plperidine] measured in acetonitrile

show that the complexes are non-electrolytes (Table 3.2.)

Compound Solvent Cfgcentratlon Molar Cgiduc;1v1ty
10 moles/litre ohm = cm
Rh(PPh3)2(p1per1d1ne)NCS MeCN 0.7 6.3
Rh(PPh3)2 (quinoline)NCS . MeCN 0.5 7.2




- 60 -

Infrared spectra

The positions of the infrared absorption bands due to the thio-
cyanate group in these complexes were obtained by a comparison of their
spectra with those of tris(triphenylphosphine)chloro rhodium(I) and
N-thiocyanatobis(triphenylphosphine)carbonylrhodium{I) (see Chapter 2).
Bands observed in the mull spectra or as KBr discs are recorded in
Tables 3.3. and 3.4. The infrared spectra of all the complexes dis-
‘cussed in the previous chapter are also included. No bands have been
attributed to the &NCS) bending mode in these complexes because of the

complexity of itriphenyphosphine ligand vibrations in the same region
1

(500-400cm 1), i

The infrared spectra of the complexes Rh(PPhS)z(L)NCS [L = piperi-
dine and quinollne] have CN and CS stretching frequencies and integrated
absorption intensities (Table 3.3.) all consistent with co-ordination
of the thiocyanate group through the nitrogen atom, as is found in
Rh(PPhS)z(CO)NCS and Rh(PPhS)SNCS. Complexes containing aniline or
pyridine could not be isolated,but addition of Rh(PPhs)aNCS or
Rh(PPh3)2SCN to aniline or pyridine gave a “@N)band at 21000n—1 and
integrated absorption intensity of 8.9 and 10,1 1O4M—10m-2 respectively,

indicating the presence of N-bonded species in solution. On the other

hand, the infrared spectra of the complexes Rh(PPha)éIJSCN(Lz Me, S,

2
EtOi, EtCOzH, 1 DMSO_. etc) exhibit similar CN stretching frequencies
and integrated absorption antensities i.e. ~2135cm_} A= ~3.0x 104 Mulcm—
to those of the complexes Rh(PPhs)z(L)SCN [L = MeZCO, MeCN, C6 H6 etc.],

previously described,; 1ndicating that all these complexes are S—-honded

2
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Infrared Spectral Data for Rhodium(I)-N-Thiocyanate Complexes

Complex

L)NCS
Rh(PPh3)2(

plperidine,(CHz)sNH

quinoline, 09H7N

pyridine, CSHSN

aniline, C6H5NH2

1

a a b
u@NKcm-l) \CSXCmﬂl) A(x10_4M—1cm—2)
c c
2095 s,b 838 12.0
2095 s,b 811 8.5
2090 s,b 815 6.8,
6.5
2090 s,b d 6.5,
7.4
2100 s,b° 10.1%
|
2100 s,bT 8.9°%
1

a KBr disc and nujol mull

b KBr dasc

¢ CHC1l_ x 10-3 molar solution

3

d obscured by quinoline vibrations

e Rh(PPh3)3NCS in quinoline, xlO“3 molar solution

£ Rh(PPh,)_NCS in pyradine, x10~2 molar solution

g Rh(PPh3)3NCS in aniline, xlO_3 molar solution

Table 3.3.
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Infrared Spectral Data for Rhodium(I)-S-Thiocyanate Complexes

a a b
Complex WCNXcm—l) u@sxcm-l) A(x10_4m_1cm-2)

Rh(PPh3)2(L)SCN ‘

L = MeZCO 2134's,s8p . - 2.8
MeCN 2135 s,sp - 3.0
Et20 2138 s,sp - 3.1
CGHG 2142 s,sp - 2.9

— C HC1 2142 s,sp - 3.2
EtOH 2142 s,sp - 2.9
MeCOOH E 2140 s,sp - 2.8
MeCOOEt % 2140 s,sp - 2.8

diacetone alcohol MeCOCH2COH(Me)2 2140 s,sp - 3.1

DMSD'Mezso s 2132 s,sp - 2.3
MeZS 2138 s,sp - 3.5

a KBr disc and pujol mull

b KBr disc

Table 3.4.
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Infrared Spectral Bands (cmnl) of the Solvent-Ligand(L)
1in the Complexes Rh(PPhs)z(L)CNS

Complex Ligand(L) vibrations in complex Free ligand
Rh(PPhs)z{L)CNS
L = piperidine 3260w, (uNH) 3280 (MNHD
(CH2)5NH 1040m, 1020m, 870m 1048m, , 1033m, 858m
quineline 1633m,w, 1620m, 1598m (MWC=C)) 1625m, 1595m, 1570m (Vic=C)
CQH7N

1502m, 1390m, 1382m, 872sm, 840m, 1502s, 1390, 1375,
825m, 816sh, 810m, 790w, 640w, 610w 806s, 786s, 760w, 738n

MeCOOH 1708s (vLO) 1712s {MCOD

MeCOOEt 1735s (VCOD ! 1740s (V0D

diracetone 1710-1700s (Vo) E 1700 (oD
alcohol )

EtOH 3400b (vpH) 3300 (\OHD

DMSO . 1060-1030 sb (M50) 1100-1050 (\EQ)sb

Mezs 1315 w, sh, 970w 1310m, 970s

Table 3.5.
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(Table 3.4.).

The infrared spectra of the complexes suggest that the liganés(L)
are co-ordinated (Table 3.5.). Small shifts, compared with the free
ligands, are observed in the C=0‘stretch1ng frequencies of acetic acid,
ethyl acetate, and diacetone alcohel. The complex Rh(PPha)z(,DMSO)SCN
1s of particular interest with respect to whether co-ordination of
dimethyl sulphoxide occurs through oxygen or the sulphur atom. The S0
stretching frequency for DMS@ in the complex occurs at 1060—10300n-1
lower than that for free dimethylsulphoxide which absorbs at 1100~1055cm

A downward shift of this metal-sensitive SO stretching frequency has
i

been shown to indacate co—ordlnat%on through oxygen (98): 1n contrast,
the corresponding halogen complexes Rh(PPh3)2(DMSO)X [Where X =
Cl, Br, I]exhlblt an upward shift of the 50 stretching frequency in

their anfrared spectra indicating co-ordination through sulphur(99).

Whilst the addition Rh(PPh3)3NCS to hexane and stirring for several
hours causes little change in the complex, the addition of dimethylsul-~
phide readily gives a complex which analyses as Rh(PPha)z(MeZS)SCN and
whose infrared spectrum exhibits bands .at 1315 and9700m_1 dus to Mezs
(these bands occur at 1310 and 97Ocn_1 in the free ligand). In the case
of the N-thiocyanato complexes prepared in a similar manner to the
dimethylsulphide adduct the band at 3260cm © 1in RR(PPh, ), (piper1dine)NCS
is attributed to the v{¥H}stretching frequency of piperidine F&NH)ln free

piperidine occurs at 3280cm-1], whilst the bands at 1625cm-1, 15950nr1

-1
and 1570cm due to C=C stretching frequencies in free quinoline are

1
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shaifted to 1633, 1620 and 1598cm_1 in the complex(100). Significant
shifts are also observed in the bands at 805 and 7860n-1 in free quino-
line compared with the complex where bands are observed at 872, 840, )
825, 816, 810, 720 and 782cm—1: one of these bands may be attributable
to the vCS)stretching frequency ;f the thiocyanate group. The relative
intensities of the solvent-ligand bands in the complexes do not decrease
after drying the complexes for several hours under nitrogen: indeed

the complexes remain unchanged when stored under nitrogen for several
months, Howéver, it was found that the solvent ligands could be dis-
placed from Rh(PPhs)ZSCN by stirring the complexes in hexane for several
hours. Subsequent addition of thg corresponding ligand to Rh(PPhS)ZSCN
m hexane gave the four co—ordlnaLe complexes again, Further all the
complexes slowly lose thear SOIVeﬁt-ligands when exposed to air and

thear infrared spectra indicate bands attributable to triphenylphosphine

oxide.

The Geometric Configuration of the Complexes Rh(PPha)Z(L)CNS
AT : ol

On consideration of trans-effects one would anticipate that one of
the trans-phosphine groups 1in Rh(PPh3)3NCS would be labile, and may be
replaced by other 11génds(83). For example,carbon monoxide may displace
triphenylphosphine in Rh(PPh3)301 to give Rh(PPhs)z(CO)Cl(BB) which has
been shown to have the trang-square-planar configuration,i.e. CO trans
Cl, from dipole measurements{1Dl), . X~ray studies(102) and n.m.r. studies
of related phosphine complexes(103). Similarly,an X-ray crystal structure

determination of Rh(PPha)z(CS)Cl showed such a trans-square-planar con-
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figuration.

On this basis,the complex Rh(PPhs)z(CO)NCS has been assumed by
Burmeister{73) to have such a configuration, which 1s further indicated
by dipole measurements performed on the complex Rh[P(C6H11)3]2(CO)NCS(72).
It was hoped to confirm the configuration of Rh(PPhg)z(CO)NCS and the
related complexes Rh(PPha)z(L)CNS, from n.m.r, studies of the analogous
complexes Rh(PMeth)z(L)CNS. Unfortunately,attempts at the preparation
of these latter complexes were unsuccessful in the time available. It
has been found,however, that theﬁ#hnur. spectra of the triphenylphosphine-
rhodium{I) complexes can provide some information concerning their geo-

'
metric configuration. The n.m.r.ispectrum of triphenylphosphine
exhibits a singlet at 12,78 dqe t; the phenyl protons. In contrast,the
complexes trans-Rh(PPhs)z(CO)Cl and Rh(PPh3)2(CO)NCS both exhibit two
distinct sets of peaks at 12.30 and 2.62 for trans-Rh(PPh3)2(00)01 and
12.40 and 2.60 for Rh(PPhs)z(CD)NCS which both integrate in the order
of 2:3 respectively (Fig. 3.6). This splitting of the phenyl protons
is typical of aromatic carbonyl compounds where the effect of a substit-
uent,such as carbonyl, is to cause greater deshielding of the ortho protons
rather than the meta and para protons. Hence the spectrum becomes a
lower field two proton and a higher field three proton complex(105, 105),
as found,for example,in benzaldehyde (tz2.1 and 2.4.), Deshielding of the
phenylprotons by the carbonyl group is a magnetic anisotropy effect
rather than induction i.e.it acts through space rather than through atoms.

It 13 probably this effect which accounts for the similar behaviour in

the rhodium complexes, Such splitting would only arise if the phenyl
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The N.M.R. Spectra of Rh(PPhB)BX and Rh(PPh3)2(CO)X

Rh(PPh_) ({CO)CI
Rh(PPh3)CI ( 3)2( )

T2.3 LTZ-GZ

i

PPh,
|
I
i
|
i

% ;
R Rh(PP
h(PPh)_NCS h(PPh ), (COINCS
12.56 12.6
T2.4
PPh

w
)
u
=2

o i TR e A

=

Fig 3 6




- 68 -

groups on each phosphine are in the same environment wih respect to the
carbonyl group i.e. the triphenylphosphine groups are trans to one

another (Fig. 3.7.). If the phosphine ligands were cis to one another

X X = C1 or NCS

N\
/ AN

Co P P Cco

(I) (11)

Fig. 3.7.
(II) the phenyl groups would be in different magnetic environments rela-
tive to the carbonyl group and such distinct splitting of the protons 1in
the ratio of 2:3 would not be observed. Therefore, the n.m.r. spectra
of the square-planar complexes Rh(PPh3)2(00)01 and Rh(PPhs)z(CO)NCS not
only indicite that they have the same conflguratiop but also that the

phosphine groups are indeed trans to one ancther.

On the other hand, the n.m.r. spectrum of the complex Rh(PPhs)SNCS
exhibits only one complex set of peaks centred at 12.56 which could not
be resolved (Fig. 3.6.). The n.m.r. spectrum of Rh(PPh3)301 1S more
complicated and exhibits two bands at 72.55 and 12.95 which integrate
approx1ma£ely in the order of 3:2 respectively (Fig. 3.6.). Thus, 1n
neither Rﬁ(pph3)301 nor Rh(PPh.)_NCS 1s it possible to distinguish

between the two geometrically different triphenylphosphine lagands. The
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nature of the splatting in Rh(PPh3)3Cl 18" dafferent from that observed
mn trans—Rh(PPhS)z(CO)Cl and in aromatic carbonyl compounds. Such
behaviour is probably due to an inductive effect stemming from the
'Rh-C1’' moeity, but it is more complicated than that observed normally
in substituted aromatic compounds(105) where one might expect a de-
shielding of the ortho protons and an opposite shielding of the meta
and para protons as observed in CGH5I, or alternatively a possible

shieldipg of all the protons. No such s5imple explanation appears suit-

able for Rh(PPh3)301.

Unfortunately, the conclusions reached for trans-Rh(PPhs)z(CO)X

where X = Cl or NCS cannot be applied to other rhodium(I)-thiocyanate

complexes. The complex Rh(PPhs)z(plperidlne)NCS only exhibits one con-
plex set of unresolvable peaks centred at 2,61 simrlar to Rh(PPh3)3NCS.
This 1s ekpected since piperidine would not exhibit any magnetic aniso-
tropy and any inductive effect would be small. The two complex sets of

peaks due to the protons on piperidine centred at 6.9 and 8.31 are

shifted to lower field on co-ordination (7.3 and 8.5 in free piperidine).
The n.m.r. spectra of Rh(PPh3)3NCS recorded in solvents such as BMSO,
acetone d6 or CDSCOOH under normal conditions are similar to those
recorded in CDCl3 althougﬁ the former spectra do give some indication

of free triphenylphosphine showing that triphenylphosphine has been dis-
placed. It has been demonstrated previously that these solvent molecules

are labile in the rhodium(I) complexes in the presence of oxygen i.e. in

air, (see €hapter 2). Preparation of the solutions under a nitrogen

atmosphere resulted in the formation of the insoluble S-bonded complexes
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making measurements impossible,

An examination of the infrared spectra of the S~thiocyanato com-
plexes provides possible evidence concerning their geometric configura-
tion, Trans-or cis-isomers in Pé(II) and Pt(II), arsine, stibine and
phosphine conplexes canbe distinguished using the X-sensitive y and u
vibrations of the respective arsine, stibine or phosphine(107). These
bands are degenerate and changes in their multiplicity are possible,

In the case of trans-Pd(1I) complexes e.g. trans-Pd{AsPh_)_X [X = NCO, Cl]

3°2°2

which have a D2h symmetry,the X-sensitive y and u vibrations move up-

field slightly. On the other haﬂg, while the X-sensitive y and u vibra-
tions of the corresponding Pt(II)Ecomplex move upfield as expected,
increased multaiplicity of these vibrations occurs because of a lower

[

sz synmetry.

These criteria cannot be applied in the same way to Rh(PPhs)z(L)CNS
since the sguare-planar complexes would have a sz symmetry for a trans
configuration and CS for cis. There is, therefor;, no difference in the
number of allowed metal-ligand stretching frequencies in the infrared
region. Only a general comparason can be made between the X-sensitave
vibrations in the infrared spectra of these complexes which are recorded
wn Firg. 3.8. and Table 3.2. The infrared spectra of tranS*Rh(PPhB)z(CO)Cl
and Rh(PPhS)z(CO)NCS in the region of the X-sensitive vibrations are
very similar,as might be expected where two complexes have the same
trans-configuration, The majority of the complexes Rh(PPhs)z(L)CNS all

give 1dentical shafts and multiplicity of the X-sensitive vibrations,
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The Far Intrared Spectra(600-250cm-1) of

Rhodium(l)-Thiocyanate Complexes

Rh(PPh3)3C| Rh(PPh3)3NCS

520 507 520° 507

Rh(PPhB) 2(CO)C| Rh(PPhB) 2(CO)NCS

520 503 503
Rh(PPh3)2(MeCN)SCN



The Far-Infrared Spectra (600—2500ﬁ—1) of Rhodium(I) - Thiocyanate

Complexes
Complex x-sensitive y-vibrations of PPh3

L4 s " '
Rh(PPh3)3Cl 542m, 520s, 507s, 490m
Rh(PPhs)SNCS 540m, 520s, 507s, 492m
Rh(PPh3)2(COJCl 548mw, 530m,sh, 520s, 503s, 495m
Rh(PPhS)Z(CO)NCS 548mw, 527m,sh, 513s, 503s, 495sm
Rh(PPhs)z(L)SCN 540s, 5258, 513s, 497sm

v .

Rh(PPhs)z(CGHs)SCN 540s, 527s, 517s, 498m
Rh(PPhs)z(CGHscl)SCN 540s, 528s, 517s, 505s, 500s
Rh(PPh3)2(p1per1d1ne)NCS 547s, 528s, 518s, 500s
Rh(PPhS)z(quinoline)NCS - 540s, 525s, 518s, 500s
PPh3 512s, 497, 489s
(a) L = MeCN, Mezco, ethyl acetate, EtOH, MeZS, . DMSQE_‘ Etzo, MeCOOEt

*also diacetone alcohol,

Table 3.9,

LXY

x-sensitive u-vaibrations

i
~ -

456m, 438w, 420m

450m, 432m, 420m
450m, 430w, 417m
463m, 440w, 417m

456m,sh, 450m,sh, 440m,
422w, 417w

- 7L -

445m, 418m
448m, 420m
465w, 460w, 440m, 420m
462m, 450w, 440m, 425m

433m, 423m
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but the infrared spectra of these complexes,although similar to, are

not identical with those of the complexes trans-Rh(PPhs}z(CO)X or
Rh(PPhS)SX, where X = Cl1 or NCS (Fig. 3.8..and Table 3.9.). It is not
possible,therefore,to claim that all these complexes have the same trans-
configuration, nor that the S—thiocyanato series are cis-complexes. It

does appear. though,that the complexes Rh(PPhs)z(L)CNS all have the same

configuration,

biscussion

Since the previous evidence suggests that the complexes Rh(PPha)z(L)CNS,
excluding trans—Rh(PPhs)z(CO)NCS,?11 have the same configuration, there
is no obvious reason why Rh(PPhS);(L)NCS [L = gquinoline or piperidlne]
should have different steric requirements from Rh(PPha)z(L)SCN
[L = CGHG’ Mezco, DMSO etc.] whether the complexes have a cis or
trans geo&etry. Indeed, it might be expected that the larger diacetone
alecchol or ethylacetate as ligands would exert a greater steric influence
than piperidine, but they give S~ rather than N-bonded products. In

the case of Rh(PPh NCS the presence of the very bulky third phosphine

3)3
may very well influence the co-ordination behaviour of the thiocyanate
group, favouring the sterically less-demanding N-bonded thiocyanate.
The rhodium complexes, excluding Rh(PPhS)SNCS, provide a clear example
of a co-operative ligand effect which 15 electronic in nature, but
which cannot be explained in terms of the g-bonding hypothesis., The
mode of co—ordination of the thiocyanate group in bhoth Rh(PPh3)2(CO)NCS

and Rh(PPh3)2(piper1d1ne)NCS 15 through the nitrogen atom and yet

piperidine does not have any of the opportunities for backbonding which
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carbon monoxide has, Also, if backhonding is important, opportunities
exist when L = Mezco, MeCN or DMSO etc, in Rh(PPhs)z(L)SCN which

are not present in Rh(PPhs)z(plperldlne)NCS.

»

In terms of the semiquantitative approach of Norbury (Chapter 1)(24)},
i1t would be expected that the presence of the soft CO ligand in Rh(PPhsxto)NCS
would promote bonding through nitrogen. Pearson's study of soft and hard
acids and bases(201) classifies piperidine as a border line case between
a soft and hard base, and it may be argued that piperadine in
Rh(PPhS)z(piperldine)NCS 1s a sufficiently soft base when in a phosphine

enviyonment to promote bonding of the thiocyanate group through the
|

i
nitrogen atom. Similar argumentsimay be applied to the corresponding

quinoline complex. In contrast,the ligands Me_CO, Et_O and EtCCOH are

2 2

classified as hard bases(20) such that their presence 1in Rh(PPhs)zLSCN

(L = MeZCO, Et, 0 EtCOCH) would decrease the softness of rhodium to such

2

an extent as to promote thiocyanate bonding through sulphur. However,

such arguments cannot be applied to Rh(PPh,),(L)SCN L - CgHg Me,S ]

where benzene and dimethyl sulphide are regarded as soft ligands.

If 1t 1s regarded that the complexes have a trans-configuration,
aéguments based on Pearson's concept of antisymbiosis may also be
applied, such that the presence of a stronger trans-directing ligand,
such as carbon monoxide or piperidine,will have a destabilising effect
and the N-thiocyanate 1s preferred. It is difficult to account for the
S-bonded thiocyanate complexes unless 1t is assumed that unlike their

normal behaviour, the ligands such as MeCN, Me,CO, bDMSQ, C_H, etc.

2 66




are weaker trans-directors and cause no anti~symbiotic behaviour.

It 1s dafficult to resolve the ligand effects in the rhodium(I)-
thiocyanate complexes in terms of the explanations outlined in Chapter
1. This 1s perhaps explicable 1f the complexes are considered in terms
of a simple thermodyanic approach as depicted in Fig. 3.10. The differ-
ence in free energy AG, between N- and -S co-ordination in the case of
linkage isomers will undoubtedly be small (I). ¥For example, the
difference 1in free energy between the linkage isomers Co(DH)épy(NCS)
and Co(DH)zpy(SCN) was found to be 3.1 kJmol_l(IOB). On the other
hand, the activation energy AE* may be large or small. In the situation

where only one stable 1somer 1is found, AG will be large (II)}, but
1

changes in ligand e.g. MXZYNCS to'MXZZSCN may alter AG enough to allow

a change an the mode of co-ordination (III).

It 1s possible that the 1solation of the complexes Rh(PPha)z(L)SCN
could result as a consequence of their much greater 1insolubility, thus
obscuring the true values for AG and AE*, but since the complexes

remain unchanged for several months, this does suggest that they are

the thermodynamically stable products, Similarly, the complex Rh(PPh3)2SCN

remains unchanged on heating at 12000 for several hours. Therefore,
since 1t has been shown that Rh(PPhs)z(L)NCS 1s formed prior to the S-
bonded product, and that 1t has been possible to isclate a mixture of
linkage isomers for Rh(PPhS)z(MeCN)CNS (as dascussed in Chapter 2),the
difference in free energy between N- and S- co—ofdinatlon appears in

these S-bonded complexes to be small., The 1somerisation is also fairly
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Possible Free Energy Changes in the Complexes

Rh(F’PhB)z(L)C NS

Linkage Isomers (1)

o
N/
AGI
S/N
Stable Thiocyanate Complex [eg. MX2Y(NCS)] (11

i

S 4
aG
v Y S+
(1mn I11)
MX2Y(NCS) +7 > MX22(SCN) +Y
Rh(PPh3)2(L)C NS

—_ Rh(PF’h3)2(L)SCN
——— Rh(PPhs)z(piparidine)NCS
S Rh(PPh)(COINCS

’
i
)
|
i
'
'
- 1
S -
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rapid and 1t seems that AE¥ will also be small. The S-bonded three
co~-ordinate complex, on the other hand, is of greater stabilaty; no
N-bonded i1somer has been i1dentaified. Therefore, excluding any possible
changes i1n AE* the difference in free energy between N- and S-co-ordina-
tion in the complex Rh(PPhs)z(COBNCS will be large favouring the thermo-
dynamically stable N-bornded complex. On the other hand, in the complexes
Rh(PPhs)z(L)SCN, compared with Rh(PPhS)zsCN, any change in AG still

favours co-ordination through sulphur. Since AG is fairly small for

ﬁh(PPhs)z(L)SCN a ligand such as piperidine 1s sufficient to alter AG
and to favour the N-bonded product. If AG was very large for this system

piperidine would probably have 1%tt1e effect on the co-ordination behaviocur.

The rhodium(I)-thiocyanate domplexes thus resemble the situation for
linkage 1somers, where the energy difference between N- and S-co-ordina-
tion are very much in balance. TFor example, 1t has been shown that the
equilibrium between N- and S-co-ordination in the linkage 1somers
Co(DH)zpy(CNS) may be altered by small energy changes, as demonstrated
by their solvent dependence discussed in Chapter 1(32)., Therefore,
although the accepted explanations including the g-bonding hypothesis may
be adequate to explain thiocyanate co-ordination where energy differences
are large, they must be treated with the utmost caution 1n the situation
where any small energy change may result in a change in the co-ordination

of the thiocyanate group as found in the rhodium(I)-thiocyanate complexes.

Finally, the compounds described represent the first examples of
mixed lagand thiocyanate complexes in which a conventional solvent
molecule is shown to have entered the co-ordination sphere of the metal,

A number of studies on the effect of solvents on thiocyanate co-ordination
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to class 'a'(32) and class 'b'(30, 31) metals have been reported., in
which 1somerisation has been ascribed to some extra-molecular sclvent
effect as shown in the linkage isomers described above. The possibility
of ligand replacement reactions in solution and isomerisation arising

1
from a co-operative ligand effect can no longer be excluded.

Experimental

All solvents were dried according to the methods described by
Weissberger(96). Tetramethylammonium thiocyanate was preparéd according
to the method described by Songstad and Strangeland(27). Tras(triphenyl-
phosphine)chlororhodium(I)(83) w£§ prepared by the method described by

!
Wilkinson et al. All preparations were performed under nitrogen.

N-thiocyanatotris(triphenylphosphine)rhodium(I)

The complex was prepared as described in Chapter 2.

N-thiocyanatobis(triphenylphosphine)(piperidine)rhocdium(I)

N-thioccyanatotris(triphenylphosphine)rhodium(I) (0.5g) was added
to piperidine (3 ml,) in hexane (100ml.!), and the reaction mixture
stirred for two hours. The resultant bright yellow solid was filtered,
washed with hexane, and dried under nitrogen. Yield = 0,36g (90%).

N-thioccyanatobis(triphenylphosphine){quinoline)rhodium(I)

The complex was prepared in the same way as N-thiocyanatobis(triphenyl-
phosphine)(piperidine)rhodium(I}. Yield = 0.4g (90%).

N~-thiocyanatobis(triphenylphosphine)(L)rhodium(I) (? = pyridine, aniline)

The attempted preparation of these complexes using the method des-

cribed for N-thlocyanatobis(triphenylphosphine(piperidine)rhodaium(I)
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resulted in the formation of o01ls and no compounds were isolated in
the solid stats,

S*thiocyanatobls(triphenylphosphine)(dlmethylsulphide)rhodlum(I)

The complex was prepared in the same way as N-thiocyanatobis(tri-
1

phenylphosphine)(piperidine)rhodium(I). Yield = 0.35g (90%).

S-thiocyanatobis(triphenylphosphine)(acetic acid)rhodium(1)

N-thlocyanatotrls(triphenylphosphine)rhodlum(I) (0.5g) was added
to acetic acid (50ml)) and the reaction mixture stirred for one hour,
The resultant bright yellow preciprtate was filtered washed with hexane

and dried under nitrogen. Yield = 0.25g (60%).

The complexes S—thlocyanatob&s(triphenylphosphlne)(L)rhodium(I)
|
L = DMSO, MeCOCEt, EtOH, diaéetone alcohol were all prepared in
the same way as S-thiocyanatobis(triphenylphosphine)(acetic acid)
rhod2um(I). Yield 0.25-0.3g (60-80%).

The attempted preparation of tris(dlphenylmethylphosphine)chlororhodlum(I)

The preparation of this complex according to the method of Dewhirst,
Keim and Reilly(109) resulted in the formation of a light brown solid
and not bright yellow as quoted in the literature. It was found that
the reaction of this complex with Me4NSCN using the methods described

previously was not possible.

Physical Measurements

The infrared spectra and electrical conductances were measured as

described in Chapter 2.N.m.r. spectra were measured on a Perkin Elmer

R32 n.m.r. spectrometer operating at SOMHZ.




Analyses

Rhodium, sulphur and phosphorus were analysed by X-ray fluorescence
spectroscopy. Carbon, hydrogen and nitrogen for the complex Rh(PPh3)2

{piperidine JNCS were analysed by the Microanalytical Laboratory,

Manchester University.
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CHAPTER 4

CO-OPERATIVE LIGAND EFFECTS IN RHODIUM(I)-SELENOCYANATE

COMPLEXES

\
|
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CO-OPERATIVE LIGAND EFFECTS IN RHODIUM(I)-SELENCCYANATE
COMPLEXES

The selenocyanate group 1s less sensitive to ligand effects than
the thiocyanate ion. It has a marked preference to co-ordinate in
mixed ligand complexes of class 'b' metals through the selenium atom,
Favourable circumstances to initiate M-NCSe co-ordination are found to
exist in the presence of very bulky ligands where steric requirements
are important e.g. [Pd(Et4d1en)NC§e]BPh4(109). Co-operative electronic
l1gand control of the bonding mode of the selenocyanate group is not so
apparent, although, in cobalt(III) complexes, thé species EHKCN)SSeCN]S-
(110, 111), [Co(DH)z(SeCN)z]_(ll%) and [Co(NH3)5NCSe]2+(110) parallel
the behaviour of the correspondlné*thlocyanate complexes, except that
linkage 1somerism has not been observed in the first of the above com-

pounds.

Co-operative ligand control of the bonding mode of the selenocyanate
group 1n class 'b' metal seems less evident, In linear gold complexes
0f the type PPhsAuXCN (X = 8 or Se){23), where no steric requirements
are in evidence, the selenocyanate complex showed no evidence of isom-
erisation, in contrast to the analagous thiocyanate complex. This "non-
anti-symbiotic' behaviour was attributed to the softer character of the
selenium atom. Trans—Rh(PPhS)z(CO)NCSe, which is the only rhodium(I)-
selenocyanate complex reported in the llte}ature, has been cited as
demonstrating a co-operative electronic ligand effect by comparing it

with trans - Pd(PPhB)z(SeCN)2 , Where essentially the same steric factors

are operative(73). However, the consequences of the change in metal were
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not discussed, and the N-bonding of the selenocyanate group observed
in this system was ascribed to the strongly electron-withdrawing
effect of the CO group trans to the ion in question,

Thus, 1t seemed of interest to prepare a series of fhodlum(I)—
selenocyanate complexes of the type Rh(PPhs)éﬂBeCN, analogous to the
rhodrun(I)-thiocyanate complexes, in order to evaluate any co-operative
?lectronic {igand effect, Unfortunately, the complex Rh(PPhs)sNCSe
could not be prepared due to extensive deselenation of the selenocyanate
group in the presence of excess ;rlphenylphosphlne (see preparation and
properties of Rh(PPhS)sNCS, Chap%er 2). However, 1t has been possible

to isolate and characterise the éomplexes Rh(PPhS)z(L)SeCN‘

[ = mocw, weco].

Results

The reaction ' of Me4NSeCN with Rh(PPh3)301 in acetone or acetonitrile
gave,in each case,a very insoluble yellow compound similar to the thio-

cyanate complexes. Analyses of the products indicated the similar form-

ulation Rh(PPhs)z(L)SeCN as shown in Table 4.1.

Analytical Data for Rhodium(I)-Selenocyanate Complexes

» Complex % Found % Calculated

Rh P Se Rh ~ P Se

Rh(PPhs)z(MeCN)SeCN 13.2 8.0 10.1 13.3 8.0 10.2
Rh(PPhs)z(MeZCO)SeCN 13.2 7.2 10.3 13.0 7.8 10.2

Table 4.1,
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Infrared Spectra

The positions of the infrared absorption bands due to the seleno-
cyanate group in these complexes were obtained by a comparison of their
spectra with those of tris(tr1phqny1phosphine)chlororhodium(I}, tetra-
methylammonium selenocyanate and N-selenocyanatebis(triphenylphosphine)-
carbonylrhodium(I) which are also included in Table 4.3. The approxi-
mate ranges of the principle selenocyanate vibrations for N-or Se-co-

ordination, as presented by Norbury (3), are included in Table 4.,2.

Approximate Frequency Ranges for Different Types of
Selenocyanate Co-ordination

VN e -l) v@SéXéu_l) G@MSQXCUF1) A(x10_4m—1cu;2)
NCSe 2070 555 424, 416 2-3
M-NCSe  2090-205 s,b 650-600 460-410 5-12
M-SeCN  2130-2070 s,sp  550-520 410~-370 0.5-1.5
M-NCSe-M 2150-2100 640-550 410-390
Table 4.2, .

The Infrared Spectra of Rhodium(I)-Selenocyanate Complexes

a a a
Conmplex vtNXéu_l) v@SéXcu—l) A(x10—4M_1cu2)
Me4NSeCN 2067 555
RR(PPh,),CONCSe 2096 s,b° 566 w 9P
Rh(PPhs)z(MeCN)SeCN 2135 s,sp - 2.3
Rh(PPhS)z(MGZCO)SeCN 2135 s,sp - 2.1

a KBr d1§c

b As quoted by Burmeister and DeStefano

- Table 4,.3.
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Burmeister and DeStefano(73),who have prepared and characterised
the complex Rh(PPhS)z(CO)NCSe, found that the selenocyanate group was
co-ordinated through the nitrogen atom from infrared spectral studies.
In contrast, the selenocyanate group in the complexes Rh(PPhs)z(L)SeCN
1s co-ordinated through the selénium atom from the infrared spectral
data. With respect to the free 'ion values, the VLN) frequency of the

-1
complexes are shifted to considerably haigher freguencies (2135an

),
and the integrated absorption intensity of this band 1s smaller. The
'GKBe)frequeﬁcy regions for Se co-ordination 1s obscured by triphenyl-
phosphine vibrations. However, no bands were observed between 650-
GOOcm_l which could be attrlbutai?le to the \GSe) fpr the.N-bonded case.

|
The infrared spectra of these co%plexes also indicate that acetonitrile
and acetone are co-ordinated. Sl&ght shifts of the C%N and C=0 stretch-
ing frequencies of MeCN and Mezco respectively,are observed in the com-
plexes compared with the free ligands (see Table 4.4.) élmllar to the

thiocyanate complexes. Furthermore, drying the complexes for several

hours under a nitrogen atmosphere, caused no change in the intensity of

these vibrations nor 1n the-analytical results.

Principal Vibrations (cméB of the Solvent-Ligand(lL)
in the Complexes Rh(PPha)z(L)SeCN

Complex Ligand(L) vibrations in the complex Free Ligand
Rh(PPh,),, (MeCN)SeCN 2258w (VCND 2253n (VEN)
Rh(PPh, ), (Me,CO)SeCN 1708s (PO - 1718s (vfo)

Table 4.4,
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Infrared solution spectral studies of the reaction between
Rh(PPh3)3Cl and Me4MSeCN suggest that initial co-cordination of the
selenocyanate ion was through nitrogen, as indicated by the CN stretch-
ing frequency at 2100cmr1 which diminished on formation of the insoluble

Se-bonded product. This parallels the behaviour of the analagous thio-

cyanate reaction.

However, attempts at the breparation of Rh(PPhS)sNCSe in the
" presence of excess triphenylphosphine similar to Rh(PPhs)sNCS, resulted
in deselenation of the selenocyanate group. The infrared spectra of

-1
the products obtained gave a weak CN stretching frequency at 2120cn

attributed to a co-ordinated cyaﬁlde group. Although analytical data
showed the absence of selenium, f;rther satisfactory analyses were not
obhtained. Deselenation also resulted when Rh(PPhs)z(CO)NCSe was added
to acetonitrile centaining excess traiphenylphosphine. Such behaviour
was noted by Jennings and Wojcickl when the N-bonded complex
CsHsFe(CO)(PPhS)NCSe was found to readily deselenate in the presence of
excess triphenylphosphine and was shown to be due to the formation of

- Ph,PSe(112). Although Rh(PPh3)2(MeCN) SeCN slowly dissolved in piperidine
an wnfrared spectrum of the resultant solution only exhibits a very
weak v@N)band at 2}.150m-1 similar to the CN stretching frequency observed
in the infrared spectra of the deselenated products. It has not been
possible, therefore, to extend the series‘of selenocyanate complexes in
the same manner as the corresponding thiocyanate complexes, Tentatively,

this 1s due to nucleophilic attack by the ligand species being used on

the terminal selenium atom,
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As for the complex Rh(PPha)z(CO)NCS, 1t was assumed that
Rh(PPha)z(CO)NCSe had a trans-square planar configuration. It appears
that this is the case since the infrared spectra of the complexes
Rh(PPhS)z(CO)X [X = C1l, NCS, NQSe] {Table 4,5) are all very similar in
the region of their X-sensitive friphenylphosphine vibrations (see
Chapter 3). The infrared spectra of complexes Rh(PPhS)z(L)SeCN,l?eCN
or Me2C0] in this region, although slmllar!are not identical to that
of Rh(PPha)Z(CO)NCSe. Thus, 1t is not possible to infer that the com-

plexes have the same or different configuration.

Far Infrared Spectra (600~250cm-15 of
Rhodium(I)-Selenocyanate Complexes
{

X -sens vy vibrations of I"Ph3 X - sens u vibrations
A _A

r N f !

Complex

Rh(PPh3)2(CO)NCS 548m, 580m,sh, 520s, 503s, "’463m, 440w, 417m
495m

Rh(PPh,),(CO)NCSe 545m, 530m,sh, 520s, 510s, 456w, 448m, 420m

500m
Rh(PPhS)z(MeCN)SCN 540s, 525s, 513s, 497sm 496m,sh, 450sh, 440,
422w, 417w
Rh(PPhs)z(L)SeCN 540s, 527s, 513s, 498sm 459m, 452nm, 442w, 438m,
425w, 415w

Table 4.5.
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Discussion

The resulis show that the co-ordination of the selenocyanate group
in rhodium(I)-phosphine complexes 1s sensitive to a ligand effect.
Whether this is steric or electronic in nature 1s not certain ., since
1t cannot be established 1f the complexes trans-Rh(PPha)z(CO)NCSe and
Rh(PPhS)z(L)SeCN (wvhere L = MeCN and MeZCO) have the same configuration,
(Steric arguments could be used to explain the co-ordination behaviour
of the selenocyanate group in Rh(PPh3)2(L)SeCN if the complexes have a
cis-configuration). Nevertheless, co-operative ligand control in seleno-
cyanate complexes may be 1mportaﬁt in determining the mode of co-ordina-
tion. In the Pd(II)-thiocyanate Fomplexes Pd(bipy)(NCS)z(S, 10) and
trans—Pd(PPhS)z(NCS)z(S, 57, 62) ;o-ord1nation of the thiocyanate ion
occurs through the nitrogen atom, but in the corresponding selenocyanate
complexes co-ordination is through the larger selenium atom which would
be sterically less favourable than S-thiocyanate co-ordination. This
1s possibly due to a more favourable interaction between a class 'h'
metal and selenium than between class 'b’ and sulphur in the seleno-
cyanate and thiocyanate 1ons respectively. Therefore, an electronic
co-operative ligand control by the carbonyl group 1in trans—Rh(PPh3)2(C0)NCSe
could be important in determining N-co-ordination, as argued by Burmeister

and DeStefano(73), and would certainly be established if it was confirmed

that the complexes Rh(PPhs}z(L)SeCN had the same trans-configuration.

Experimental

Acetone and acetonitrile were dried as previously described.
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Tetramethylammonium selenocyanate was prepared according to the method
described by Songstad and Strangeland(97). Tris(triphenylphosphine)chloro-
rhodium(I) was prepared according to the method of Wilkinson co-workers

(83). The reactions were performed under a nitrogen atomosphere.

1

Se-selenocyanato(acetronitrile)bis(triphenylphosphine)rhodium(I)

Tris(triphenylphosphine)chlororhodium(I) (0.46g 0.5m mole) was
added to tetramethylammoniumselenocyanate (0.18, 1.0m mole) 1n acetoni-
" trile (80 ml.) and the reaction mixture stirred for one hour. The
resultant bright yellow precipitate was filtered and dried thoroughly

under a nitrogen atmosphere, Yl?ld 0.25g {65%).

|

§
Se-Selenocyanato(acetone)bhis{triphenylphosphine)rhodium(l)

The complex was prepared similarly using 250m14'of acetone,

Yield 0.3g (76%).

Physical Measurements

Infrared spectra were recorded :in the same manner as the thiocyanate

complexes, described in Chapter 2.

Analyses .

The complexes, l1ke the corresponding S-thiocyanato complexes, were
not amenable to conventional combustion analysis and were thus analysed

for rhodium, phosphorus and selenium by X-ray fluorescence Spectrscopy.
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CHAPTER 5

1

LINKAGE ISOMERS OF THE CYANATE GROUP: O-CYANATO - AND
N-CYANATO-TRIS (TRIPHENYLPHOSPHINE )RHODIUM( I)

4

|
!
‘.
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LINKAGE ISOMERS OF THE CYANATE GROUP: O-CYANATO - AND

N-CYANATQ-TRIS(TRIPHENYLPHOSPHINE)RHODIUM(I)

O-bonded cyanates 1n i1norganic systems are rare and are charac-
terised only with dafficulty. The hexa~O-cyanates of Mo(III), Re(IV)
and Re(V) were assigned on the basis of their lowered (relative to the
free ion) CO stretching frequencies(37) (See also Chapter 1). The
same arguments were used forﬁ(Cp)ZM(OCN)2 [M = Zr, Hfa (43,44) ana,

“although the peak 1n question was not identified in (cp)zTi(OCN)2 )
other spectral measurements indicated its similarity to the correspond-
ing zirocene and hafnocene comp%unds and 1t was assigned a sim:ilar
structure. However, there is co%fllcting evidence, and 1t is possaible
that one or more of the metallocene complexes may have been assigned

incorrectly. This will be dascussed in greater detftail in a lafer

chapter.

The first solid linkage isomers to be isolated which involve the
cyanate group are reported here with the preparation of Rh(PPh3)3NCO

and Rh(PPhs)SOCN.

Results

Treatment of Rh(PPh3)301 and Ph4AsOCN in MeCN/EtOH yields an
orange solad, whereas 1f MeCN alone is used a yellow solid 1s isolated.
*
The two compounds give identical analyses for Rh(PPh3)SCNO. The former

complex 1s very stable and remains unchanged over several months in

*#'CNO' 1s used to indicate that the mode of co-ordination of the cyanate
group 1s unspecilfied.
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the presence of air, whereas the yellow compound rapidly takes up
oxygen and changes to a greenish yellow. Both the complexes are
soluble 1in benzene,chloroform and dichloromethane. The yellow product
15 1nsoluble i1n MeCN but the orange product dissolves to give a non-
conducting seolution. The refle;tance spectra of the orange products
exhibits a band at ~410nm, whilst the yellow product exhibits a band

at ~425nm. Both bands appear as shoulders on a strong ahsorption

below 350nm.

Infrared Spectra

|

The positions of the infraﬁed absorption bands due to the cyanate
group 1n these complexes were oﬁtalned by a comparison of their spectira
with those of the corresponding chloro-complexes. Bands observed as
KBr discs are recorded in Table 5.1. The infrared spectra for tetra-

phenylarsonium cyanate dlhydrate,ethyl cyanate and phenyl isocyanate are

also included.

Approximate frequencies of the fundamental vibrations for differ-

ent type of cyanate co-ordination are:-

\CNXcm—l) \CQXcm—l) &NCQXthl) A(x10_4M-1cm_2)

NCO 2165 1254 637-628 8
M-NCO 2240-2170 1350-1320 640-590 12-20

M-OCN 2240-2200 1310-1070 630-590 -

From Norbury reference 3.




- 93 -

The Infrared Spectra of Rhodium(I) - Cyanate Complexes
and Organic Cyanates

- - -1 4 -1 -2
vCNY cm 1) v{COXcm 1) sNCOXem ~) A(x10 M ICm )
Ph,ASOCN-2H,0 2158s 1320vw, 1340vw 645wb 600vw 8.4
EtOCN 2245 5,557 1102 s,sp 1125°%,sn 2.0(®
1173 m,sp
PhNCO 22475, 2226%n 17.0(®
RB(PPh,) JOCN 2215 s, » 1318w 607w 590mw 9.0
orange
4 5 }
Rh(PPh,) JNCO 2230 s,b 1330 592 12,6
1
yellow

(a) Chloroform solution °
(b) KBr disc

(c) Neat liquid

Table 5.1.

In addition to the above results,the orange product exhibits a CN
-1 4 -1 =2 :
stretching frequency at 2220cm {A=8.1x10M "cm ) when measured in
acetonitrile. Infrared spectral results for EtOCN and PhNCO show that
iantegrated intensity measurements can be used as a criterion for dis-
tinguishing between N- and O-bonded cyanates as for N- and S-bonded
thiocyanates(61l, 62) since the integrated intensity for the former is
below that for the free 1on, while tonsiderably greater than the free

1on value 1n the case of PhNCO. Therefore,the orange product may be

formulated as Rh(PPh3)SOCN since the integrated intensity of the CN
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stretching frequency is reduced to or below that of the free ion,
whereas the yellow 1somer has an integrated intensity . .sagnificantly

greater than that of the free ion, typical of an N-cyanato compound(40).

Further support for these formulations comes from the NCO deforma-
tion modes which occur at 592cm_1 for the yellow aisomer but at 607cm-1
and 590cnr1 for the orange product, The removal of the degeneracy of
the corresponding NCS mode due to the lower symmetry of the non-linear
M-SCN group has been used as a criterion for S-bonding in thiocyanate
co-ordination{50, 5%, 58). The Rh-OCN unit might also he expected to
be non-linear, in which case 1f the degeneracy of the deformation mode

}
18 removed then two bands would be predicted for the orange Rh(PPha)SOCN

and only one for the yellow Rh(PPhs)aNCO, as 15 indeed observed.

The region in which the CO stretching frequency occurs is obscured
to a great extent by triphenylphosphine vibrations. The yellow complex
also readily takes up oxygen as indicated by vibrations due to triphenyl-
phosphine oxide which also vibrates in this regién. Considerable pre-
cautions have to be taken, therefore,to prevent contact with oxygen.
Howaver;a band 1s observed at 1330::m—1 in Rh(PPh3)3NC0 which is a
typical wvalue fbr the CO stretching frequency in N-bonded cyanate com-
plexes [e.g. Rh(PPh,),(COINCO v{O) 1330cm '(73)]. The only band which

possibly could be due to the CO stretching frequency in Rh{(PPh,),OCN is

3)3
that at l3180m-1. This frequency is towards the lower end of the range

observed for N-cyanato compounds{§0, 3), and above the free ion value

and the values assigned previously for O-cyanates. However,the low
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intensity of the CO stretching frequency 1n general, and the complica-
tions arising from Fermi resonance between (C0O) and the overtone of‘
the deformation mode [bands at ~1300 and 11500m_1 have been assigned

to vw{CO) in hexa-O-cyanates of Mo(III) and Re(IV) on this basis(37)] make
this an unrealistic criterion in these complexes. Thus, the difficul-
ties of identifying the fundamental band or bands in question and

making a definite assignment in thais region of the spectrum preclude

any firm conclusions on this point, although an increase in WCO) on

co-ordination through oxygen was predicted theoretically(113).

Further, a medium weak band 1s observed at 3320m_1 in Rh(PPh3)300N
‘ ,

which is assigned to the Rh-0O str%tching frequency, whereas very weak
bands are observed at 340cm * and 'at 300cm © 1n Rh(PPh3)3NC0 and
Rh(PPhs)sNCS respectively, which are assigned to the Rh-N ligand vibra-

tion.

Differences are also observed between the infrared spectra of
the complexes other than the fundamental cyanate Jibratlons. Whilst
the X-sensitive u and y vibrations of the triphenylphosphine ligand
in Rh(PPh3)3N00 show some 1ncrease in multaplicity, which might be
expected for a complex with CZV symmetry, there 1s considerable
increase in the number of these vibrations in Rh(PPhs)SOCN as shown in
Fig. 5.2. This increased multiplicity might be due to a lowering of

symmetry due to the non-linear M-OCN linkage.
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-1
The Far Infrared Spectra (600-250cm )} of

P
Rh( Ph3)3OCN and Rh(PPh3)3NCO

i
C ‘ P
Rh(PPh3)3O N l Rh( F’h3)3NCO

340

468r43

415
454 426 462
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The Nature of the Cyanate Species in Solution

The infrared solution and U.V, spectra of the two products have

been measured in benzene, chloroform and acetonitrile, and the results

5 2

are presented in Table 5.3,

Infrared_xcgicm:;) and (c)

Solvent AGx10" M e %) Ultra Violet mm
- Benzene _ 2227s (A = 19)(a) (d)
(a)
Chloroform 2235s (A = 17) (q)
MeCN 2220s (A = 8.1)P) 315w (PY(e)

(a) Both compounds are identical 1in solution
(b) Rh(PEhs)OCN only: the N-bonded product 1s insoluble in MeCN
(¢) As compared with the U,V, spectra of Rh(PPh3)301

(d) There are no new bands in the U.V, spectra of hoth compounds
compared with Rh(PPh3)301

(e) Appears on a very strong absorption below 300nm.

Table 5.3,

The infrared solution and V.V, spectra show that the twé products
are identical in CGHG or CHCl3 but that the species observed in these
solvents 1s different from that found 1in gcetonitrile. Integrated
intensity measurements indicate that the cyanate group 1s N-bonded an
CGHG or CHCls whilst O-bonded in MeCN. In addation,when the reaction
between Ph4ASOCN and Rh(PPh3)3C1 in MeCN was followed by infrared
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spectral measurements, the solution spectrum showed a band at 222'[.‘rcm_l
similar to that for Rh(PPhS)aocN. Whereas addition of EtOH gives the
orange O-bonded 1somer, continual stirring in MeCN eventually gives
the insoluble yellow product. The infrared spectrum of the compound,
while still moist, not only sho;s bands attributable to acetonitrile
at 2260 and 382cm Y [ch) and 6@H3CN)occur at 2253 and 378cm ' in free
MeCN], but alsoc shows differences in the principle cyanate vibrations
[bands are observed at 2125cm71(vCN), 318cm_1(vCO), 600, 590(:;11_1 (GNCO)]

from the dried N-bond product,which are very similar to the O-bonded

cyanate.

|

t
14N Nuclear Magnetic Resonance Sbectroscopy

An attempt has been made to provide further evidence for the mode
of co-ordination of the cyanate group in these rhodium(I)-phosphine
complexes by the use of 14N n.m.,r. spectroscopy. The application of
14N n.m.r, spectroscopy to the problem of determining the mode of co-
ordination of the chalcogenocyanate ions was first demonstrated by
Howarth,Richards and Venanzi, 1n the case of the thiocyanate 1on(l14).
It was shown that there was only a small downfield nitrogen shift,
relative to the free ion 1f co-ordination occurred through sulphur,
whereas nitrogen co-ordination produced a significant haigh field shift.
In the case of cyanate co-ordination, it was shown similarly that a

high-field shift occurred for N-cyanatc complexes whereas a downfield

shift was observed for EtOCN(115).




The 14N n.m.r. spectra of Rh(PPh3)3OCN and propyl cyanate have

been measured. Unfortunately,in the case of Rh(PPhS)SOCN,the complex
was not sufficiently scluble to achieve a signal. (Concentrations
greater than one molar are required). On the other hand,the 14N n.m,r.
gpectrun of n-propyl cyanate, measured as pure liquid or in acetonitrile,
exhibits a resonance at +224p.p.m., similar to that observed for EtOCN

(+222p.p.n.)(115).

-Discussion ™

Although the CO stretching frequency cannot be used as a reliable
criterion in these complexes to 'determine the mode of co-ordination of
the cyanate, there 13 other strong infrared spectral evidence to show
that the orange and yellow compounds may be formulated as Rh(PPh3)3OCN
and Rh(PPh3)3NCO respectively. Differences between these iwo analyti-

¢ally i1dentical products are further shown in their general physical

properties and reflectance spectra.

The co-ordination of the cyanate group in these complexes appears
to be particularly solvent dependent. Both 0- and N-bonded compounds dis-

or C H 6 give identical solutions in which the.

§olved_ in CHCl3 6'e

cyanate group is found to be N-bonded, whereas Rh(PPh3)30CN dissalved
in MeCN retains O-co-ordination., Such behaviour parallels the solvent
dependence of thiocyanate co-ordination in class 'b'metals(30, 31, 116),
“e.g. Pd(AsPhs)z(CNS)z,where solvents of high dielectric constant (e.g.
MeCN) give the S-bonded product, and solvents of low dielectric constant

(e.g. C.H

PN and CHCIS) the N-bonded isomer(30, 31). Whether the effect
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of solvent in these rhodium(I)-cyanate complexes 1s purely an extra-
molecular effect is not certain. The 1nitial yellow complex, while
still wet with acetonitrile,appears to be O-bonded from the infrared
Spectrum whereas the dried solad 1s N-bonded: the possihility that
acetonitrile can co-ordinate i.e. Rh(PPhs)a(MeCN)OCN cannot be ignored.
Furthermore,the O-bonded isomer can be recrystallised from saturated
chloroform sclutions even through the solution spectrum indicates co-
ordination through nitrogen.

An attempt was made to confirm the mode of co~ordination of the
cyanate group in Rh(PPhs)socN unambiguously by X-ray crystallography.
However,the bright orange crys%als isolated from saturated chloroform

l

solutions were always found to be twinned and in no case was a single

crystal found, suitable for X-ray work.

Experimental

Acetonitrile and ethanol were dried according to the methods of
Welssberger(96). Tris(triphenylphosphine)chlororhodium(I) was prepared
as previously described in Chapter 2. Tetraphenylarsonium cyanate
dihydrate was prepared according to the method described by Neorbury and
Sinha(40), and purified by dissolving in MeCN and removing the solvent
under vacuum. This procedure was repeated three times before finally
allowing the compound to dry under vacuum for several hours, The com-
plex was then added to MeCN again, and allowed‘to stand for one hour.
Any excess solid was filtered and the filtrate taken to dryness to

give the anhydrous product. All reactions were performed under nitrogen.
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O-cyanatotris(triphenylphosphine)rhodium(I)

Tras(triphenylphosphine)chlororhodium(I) (0.5g, 5.2 mmole) was
added to acetonitrile (10 ml. ) - ethanol (SO ml,) containing tetra-
phenylarsonaum cyanate (0.25g, 6.0 mmole), and the reaction mixture
stirred for two hours. The complex precipitated as a bright orange
solid, which was filtered and dried thoroughly under vacuunm:.. Yield
0.4g = (80%). Rh(PPh3)30CN requires 11.0% Rh, 10.8%P,;, 70.6%C, 4.8%7H,

1.5%N., Found 11.0%Rh 10.0%P, 70.6%C, 4.8%H, 1.7%.

N-cyanatotris{triphenylphosphine)rhodium(1)

Tris(triphenylphosphine)chlbrorhodium(I) (0.5g, 6.2 mmole) was
added to tetraphenylarsonium cyaLate (0.25g, 6.0 mmole) in acetonitrile
{50 ml,) and the reaction mixture stirred for two hours. The complex
precipitated as a braght yellow solid which was filtered and dried

thoroughly under nitrogen. Yield 0.3g (60%). Rh(PPh3)3N00 requires:

11.07%Rh, 10.0%P. Found 10,9%Rh, 10.0%P.

Electrical Conductivity

The molar conductance of Rh(PPhS)OCN measured in acetonitrile

showed 1t to be a non-electrolyte (7.8 x 103 ohms_1 cm2). )

Physical Measurements

Electrical conductivity and infrared spectral measurements were

made as described in Chapter 2. U,V, spectra were recorded on a
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Unicam S,P,.8000 using lcm silica cells, Reflectance spectra were
recorded on a Beckman DK-2A spectrophotometer. 14N mm.r. were
recorded by the kind permission of Dr. N. Logan, at Nottingham

Unaiversity on a Varian HA-100 Spectrometer.

1

Analyses

The compounds were analysed for rhodium and phosphorus by X-ray

fluorimetric spectroscopy. Carbon, hydrogen and nitrogen analysis

were performed by the Microanalytical labhoratory, Manchester University.
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CHAPTER 6

1

THE PREPARATION OF TELLUROCYANATE COMPLEXES

U
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THE PREPARATION OF TELLUROQCYANATE COMPLEXES

The co-ordination behaviour of the chalcogenocyanate 1ons
[NCO_, NCS~ and Ncse'] in rhodium(I) complexes have been extensively
studied and described in the pre;ious chapters. The existence of the
tellurocyanate ion (NCTe—),the remaining member of the chalcogenocyanate
series, has only recently heen established(47-49), and no complexes con-
taining this group have as yet been reported. Therefore,1t was of par-
- iicular interest to attempt to prepare tellurocyanate complexes of
rhodaum(I) and to investigate the co-ordination behaviour & the telluro-

cyanate group., IHowever, it will become apparent from the following re-

!
sults that it has not been possible to isolate a compound which can be

clearly identified as a tellurocyanate complex.

Results and Discussion

Compared to the other chalcogenocyanates, the tellurocyanate ion
is very unstable. It can only be isolated in the presence of large
counter-ions, e.g. as Ph4AsTeCN or Ph4PTeCN. In solvents such as alco-
hols, tellurium is readily displaced as the free element and the cyanide
1on formed, but TeCN is fairly stable in very dry acetonitrile or
acetone, Therefore,it is possible to carry out reactions with the

rhodium complexes Rh(PPh3)3C1 and trans-Rh(PPhs)z(CO)Cl in a similar

manner fto that described in previous chapters.

Unlike the reactions performed with the thirocyanate and selenocyanate

1ons, where it was possible to 1solate very inscluble complexes of the
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type Rh(PPhS)Z(MeCN)XCN'FMEre X =8 or Se]from acetonitrile,the reac-
tion of the tellurocyanate i1on with the rhodium complexes resulted in
the formation of dark brown solutions. Brown solids were obtained by
precipitation in diethyl ether, When either Rh(PPha)z(CO)Cl or
Rh(PPh3)301 were added to a solution of the tellurocyanate ion, infrared
solution spectra showed the rapid disappearance of the u@y)band of the
free 1on at 2083cm-1, and the appearance of a new weak band at 21150m_1,
indicating that the reaction is very fast. Furthermore,it was found
that a two mole excess of tellurocyanate ion was needed to react com-
pletely with the rhodium starting material. The reactions were per-
formed under varying conditions éf time and in the presence of varying

amounts of trlphenylphosphine? Analytical,lnfrared and conductivity

data for the products obtained are presented in Table G.1.

When the reactions were performed for short periods,analytical
data show that the ratio of Te:Rh is 2:1, in the products. The infra-
red spectra of the products show the presence of tetraphenylarsonium
or phosphonium ions, and conductivity measurements,although low compared
to tetraphenylphosphonium tellurocyanate,indicate that the compounds
are ionic: the low condictivities may be due to the large size of the
ions involved, and a consequent reduction in their ionic mobilities.

In addation, analytical data for these compounds indicate that when
Rh(PPh3)3C1 is reacted with the tellurocyanate ion, the third phosphine
has been displaced, and similarly the infrared spectra"of the compound
1solated from the reaction of trans~Rh(PPh3)2(CO)Cl with NCTe 1indicate

the displacement of carbon monoxide, Although phosphorus analyses




Analytical, Infrared and Conductivity Data for the Reaction of

the Tellurocyanate Ion with Rhodium(]l) Complexes

Reaction Analysis Atomic Ratio Found rnrared |CORdUCtaViLy
Reaction Conditions Time .- ohms_l cm?
%Rh  %Te %P %C %H 9%N|%Rh %Te %P %C TH N | -cem
RR(PPh_),COCL+Ph ASTeCN| 48 hrs. |12.5 38.4 1.0 2.5 ;
48 hrs, [12.8 36,8 1.0 2.4 )
30 mins.|8.45 20.8 52.2 3.7 1.8{1.0 2.0 54,0 46.0 2.0{ WEN2115 90
+Ph,PTeCN | 24 hrs. |10.2 29.5 9.2 1.0 2.3 3.0 ;
2 hrs, | 9.2 )
Rh(PPh,) ,C1+Ph ASTeCN 48 hrs. ]10.3 ;
48 hrs, [11.2 37.0 43.9 3.0 3,2/1.0 2.6 33.0 27.0 2.0})
+Ph, PTeCN 48 hrs. | 9.8 32.4 9.4 1.0 2.5 3.0 ;
*1 hr, [10.3 25.8 9.5 1.0 2.1 3.0 yENR115
1 hr. 9,7 30.0 9.6 1.0 2.5 3.5 )
30 mins.{ 8,9 20.4 8,3 1.0 2,0 3.0 ; )
*30 mins,{ 9.5 21.5 8.4 1.0 1.9 2,9 ) y8%+9
Ph,PTeCN vCN2083 182
* +excess PPh3 )

- 901 -
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indicate that two phosphine ligands are present, carbon analyses for
these products are too low to account for these ligands, and may bhe
because these compounds are not amenable to conventional combustion
analysis in the same way as the rhodium{I) S-bonded thiocyanate and

v

Se-bonded selenocyanate complexes previously described.

When the reactions were allowed to stand for long periods of time,
analytical data for the isolated compounds show the presence of more
than two tellurium atoms per rhodium and that further displacement of
triphenylphosphine has occurred. The data are not consastent though,
and one or more simultaneocus rea%tions may be taking place. The result-

]

ant compounds are)therefore,p0551b1y mixtures of products.

The infrared spectra of all the compounds exhibit a weak band at
21150m—1. Such a band was found in the infrared spectrum of the product
of deselenated trans—Rh(PPhs)z(CO)NCSe and assigned to the CN stretching
frequency of the cyano group. Similarly,the reaction of Ph4ASCN with
Rh(PPh3)301 in the mole ratio of 2:;1 respectively,gave a product whose
infrared spectrum also exhibits a band at 2115cmn1. It has been found
that the tellurocyanate ion does indeed readily react with triphenyl-
phosphine to give (PPhB)zTe and free cyanide (117). If such a reaction
has occurred here and the rhodium compound does contain one or more

cyanide groups, the problem of how the tellurium is bonded in these com-

pounds still remains.
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Experimental

All solvents were dried according to the methods previously des-
cribed.

Tris(triphenylphosphine)chlororhodium(I) was prepared as
previously described {chapter 2).

Bis(triphenylphosphine)carbonyl-

chlororhodium(1) was-prepared according to the literature methods(118}.

Tetraphenylarsonium and tetraphenylphosphonium tellurocyanate were

kindly donated by Dr. J. Songstad, Chemical Institute, University of
Bergen, Norway.

The salts may be prepared according to the methods of
Songstad and co-workers(48 ).

All reactions were performed under
nitrogen.

!
¢
i
!

¥

The reaction of Tetraphenylarsonium tellurocyanate with rhodium{I) complexes.

Tetraphenylarsonium cyanate (0.5 mmole) was dissolved 1n dry acet-

onitrile (50 ml,')., Tris{traiphenylphosphine)chlororhodium(I) or bis-

(triphenylphosphine)carbonylchlororhodium(I) (0.25 mmole) was added and
the reaction mixture stirred.

The resultant dark brown solution was
filtered, and the product precipitated in diethyl ether.

The compound
was washed thoroughly with water, dissolved in chloroform and refiltered,

The product was then reprecipitated in diethyvéther, filtered, and dried
under vacuum for 24 hours,

The reaction time varied between 30 minutes to 48 hours and some-~

times in the presence of traphenylphosphine.

The reactions were also
performed using tetraphenylphosphonium tellurocyanate,
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Physical measurements

Infrared spectra and conductivity measurements were made as pre-

viously described in Chapter 2.

Analxses

The compounds were analysed for rhodium, tellurium and phosphorus,
by X-ray fluorescence spectroscopy, and for carbon hydrogen, and nitro-

gen, by conventional combustion analysis as described in previous

chapters.
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CHAPTER 7

" A STUDY OF THE CO-ORDINATION BEHAVIOUR OF ORGANIC THIOCYANATES
AND ISOTHIOCYANATES BY MEANS OF N.M.R. SPECTROSCOPY AND

LANTHANIDE SHIFT REAGENTS

|
|
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A STUDY OF THE CO-ORDINATION BEHAVIOUR OR ORGANIC THIOCYANATES

AND ISOTHIOCYANATES BY MEANS OF N,M.R. SPECTROSCOPY AND

LANTHANIDE SHIFT REAGENTS

Little work has been reported on the co-ordination of organic
thiocyanates and isothiocyanates to metal complexes in comparison to the
co-ordination of the thiocyanate ion. Jain and Rivest have reported the

1:1 adducts of ethyl thiocyanate with T1C14, TiBr4 and SnBr4 and have

proposed that ethyl thiocyanate <co-ordinates through the sulphur atom

(118). They argue that the small increased shift observed in the CN
1

stretching frequency of EtSCN on, co-ordination to TiBr4
{

that observed in the infrared sp?ctrum of EtSCN:TiCl

compared with

4 is because of

steric reasons, and 15 evadence for Ti-S5 bonding. They presume that
because of the larger bromine atom, the Ti-S bond 1s weaker and thereby

vEN) is increased to a smaller degree 1n the T1Br4-thiocyanate adduct

compared with T1014:EtSCN. Goodall(119), on the other hand, assigned

N-co~ordination in [(02H4)2(SCN)2.00012]x on the basis of the large

shift to higher wavenumbers of the CN stretching frequency of CZH4(SCN)2

on co-ordination, but S-co-ordination in [RhClS.CZH4(SCN)2]2 and

[1r013.02H4(SCN)2]2 because the CN stretching is altered very little.

Others have similarly used the CN stretching frequency as being diag-
nostic for N- or S-bonding (220,121). Recently Walkins has proposed

that MeSCN co-ordinates to NbCl5 and TaCL5 through the sulphur atom,and

on the basis of two CN stretching frequencies observed in the infrared

spectra of MeMCI4.MeSCN and M92MCI -MeSCN [M:Nb,Ta], conc Juded that

3

mixtures of isomers were obtained in these compounds where MeSCN can
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co-ordimate through N or S(122). However, assignment of the mode of
co-ordination of the organic thiocyanate or isothiocyanate based on a
shi1ft observed in the CN stretching frequency should be treated with

the utmost caution. As discussed previously in Chapter 1,such a criter-
ion 1s not diagnostic and can ﬁe misleading in assigning N- or S-

co-ordination of the thiocyanate ion.

The use of lanthanide shift reagents in conjunction with proton
" magnetic resonance spectroscopy provides an alternative means of study-
ing the co-ordination behaviour of orgamic thiocyanates and isothio-
cyanates to a class 'a' metal. The use of lanthanide shift reagents as

|
a means of simplifying complex oéganic n.m.r. spectra was first initiated

by Hinckley(123). Since then numerous papers have been reported on
their use, and have recently been reviewed by Mayo{124) and by Cockerill
et a2l1.(125). Lanthanide shift reagents cause shifts to occur to a
greater or lesser degree in protons largely by a pseudocontact mechanism
(126). The substrate co-ordinates to the lanthanide shift reagent,
referred to as the LSR, by virtue of the requirement that it contains
heteroatoms which exhibit some degree of Lewis basicity, and greater
shifts are caused by functional groups which are most basi ¢(127). The
basicity factor appears a most important criterion on which to Judge

the effectiveness with which a group wall give a lanthanide induced
shift (LIS)(124). Several workers have compared the co~ordinating

ab1lity of different functional groups to cause a LIS: for example,

amines>hydroxyls>ketones>aldehydes>ethers>esters>nitriles.
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The chemical shifts induced in a number of organic thiocyanates
and isothiocyanates, by the lanthanide shift reagent Eu(fod)3
[fod =1,1,1,2,2,3,3, heptafluorc - 7,7, - dimethyl - 4,6, - cctane -
dionato] have therefore,, been examined in order to evaluate how the

thiocyanate or isothiocyanate co-ordinates to the europium,

Results and Discussion

(i) The Calculation of the Shift Parameters AB and K

Addition of a LSR to a solution of the substrate in a normal n.m.r.

solvent leads to the formation of an equilibrium mixture as shown in
i

equations (1) and (2):

[L] + [s]-—lf% [1s] (1)

[s] + [s ]—Kgav [1s,] (2)

here [L] and [S] are the concentrations of the LSR and substrate res-—
pectively, and [LSJ the concentration of the comélex formed in solution;
the ratios of these species depends on Kl and K., the binding constants,
The latter binding constant K2 is usually assumed negligible i.ae. a 1l:1
complex is thought to be formed in most cases., Owing to the magnetic
interactions with the metal 1on in the complexed substrate, the n.m.r.
positions of assoclaied nuclei in the substrate differ from those in

the uncomplexed state. The equilibrium ain solution between these

species 1s rapid on the n.m.r, timescale(129) so that only a saingle

average signal 1s recorded for each nucleus in the different environments.
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This does not mean that the whole spectrum 15 merely displaced sice
factors such as the distances of the nuclei from the metal ion cause a
differential expansion of the spectrum. An expression has been derived
for the lanthanide induced shift{LIS), denoted by 8Aa,0f the nuclei of

the substrate before and after addition of the L,S.R.{130):

§A = KlLS|aB
1+KLS]
where AB is the LIS of the complexed substrate [LS], 1.e, the bound

chemical shift, and K the equilibrium constant of expression{1).

|

|
The shift parameters derived from experimental methods of adding

ISR to substrate have found to be dependent upon the initial substrate
concentration., The method of Afmitage and co-workers has been adopted

in these studies which enables the precise calculation of bound chemical

shift AB and K, the binding constant(131,132). They use the expression:

1+ [Lo
X

[so] = [L_o]@ (

where [?Q]>>[Lc]; [Lo] and [So] are the respective initial concentra-
tions of lanthanide and substrate, since only under these conditions,
they argue, are the relative magnitudes for the various nuclei independ-
ent of substrate concentration. Shift parameters are calculated by
measuring the chemical shift induced by a constant concentration (approx.
0.005M ~ of Eu(fod)3 together with varying concentrations (approx 0,03 -

0,2M) of substrate, and plotting [So] versus 1/6& where the slope equals
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[Lo} AB and the intercept 1/K +-ﬁxﬂ. Shiit parameters for isopropenyl
acetate have been calculated by tpis methodl}ig. 7.1. and Table 7.2.]
and the value obtained for K, the equilibrium constant, within experi-
mental error, is in very good agreement with the value reported by
Kelsey(133). The shift paramete;s for MeOH and EtOH have also been

calculated and are included in Table T.2.

(1i) Shift Parameters, AB and X, Calculated for Organic Thiocyanates
and Organic Isothiocyanates.

The shift parameters for a number of organic thiccyanates and
i
isothiocyantes have been calculated by the above method and the results
1
i
are presented in Table 7.3., and also include values determined for

some nitriles and dimethyl sulphide which provide similar donor afoms

to those availabhle for organic thiocyanates and isothiocyanates,

It can readily be seen that chemical shifts are induced i1n organic
thiocyanates, although these are small compared to the stronger co-
ordinatlgg alcohols or ethers (as indicated by the differences in AB
and K; see Table 7.2. and 7.3.),while no LIS are observed in the protons
of any of the organic isothiocyanates when measured in 0014. Since a
LIS 1s also observed 1n organic nitriles, but not in dlmethyﬁéulphide,
the indication is thaf’co—ordlnatlon to europium occurs through nitrogen
1n organic thiocyanates, whilst in organic isothiocyanates, where the
sulphur atom is the most avgilable atom, little or no co-ordination

occurs, ~“This is consistent with europium being a class 'a' metal where
g

there is a preference for the thiocyanate group to co-ordinate through
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The Calculation of Shift Parameters, AB &K,

for lIsopropenyl Acetate

e
0 0o o
S
0 0
S/
00 10 20 30 40 50
L [Lo]= 10: 005 moles flitre
64 ‘

Fig. 71
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Shift parameters Calculated for Isopropenyl Acetate,

Methanol and Diethyl Ether

L}

Substrate K litre mole © AB. pap.m.
isopropenyl . .
oetate 28.6 18.0(a) 10.0(b) 11.6(c) 6.4(d)
] 0
(c) “ + Sa)
¢it, =CH~0-C-CH (27.0 = 3.0

2 3
(d) CH3(b) (a)

CH30H 23.2 1 45,0(a)
(a)(b)
CH30H200H20H3 36.0 22.0(a) 9.3(b)

Measurements were performed in CCl4

{a) Value guoted by Kelsey(133).

Table 7.2,
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Shift Parameters Calculated for Organic Thiocyanate

and Isothiocyanates

R R-SCN R-NCS

ABppm K litre MOle-l

Me 8.3 11.8 No shift-

PhCH2 7.6 11.2 No shift
i
C3H5 - | - No shift
e ? -1
ABppm K litre Mole

Mezs ‘ Ne shift

PhCHZCN 19.00(CH2) 9.3

MeCN 14.6 27.0

Table 7.3.
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. 3- .
the nitrogen atom as found in Eu(NCS)6 (134). Some co-ordination may
occur between Eu and the sulphur atom since a very small anduced shift

is observed when measurements are performed in 082 which is a Iess donor

competing solvent than CCl4. It has been shown that there is a lowering

of LIS going from CSz<CCl4<CGD6<6D013<CH30N(128), as demonstrated by
the induced chemical shifts observed in MeSCN measured in these solvents,
(Table 7.4.). It appears, therefore, that the nitrogen atom in organic
isothiocyanates is not available for co-ordination in the same way as

in organic %hlocyanates, and if co-ordination does occur through sulphur

1n organic isothiocyanates to europium, the ligands are very weakly

bound.

o w——

The results obtained‘for the chemical shifts induced in
organic thiocyanates and isothiocyanates hy Eu(fod)3 are extremely
interesting in another sense. 8Such differences observed in induced
chemical shift may be an important means of distinguishing between N-
or S- co-ordination in inorganic thiocyanate complexes containing

organic ligands. The chenical shifts induced in a number of inorganic

complexes have, therefore, been examined.

{11i) Chemical Shifts Induced in Inorganic-Thiocyanate Complexes

It has not been possible to determine shift parameters from the
n.m.r. spectra of metal-thiocyanate complexes containing organic ligands,

except for Co(DH)zpySCN, because the compounds are much less soluble

so that accurate measurements over a range of concentrations are
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Chemical Shifts Induced in MeSCN and MeNCS

in Varaious Solvents

R 'Chemical Shift Observed Ar
CCl4 082 CDCl3
N - {MeSCN | 0.4 1.0 0.25

MeNCS No shift 0.05 No shift

Mole Ratio Eu(fod)s/substrate = 0.15

Table 7.4.
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precluded. However, the chemical shifts induced in metal-thiocyanate
complexes of known concentration on addition of known quantities of
Eu(fod)3 have been recorded and are presented in Table 7.5., and show
that a simalar behaviour is chserved to that found for the organic
thiocyanates, ales clearly illustrated by the linkage isomers ° '
(ﬁ-cp)Fe(CO)ZCNS (Table 7.5.). Furthermore, the equilibrium constant
K calculated for Co(DH)ZpySCN 15 similar to that determined for the

organic thiocyanates.

In the case of the linkage isomers Pd(AsPhs)z(CNS)z,the mode of
co-ordination of the thiocyanate group is dependent on the nature of

\
the solvent(3l), and therefore, shift measurements for the S-bonded

isomer were performed in acetonlfrlle and for the N-bonded case in CSZ'
Although a small shaift is induced in the phenyl#rotons of Pd(AsPha)z(NCS)2
(cf MeNCS in CSZ) a much larger shirft 1s observed for the S-bonded

isonmer, even though measurements are performed in acetonitrile, which

is a much stronger donor competing solvent.

The results, therefore, clearly show that the use of Eu(fod)3 and
n.m.r. spectroscopy provides a reliable means of distinguishing hetween

N- or S5~ thiocyanate co-ordination.

(1v) A Means of Distinguishing between N- and S- Thiocyanate
Co-ordination using the t-Butyl Resonance of Eu(fod)3

The t-butyl protons of Eu(fod)3 resonate at T8.15 in 0014 and

T8.25 1n CDClB. It has been shown that this resonance moves upfield on
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Induced Chemical Shifts in Thiocyanate Complexes

S-Thiocyanato N-Thiocyanato
SA ‘ SA
{n-cp) Fe(CO)ZSCN 0.6 {(r-cp) Fe(CO)zNCS 0,02
(a) (b)
Pd(AsPhS)z(SCN)z 0.3 Pd(AsPh3)2(NCS)2 0.05
Cq(DH)zpy(SCN) O.B(C)
K=11.1
Rh(PPh_), (CO)X 0.00:
32 ‘ l(b)
X = Cl or NCS {0.05)
Rh(PPhs ) NCS 0.00
(ﬂ-cp)le(NCS)z 0.00

All spectra were recorded in CDCl3 unless otherwise stated.
Concentration of substrate = 0.01 molar; Mole ratio Eu(fod)s:

substrate = 0.5 (except for (n—Cp)zTi(N'CS)2 which was 0.005 molar.

Mole ratic = 1.0).

(a) recorded in MeCN

{b) recorded in CS

2

(c) K = litre mole_1
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co-ordination(135). Schwendiman and Zink have attributed this behaviour
in Eu(dpm)3 to changes in geometry of the lanthanide shift reagent on
complexation, and have shown that the observed shift increases with
increasing substrate basicity and concentration, A similar concentra-
tion dependence is demonstrated gy Eu(fod)3 as is clearly shown in
Fig. 7.6. However, it is difficult to correlate the observed shift for
the t-butyl resonance of Eu(fod)3 with substrate basicity, because
smaller shifts of the t -butyl resonance are observed in the presence
éf diethyl éther or Eth than are found for in the presence of RSCN or
isopropenyl acetate, where the latter co-ordinates to a lesser extent,

1

i

Nevertheless, there is a marked difference between the shift

induced in the t-butyl rescnance By RSCN than by RNCS where a signifi-
cant shift 1s observed in the t-butyl resonance on organic thiocyanate
co-ordination,whereas only a small shift is induced in the presence of
organic 1sothiocyanates, as might be predicted for a weakly co-ordinating
substrate. Similar behaviour 15 observed for the metal-thiocyanate
complexes, as shown in Table 7.7. Therefore, an observation of the

shift ainduced in the t-butyl resonance of Eu(fod)3 can provide a secon-

dary way of confirming N- or S- co-cordination in thiocyanate complexes.

{v) Chemical Shifts Induced in Cyanate Complexes

Since 1t 1s possible to distinguish between N- and S-thiocyanate
co-ordination, the use of lanthanide shift reageﬁts might also provide
a method of distinguishing between N~ and O-bonded cyanate complexes;

this 1s partaicularly important since infrared spectral studies cannot




Variation in Chemical Shift of the t-Butyl Resonance of EU(de)3Wlth

Concentration of Substrate

0 CH30H
CHacN

o] /"‘c
HC
_— 0—FC o5,

© Oo ﬁ??&tz )?ON
—_— o— A " cy zcsza
e
A/A 3 CHCHNCS
2 . CH,NCS
07 [S.]moles/litre 02

Fig. 7.6 [Le]= O-005moles/litre

- el -
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The Chemical Shift Induced in the t-Butyl
Resonance of Eu(fod)3 by Thiocyanate Complexes

S-Thiocyanato N-Thiocyanato
dA SA
(w-cp)zFe(CO)ZSCN 0.9 (n-cp)zFe(CO)zNCS 0.07
Pd(AsPh3)2(SCN)2 (a) Pd(AsPha) 2(NCS)2 0.2
{measured in MeCN) {measured in CSZ)
Co(DH)zlJY(SCN) 0.65 l.
E Rh(PPha)z(CO)NCS 0.15
Rh(PPh3)3NCS 0.1
('n'-CP)le(NCS)z 0.3

Concentration of substrate = 0,01 molar Mole ratio Eu(fod)sz
substrate = 0.5 (except for (n—cp)le(NCS}2 = 0.005 molar;
Mole ratio 1.0).

(a) Shift not recorded due to donor effect of MeCN.

Table 7.7.
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be used with total reliability especially in assigning O-co-ordination

{see Chapter 1)}.

Shift parameters for EtOCN and PhNCO have been measured in a simi-
lar manner to that described previously for organic thiocyanates and
asothiocyanates (Table 7.3.). It has been found that considerable

chemical shifts are induced in EtOCN, larger than those for organic

thiocyanates, whereas no shifts are induced in PhNCO (Table 7.8.).

This suggesfs that a similar behaviour is observed to that found for

the organic thiocyanates and isothiocyanates,

i

As previously described, there is conflicting evidence as to
whether cyanate co-ordination i1s through O or N, in the complexes
(w—cp)le(CNO)2 and (ﬂ—cp)zzr(CNO)z. Recently Burmeaster et al., on
the basis of dipole measurements, have suggested that cyanate co-ordin-
ation is through mitrogen in the titanium complex, and O-bonded in
(w-cp)zzr(OCN)2(67). The X-ray crystal structure determination of the

former, described later in this thesis, shows that c¢yanate co-ordina-

induced in these metallocenes may provide further information concern-

|
tion is indeed through nitrogen. Therefore, an examination of shifts
ing the nature of co-ordination of the cyanate group in the zirconium ‘

adduct.

Although it was found that small shifts are induced in (17--—cp)2Ti(NCO)2

on addition of Eu(fod)almuch larger shifts were observed in the zirconium
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compound (Table 7.8.), suggesting O-bonding in the latter compound.
Similarly, addition of Eu(fod)3 to a solution of Rh(PPha)aocN in CDCl3
( the cyanate group is co-ordinated through nitrogen in solution; see
Chapter 5) also shows a small induced shift,whereas addition of

Eu(fod)3 to a solution of Rh(PPhé)SOCN in MeCN, where the cyanate group

retains O-co-ordination, a larger induced shift is observed.

Although, as the evidence shows, co-ordination to europium does

not occur to any great extent through the sulphur atom in N-thiocyanato
complexes, 1n the case of N-cyanato complexes it s -possible that co-
ordination can occur through the oxygen atom (c¢f shift parameters for

!

Mezs and Et20). The results indicate the order of co-ordination is:

M-NCS <M-NCO<M-SCN<M-OCN where M = organic or metal,

and this is in general accord with that expected for co-ordination to

L] t

a class 'a' metal,.

Conclusions

Not only does the use of Eu(fod)3 and n.m.r, spectroscopy provide
information concerning the nature of co-ordinatian of RNCS and RSCN to
a class 'a' metal Qut also provides a reliable method other than infra-
red spectroscqopy in determining the mode of co-ordination of the thio-
cyanate and possibly the cyanate group in inorganic complexes. Although
the method 18 restricted to the examination of complexes which are

soluble in very weakly co~ordinating solvents,such as CDCls, CCl4, CGDG
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Chemical Shifts Induced in O-Cyanato and

N- Cyanato Species
0O-Cyanato N~Cyanato
EtOCN K(a)=~1oo,AﬁBﬁz 8.0 PhNCO No Shift
ASRR. 6.0
3
(n-cp)zzr(OCN)2 At 0.9(0)’(d) (w—cp)zTi(NCO)Z(c)'(e) A10.2
- ('rr--cp)zTi(NCS)2 No shift
Eh(PPh,) ,0CN av 0.5 ‘ Rh(PPh, ) NCO <A70.3
i
(in MeCN) (in lea)
i

(a) K = litre mole—1
(b) AB = p.p.m.
(c) recorded in CDCl3

(d) Concentration of substrate = 0.0l molar; Mole ratio Eu(fod)sz

substrate = 0.5

(e} Concentration of substrate = 0.005 mdlar; Mole ratio Eu(fod)sz

substrate = 1.0

. Table 7.8.
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and CSz,it has the distinct advantage over 14N n.m.r, spectroscopy in

that much lower concentrations of substrate can be used.

Experimental

Eu(fod)s.HZO was purchased from Lancaster Synthesis Ltd., the
presence of water inhibits the LIS owing to competitive co-ordination,
and was therefore removed by drying the shift reagent over P205 under
vacuum for QS hours. The organic thiocyanates, isothiocyanates and
pheny#&socyanate were purchased from Fluka Chemicals. EtOCN was pre—

pared as described by Jensen, Due and Holm{138),. Trans—Rh(PPha)z(CO)NCS

was prepared according to Burmeister et al.(73). Rh(PPhS)aNCS and
|

1

Rh(PPh3)SCN0 were prepared as previously described. The complexes
(ﬂ-cp)ZM(CNO)z[where M = Ti and Zr]and (1r-cp)2T1(NCS)2 were prepared
according to Burmeister, Deardoff et al.(43, 44) and the linkage 1somers
Pd(AsPha)z(CNS)2 according to Burmeister, Hassel and Phelan(3l). The
linkage isomer (w-cp)Fe(CO)é(CNs) were prepared according to Sloan and
Wojeicki(15), and the complex Co(DH)zpy(SCN) from the method described
by Norbury and Sinha(137). All solvents used were purified and dried
in the manner described by Weissberger(96). The n.m.r. spectra were
recorded on a Perkin Elmer R32(90MHEQ Spectrometer using TMS : as

internal standard.

The procedure for determining values of AB and K in organic substrates

Stock solutions-of organic substrate (0.25 molar) and Eu(fod)3

(0.025 molar) were made up as required in CCl1 The n.m.r. spectra of

4°
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pure substrate solution was recorded. A number of solutions of substrate
and Eu(fod)3 were made up 1n n.m.r, tubes by maintaining a constant
quantity of Eu(fod)s(lOOul of stock solution) and varying the quantity
of substrate (400-50ul) of stock solution. The total volume of solu-

tion (0.5 ml) was kept constant by the further addition of CCl The

4"
n.m.r. spectra of solutions were recorded and wvalues of §p calculated

from ¢ (substrate + Eu(fod)a) - §(substrate).

The n.m.r. spectra of inorganic substrates of known concentration
(0.5 ml.l., of 0.01 molar solutions) were recorded before and after the

addition of small gquantities of Eu(fod)3 (10-20mg.).

!
i
!
i
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CHAPTER 8

t

THE REACTIONS OF ORGANIC ISOTHIOCYANATES AND THIOCYANATES

WITH Rh(PPh3)3Cl and TRANS-Ir(PPhS)Z(CO)Cl

1

|
!
{

1
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THE REACTIONS OF ORGANIC ISOTHIOCYANATES AND THIOCYANATES

WITH Rh(PPh3)SCl AND TRANS—Ir(PPh3)2(CO)C1

Oxidative addaition of covalent molecules to unsaturated d8 complexes
of the type Rh(PPh3)301 and tran;—Rh(PPha)z(CO)Cl have been extensively
studied and reviewed(138-140). On the other hand, oxidative addation
reactions which involve the thiocyanate gréup have only been studied to
a small extent. Burmeister and Weleski have investigated the reactions
of thiocyanogen with trans-Rh(PPh,),(CO)X (where X = C1., NCO , NCS')
and related complexes and found that co-ordination of the thiocyanate
group was exclusively through suiphur in the products(141). Baird and
Wilkinson have isolated the compl%x Rh(PPhs)Z(PhNCS)201, and suggest a
structure in which phenyl i1sothiocyanate 1s co-ordinated to rhodium as

a three-membered raing with rhodium-carbon and rhodium-sulphur bonds, the

metal being in the +III oxidation state(142), as shown in Fig. 8.1.

F3f1-rq§§

S
c’///
N

/=T
l

= sCNen
AN

PPh,

PPh,,
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These studies have been extended, and the reactions of both organic
isothiocyanates and thiocyanates with Rh(PPh3)301 and trans—Ir(PPh3)2(CO)Cl
have been examined in order to evaluate the effect of change in oxidation
state on the mode of co-ordination of the thiocyanate grup and to inves-
tigate the possibilities of form;ng pairs of linkage i1somers.by the two

routes:

R-SCN + M—— R-M-SCN

R-NCS + M——)R-M-NCS

The results will be discussed as follows:

|
(1) The reaction of organic isothiocyanates with rhodium(I)

1
i

and iridium(I) complexes.
(1i) The reaction of organic thiocyanates with rhodium(X)}

and iridium{I) complexes.

Results -

{1) The Reaction of Organic Isothlocyanates with Rhadium(l) and

Iridium(I) Complexes

Baird and Wilkinson(140) have attributed the CN stretching frequency
around 1540cm_1 in the infrared spectrum of the complex Rh(PPha)z(PhNCS)ZCl
to the "n-bonded" phenylisothiocyanate group as shown in Fig. 8.l1., whilst
the bands at 2155c:m—1 and £‘->25cm'-1 are attributed to the yasym(NCS) and
V sym(NCS) of the donor S-bonded phenyl isothiocyanate. This complex

has been reprepared in the manner described by Baird and Wilkinson, by

heating a mixture of Rh(PPh3)3Cl and PhNCS, and 1t has been found that
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Infrared Spectral Data for Products obtained from the

Reaction of RNCS with Rh(PPh3)301 or trans-Ir(PPh3)2(00)01

donor RNCS

A
[ 1

Rh(PPh3 ), (RNCS),C1 viCn) viCs) vEN) Rh-C1

(a)

R = Ph 2155s 925w 1540m,b .
2170s 925w 1550m,b 310w
Me 2230s 1570m,b 300w
PhCHé 2220s e 1565m,b 310w
|
Ir(PPha)z(RNCS)ZCI :
Ph 2180m 1540m,b
PhCH2 . 2205m 1550m,b
Ir(PPhS)z(MeNCS)zNCS 2240s 2120s,b, 1530m
\L'S) 830w

The spectra were recorded as nujol mulls.

(a) Values taken from the results of Baird and

Wilkainson.

- Table 8.2.
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the infrared spectrum of the comﬁiex exhibited VCN) vasym(NCS) and
vasym{NCS) and sym(NCS) at 15500m-1, 217Ocm—1 and 9250m—1 respectively.
Although these differences are reported the complex is clearly formu-
lated as desecribed.

Heating a mixture of either methyl or benzyl isothiocyanate with
either Rh(PPhs)SCI or trans-Rh(PPhs)z(CO)Cl, on the other hand, afforded‘
a mixture of products which have not been identified. However, it has
been possible to isolate complexes from the reaction of MeNCS or
PhCHzNCS with Rh(PPh3)301 in acetone which analyse as Rh(PPhB)z(RNCS)zcl

2
a structure similar to that for Hh(PPhs)z(PhNCS)ZCI where RNCS co-ordi-
1

[where R = Me or PhCH ]. Their infrared spectra (Table 8.2.) suggest

- i
nates to rhodium as shown in Flg.:8.1. and also acts as an unidentate
ligand., Similarly,heating mixtures of trans-Ir(PPha)z(CO)Cl and phenyl
or benzyl isothiocyanate afforded complexes which are formulated: as
Ir(PPhS)z(RNCS)zcl [@ = Ph or PhCHz] and are isostructural to the anala-
gous rhodium complexes, (Table 8.2.). Althoughall these complexes show
that RNCS acts as a conventional ligand, no assignments have been made
as to whether these ligands co-ordinate through S or N. As pointed out
in the previous chapter, assignﬁents based purely on shifts observed in
the CN stretching frequency must be treated with the utmost caution.

On the other hand,the reaction of MeNCS with trans-Ir(PPh {co)C1

32
gave a complex which analyses as Ir(PPhs)z(MeNCS)2 NCS. In addition to
the {N) bands ascribed to the "T-bonded” nethyl isothiocyanate and a

methyl thiocyanate unidentate ligand (Table 8.2.), the infrared spectrum
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also exhibits a v(CN) band at 21200m“1 attributed to a terminal thio-
cyanate group probably co-ordinated to iridium through nitrogen: a
weak band 1s also observed at 830cm-1 attraibuted to the CS stretching

frequency for N-co-ordination, This thus suggests that the reaction

r

not only involves oxidative addition but also that the chloride may
have been replaced by a reductive elimination reaction as methyl

chloraide.

- The infrared spectra of the rhodium complexes all exhibit bands

- - - - ,o—

at “'BOOcm-1 which can be assigned to the Rh-C1l stretching mode.

Jenkins and Shaw (143,144) showed in a number of iridium(III) octahedral
|

complexes that the Ir-Cl frequency depends primarily on the ligand
i

trans to chlorine and is insensiéive to the cis ligand. Brookes and
Shaw(145) demonstrated a similar behaviour in a number of rhodium(III)
complexes of the type RhClS(L)3 [where L = PMezPhh PEtspprg, AsMBZPh etc.]
and showed that the Rh-Cl stretching frequency occurred in the ranges
345-293cm“1 for mutually trans chlorine and 278—264cm_1 for chlorine.
trans to phosphine in these complexes. On the basis of these studies,
the band herein at "300(:111_'l suggests either chlorine trans to donor
RNCS or chlorine trans to the ;ﬂ-bonded' organic 1sothiocyanate. In
the case of the complexes Ir(PPhs)z(RNCS)201, their infrared spectra

do not exhibit any band in the region 300-250cm—1,thus indicating a
different configuration to the rhodium complexes. Deeming and Shaw(146)
have assigned eather configuration (I) or (II) to the complex
Ir(PMeZPh)(CO)(CSZ)Cl on the basis of n.m.r. spectral data and of the

Ir-Cl stretching frequency which occurs at 252cm_1.
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P \c¢S \

P S
i /\f,p \/ P=PMePh

oC P O- l P

Cl Cl
(1) ‘ (I1)

It 15 possible,therefore, that in the case of the iridium complexes
that chlorine is trans to the "yg-bonded" organic isothiocyanate,while

in the rhodium complexes chlorine is trans to donor RNCS,

(i1) The Reaction of Organic Thiocyanates with Rhodium(I) and Iridium(I)
Complexes

'
1

1
(2) The Reaction of Organic Thiocyanates with Rhodium(I) Complexes
t

{
The ainteraction of Rh(PPh3)3C1 with methyl or benzyl thiocyanate

in cyclohexane and acetone respectively, give pink complexes which analyse
as Rh(PPh,),(RSCN)(R)(SCN)CL [where R = Me, PRCH,] . Their infrared

~1
spectra exhabait CN stretching frequencies at 2130cm =~ for the MeSCN

adduct and at 2125cm_1 for the PhCHZSCN adducts wath integrated absorp-

tion intensities of 0.9 and 0.8 x 1041\‘['-]'cm—2 respectively, and is con-

sistent i1n both cases with a terminal thiocyanate group co-ordinated to
rhodium through the sulphur atom(Table 8.3.). The CN stretching fre-
quencies at 2205 and 2250'::1!:"1 are attributed to co-ordinated MeSCN and
PhCHéSCN respectively.

The nuclear magnetic resonance spectrum of Rh(PPhs)z(MeSCN)(Me)(SCN)Cl

measured 1in CDCl, shows phenyl group resonances {relative area 10) at

3
T2.6 with other peaks (each of relative area 1) at 17.4 and 9.37. The
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Infrared Spectral Data (cmhl) for the Products Obtained

from the reaction of RSCN wath Rh(PPh3)3C1 or trans-Ir(PPh3)2(00)01

Complex

donor
RSCN
v{CN) viCN) Rh-C1
Rh(PPhs)z(RSCN)(R)(SCN)CI
"R = me(2(P) . 2205s 2130s,sp 332w
(A=0.9)(b)(°)
i =PhCH2(a)(b) | 22408 2125s,sp 290m,287m
! (A0 B)(b)(C)
Rh(PPhS)z(Me&ﬂN)(Me)(SCN)z(a) 2205s  2135s,sp, 21253, sp -
Rh(Pphs)z(MesEN)(Me)(SCN)(NCS)(b) 2205s  2130s,sp, 2100s,b,
(A=1.7) (A=7.1)
v(CS)825
(a) Nujol mull
(b) KBr disc A = X10M Yem 2

(c) Also in CHCl3 solution x10 = molar solution

Table 8.3.
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peak at 19.37 1s a bread singlet and is a typical tau value fep a methyl
group directly bound to rhodium(147, 148, Splitting of this peak might
have been expected due to phosphorus and rhodium interaction [values of

o

JﬁH and JRhﬁ of the order 5 and 2z respectively, have been determined

v

(14%)] but the band in question 1s not resolved in this instance. The
lower field peak at 17.4 is attributed to the methyl protons of the co-
ordinated methyl thiocyanate, shifted slightly upfield from free methyl
thiocyanate. On addition of Eu(fod)3, the methyl protons at t9.37 are
"shifted downfield by 70.5, and provide further confirmation that co-
ordination of the terminal thiocyanate group is through sulpﬁur (see
Chapter 7). The methyl resonanceF at 17.4 are shifted,but only by a
small extent (0.05T),as might be ;xpected since chemical shifts induced
by Eu(fod)3 are distance dependent, and here the ligand methyl group

is further away from the influence of the shift reagent than that direct-
ly attached to rhodlum.' This shift alsoc provides further confirmation
that the methyl thiocyanate group is co-ordinated since it has been
found that considerable induced shifts are observed in free MeSCN (see

El

Chapter 7).

Similarly, MeSCN will react with Rh(PPha)aNCS in cyclohexane to
give a complex which analyses as Rh(PPhS)z(MeSCN)(Me)(SCN)Z. The
infrared spectrum (Table 8.3.) presented as a nujol mull suggests a

structure similar to that for Rh(PPh {MeSCN){(SCN)C1 but in this inst-

3)2
ance two terminal thiocyanate groups are co-ordinated through sulphur,

as indicated by very sharp CN stretching frequencies at 21350m“1 and

_1 -
2125cm ~, There are no bands in the region 900-700cm 1 which could
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have been attrabuted to the CS stretching frequency for the N-bonded

case. The n.m.r. spectrum of this complex,measured in CDCl3 under
nitrogen,exhiblts only two peaks at12.6 (relative area 10) and at

17.43 (relative area 2). Addition of Eu(fod)s,however,splits the peak

at 1t7.43 into two resonances at &7.3 and T7.4 (relative area 1:1 res-
pectively) which can be attributed to the protons of the methyl group dair-
ectly co-ordinated to rhodium and of the deonor methyl thiocyanate ligand
respectively. It is interesting to note that the resonance for the methyl.
* group co-ordinated td rhodium, i.e. Rh—@e, is substantially downfield com=

pared with the methyl resonance.found ain RhﬁPPhs)z(MeSCN)(Me)(SCN)Cl. A

similar tau value was, found for the methyl rescnance in Rh(PPhs)z(MEI)(MeXCHI.

(tRh-Me = 7.16)(149). !3

The infrared spectra of the complexes Rh(PPha)z(RSCN)(R)(SCN)CI
(where R = Me or PhCHz) presented as KBr discs show no differences to
their spectra as nujol nmulls. On the other hand, the 1nfrared spectrum
of Rh(PPh3)Z(MeSCN)(Me)(SCN)2 presented as a KBr disc shows marked dif-
ferences in position and intensity of the CN vibrations, compared with

the spectrum as a nujol mull; bands are exhibited at 2130 (A = 1.7x104M-10m*2)

and 2].00c:m_1 (7.1x104M-lcm:2) indicating that co-ordination of one.of

the thiocyanate groups is now through nitrogen., This is further substan-
~

tiated by the appearance of a new band at 8250m_1, absent i1n the spectrum

as a nujol mull, and is attributed to the CS stretching frequency for

N-co-ordination. The isomerisation is a pressure effect rather than

some effect due to KBr, since after applying a pressure of 70 tons/sq.in.

to the pure complex,its mull spectrum showed rdentical changes i1in the CN

stretching frequencies to those-found in the KBr disc, No changes are
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observed in other ligand vibrations. The isomerisation appears to be
irreversible since the infrared spectrum of this complex remains un-

changed over several weeks.

*With:regard to the generél geometraic conflgufation of the complexes

Rh(PPhS)z(MeSCN)(Me)(SCN)Gl and Rh(PPhS)Z(MeSCN)(Me)(SCN)2, the former -
exhibits 4 Rh-Cl stretching frequency at 330cm_1. On ‘the basjis of Shaw's
" studies(143,144,145), the absorption at 330cm © suggests that the

chlorine is trans to the thiocyanate group, thus implying the thiocyanate

is cis to the methyl group. Thl% is further supported by the n.m.r.

spectrum on addition of Eu(fod)sj Interaction hetween the europium com-
plex and the nitrogen end of the fhiocyanate group causes changes 1n
the chemical shift as a result of primarily a pseudocontact magnetic
anisotropy effect 1.e. a through space effect, Therefore, a methyl
group cis to the thiocyanate group would be much more susceptible to
induced chemical shifts than one in the trans position. Small shifts
for co-ordinated MeSCN may be attributed to increased distance from the
europium complex whether in a cis or trans position.. On the other hand,
the n.m.r. spectrum of Rh(PPhs)z(MeSCN)(MeXSCNE only shows a small
shift of the methyl protons on addition of Eu(fod)s. In addition,it
was found that the phenyl protons were split into two clear sets of
peaks at T2.7& 1.%(relative areas 3.2 respectively) and parallels the

magnetic anisotropy effect observed in the n.m.r. spectrum of trans-

Rh(PPhS)é(CO)NCS and suggest that the phosphine groups must be symmet-

rical with respect to each other. No such splatting of the phenyl




- 142 -

protons was observed in the n.m.r. spectrum of the former. The infrared

spectrum of Rh(PPh3)2(PhCHZSCN)(PhCHz)(SCN)Cl exhibits two Rh-Cl stretch-

ing frequencies at 290 and 287cm-1,these frequencies are significantly

lower than those observed in the corresponding methyl thiocyanate and

indicate that the chloro group is not trans to thiocyanate. The presence

of two Rh-Cl vibrations may result because of different structural con-
figurations, although solid state splitting cannot be i1gnored. Therefore,

because of the differences observed between the infrared and n.m.r.

spectra of the complexes, 1t is not possible to make definite structural

assignments, and it can only be inferred that there are different geo-

1
metric configurations involved. l

s

(b) The Reaction of Organic Thiocyanates with trans-Ir(PPhS)z(CO)Cl

Heating mixtures of methyl or benzyl thiccyanate with trans-Ir(PPh3)2—
(CO)C1 results in complexes which analyse for Ir(PPh3)2(Me)(NCS)2.%MeCl
and Ir(PPh3)(PhCH2)(NCS)2.%PhCHZCI respectively. Theair infrared spectra
both exhibit strong CN stretching frequencies at 2100cm-l attributed to
terminal thiocyanate groups co-ordinated through nitrogen: CS stretching
frequencies are also exhibited at 835 and 8400m_1 for the methyl and
benzyl adduct respectively. There are no bands 1in the region 2200—2100cm-1
which may be associated with the CN stretching frequency for bridging
thiocyanate. Heating the complexes at lOOOC. causes a weight loss equiv-
alent to 3RC1. It ,therefore,appears that not only has oxidative addition

occurred but that 1t has been followed by the reductive elimination

of RCl, and a subsequent oxadative addition of RSCN. The products have
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infrared spectra which show no evidence of carbon monoxide or a donor
co-ordinated RSCN ligand being present and are , thus tentatively formu-
lated as described. These reactions resemble that of excess Mel with
Rh(PPh3)301 to give Rh(PPha)z(Me)I2 which has been clearly identified
as a five co-ordinate complex from a crystal structure determination
(150). Such a species may be present for Ir(PPhs)z(Me)(NCS)2 but it
seems unlikely that a four co-ordinate iridium(III) compounds exists
as indicated by Ir(PPhS)(PhCHz)(NCS)Z.

Discussion

It 18 clear from the results' that oxidative addition of organic
i

1sothiocyanate to rhodium(I) or iridium(I) does not take place in the
same way as the oxidative addition of organic thiocyanates. In the
former, RNCS co-ordlnates to M as a three membered ring with metal-carbon

and metal-sulphur bonds(I), whereas an the latter oxidative addition

occcurs by cleavage of the carbon-sulphur bond(II).

—3 R
] M
C=N-R ]

8

c

N
(1) (11)

In both cases there 15 a preference for co-ordination of the thiocyanate
group to co-ordinate through the sulphur atom, except in the cases of
the reaction of RSCN with trans—Ir(PPh3)2(C0)Cl where the thiocyanate

group appears to be through nitrogen, but as shown these reactions are
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not just one simple oxidative addation,

The preference for S-bonding could be attributed to either the
displacement of triphenylphosphine {in the case of organic isothiocyanate-
1iridium(III) complexes, carbon monoxide) or the change of oxidation
state from (I) to (III). Burmeister has isolated the complexes
M(PPhB)z(CO)(SCN)3 &here M= Rh,Ir] from the reaction of thiocyanogen
with M(PPh3)2(CO)NCS Dﬂ = Rh,Ir]. They argue on the basis of the w -~

bonding hypothesis of Turco and Pecile(9) such that as the oxidation

-

state of the metal 1s increased, the energy level of its dw orbitals
would decrease, making it possible for the S-bonded thiocyanate to
function as both a o- and a n-do%or ligand. This was first proposed by
Gutterman and Gray(27) (see Chapger 1) for the S-bonded thiocyanate
group in the complex [Co(CN)SSCN]S_. Correspondingly, the interaction
of the metal dm orpitals with the w* orbitals of the CO group would*
also be expected to diminish as the oxidation state of the metal is
decreased. Conversely, i1f the metal 1s in a lower oxidation state, the
energy level of i1ts d7 orbitals would be higher and, according to Turco
and Pecile, they would normally preferentially interact with the vacant’
dT {or m ) orbatals of the S-bonded thiocyanate as 1in [Pd(SCN)4]2_ and

&t(SCN);Fq. However, this interaction is destroyed by the presence of

a stronger nw- acceptor such as C0O, and ag-N-bonded mode results,

However, it could be equally argued that rhodium in a +II1 oxidation

state 1s a class 'a' metal rather than a class 'b' metal. The N-bonded
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complex [Rh(NHa)sNCS]z+ 1s the thermodynamically stable isomer(151,152),
and can be compared with [Ca(NHs)SNCS]2+ where the co-ordination of the
thiocyanate group was attraibuted to the 'hardening' effect of the amine
ligands on a class 'a' metal (see Chapter 1). Therefore, 1n the case
of the complexes discussed by Bu;m91ster, 1t would be predicted that
rhodium, being a class 'a' metal and surrounded by soft ligands (e.g.

co PPh3), the thiocyanate group would prefer to co-ordinate through the

sulphur atom(24).

Both arguments could similarly be applied to the organic thicocyanate
and isothiocyante complexes descnlbed n FhlS study. However, it is
difficult to rationalise the 1som;risat10n of Rh(PPhS)z(MeSCN)Me(SCN)2
on the basis of such arguments., Isomerisation of the thiocyanate group
as a result of a pressure effect has been reported conly once previouslty.
Drickamer et al.(153) have made the interestaing observation from
Mossbauer measurements that i1ron(III) compounds are reversibly reduced
to iron{II) at high pressures. They record that the asymmetric spectrum
of a compound they formulate as K3Fe(SCN)6 shows an increasing propor-
tion of Fe(II) and, on pressure release, a symmetric spectrum which 1s
regenerated on repeating the experiment. The authors ascribe these
changes to reversihle reduction associated with linkage isomerism.
However, it has been pointed out that the original formulation of
KSFe(NCS)6 as the S-thiocyanato complex was incorrect (3),s0 that thas

interpretation must be treated with caution.

On the other hand, there is clear evidence to show that a pressure
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effect causes the isomerisation of Rh(PPhs)z(MeSCN)(Me}(SCN)2 to give
Rh(PPh3)2(MeSCN)(Me)(SCN)(NCS). It 1s likely that the energy differences
between N- and S- co-ordination are small. Indeed the pressures in-
volved are not particularly large and would be equivalent to a small
energy change, assuming that any‘volume change i1s smal}. Both steric
(e.g. possible changes i1n geometric configuration) and electronax factors
may play an important part in the 1somerisation. In the latter case,

1t could be argued that isomerisation occurs because rhodium in a +III
oxrdation state i1n this particular complex is borderline between class
'a' and class 'bh'. However, it is impossible to distinguish between
steric and electronic effects, péftlcularly when only small energy
changes are involved, and the 1so;erisation may therefore result as a

1

consequence of both these factors:

Finally, 1t 1s noted there 1s a marked abilaity in both rhodium and
iridium complexes to undergo reductive elimination. This behaviour is
discussed in greater detail in the following chapter,

0

Experimental

All solvents used were dried according to the methods described.
Chlorotrls(trlphenylphosphine)rﬁ;d1um(I) was prepared as previously
described. Chlorobis(triphenylphosphine)carbonyiirldlum(I) was prepared
according to the method described in Inorganic Syntheses(154). The

organic thiocyanates and isothiocyanates were purchased from Fluka

Chemicals. All reactions were performed under a nitrogen atmosphere,
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The Preparaticn of Organic Isothlocyanate Complexes.

Chlorobis({traphenylphosphine)bis{phenylisothiocyanate)rhodium{III)

This complex was prepared according to the method described by
Baird and Wilkinson. Yield 0.2g (60%).
Found: 10.8%Rh, 3.9%C1, 6.3%P, 6.5%S.

Ph(PPh,), (PINCS),Cl requires: 11.05%Rh, 4.05%Cl,  6.55%P,  6.85%S.

Chlorbis{triphenylphosphine)bis{methylisothiocyanate)rhodium{III)

Chlorotris(triphenylphosphane)rhodium(I) (0.5g) was added to methyl
1sothzocyanate (0.5g) in acetonel(SOml. ) and the reaction nixture
stirred for two hours. The resuitant bright yellow solid was filtered,
washed thoroughly with hexane and dried under vacuum. Yield 0.3z (69%).

Found: 12.5%Rh, 7.5%P.

Rh(PPhs)z(MeNCS)ZCI requires: 12.7%Rh, 7.6%D.

Chlorobis(triphenylphosphine)bis{benzylisothiocyanate)rhodium(III)

This complex was prepared in the same way as chlorobis{traphenyl-
phosphine)bis{methylisothiocyanate)rhodium(III) using benzyl isothio-
cyanate., Yield 0.2g (40%).

Found: 10.9%Rh, 6.7%P.

Rh(PPhs}z(PhCH NCS)zcl requires 10.8%Rh, 6.5%P.

2

Chiarobis(triphenylphosphine)bis{phenylisothiocyanate)irzdium(III)

A suspension of chlorobis(triphenylphosphine)carbonyliridaium(I)
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(0.5g) 1n phenyl 1sothiocyanate (4 ml ) was heated very gently untal

all the 1ridium complex had dissolved. Diethyl ether was then added and
yielded a very pale yellow solid, which was filtered and further washed
with diethyl ether. Yield O.4g. (62%).

Found: 18.9%Ir, 3.7%C1, 6.2%P, 6.4%S.

Ir(PPhs)z(PhNCS)zcl requires 18,9%Ir, 3,5%C1l, 6.1%P, 6.3%S. -

Chlorobis(triphenylphosphine)bis(benzylisothiocyanate)iridium(III)

This complex was prepared in the same way as chlorobis(triphenyl-

phosphine)bisphenylisothiocyanate)iridium(III) using benzyl isothiocyanate.

[

Yield 0.4g (61%). |

|

Found: 18.8%Ir, 3.0%Cl, 5.6%P, 6.4%S.

Ir(PPhS)z(PhCHéNCS)ZCI requires 18.5%Ir, 3.4%Cl, 5.9%P, 6.2%S.

N-thiocyanatobis(triphenylphosphine)bis{methylisothiocyanate)iridium{III)

This complex was also prepared in the same way as chlorbis(triphenyl-
phosphine)bis(phenyl isothiocyanate)rridium(III) using methyl isothio-
cyanate. Yield 0.35g. (60%). '

Found: 20.8%Ir, 6,5%P, 10.3%P.

Ir(PPh3)2(MeNCS)2NCS.1MeCI requires 21.0%Ir, 6.7%P, 10.5%S.

The Preparation of Organic Thiocyanate Complexes.

S-thiocyanatochlorobis(triphenylphosphine)(methylthiocyanate)methylrhodium(III)

Chlorotris(triphenylphosphine)rhodium(I) (0.5¢g) was added to

cyclohexane (100 ml.') containing methylthiocyanate (1g), and the reaction
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mixture stirred for two hours., The resultant pink solid was filtered,
washed with hexazne and dried under vacuum, Yield 0.3g (69%).

Found: 12.7%Rh, 4.,5%C1, 7.5%P, 7.7%5.

Rh(PPhs)z(MeSCN)(Me(SCN)Cl requires 12.7%Rh, 4.4%Cl1, 7.6%P, 7.9%S.

1

Bis-S-thiocyanato-bis(triphenylphosphine)({methylthiocyanate)methylrhodium(III)

N-thiocyanatotris(triphenylphosphine)rhodium(I) (0.5g) was added to

cyclohexane (100 ml ;) containing methyl thiocyanate (1.0g) and the reac-

tion mixture stirred for two hours. The resultant pink solid was filtered,

washed with cyclohexane and dried under vacuum. Yield 0.25g (55%).

Found: 12.3%Rh, 7.3%P, 11.2%S.

l
Rh(PPhS)2(MeSCN)(Me(SCN)2 requires 12.4%Rh, 7.5%P, 11.5%S.

S~thiocyanatochlorobis(triphenylphosphine){benzylthiocyanate)benzyl-

rhodium({(III)

Chlorotris{triphenylphosphine)rhodium(I) (0.5g )was added to acetone
(50 ml.;) containing benzyl thiogyanate (1.0g), and the reaction mixture
stirred for two hours. The resultant pink solid was filtered, washed
with cyclohexane and draed under vacuum. Yield 0.3g (60%).
Found: 11.1%Rh, 6.6%P, 6.9%S.
Rh(ppna)chhCstcno(PhCHz)(SCN)01 requires 10.8%Rh, 6.5%P, 6.7%S.

Bis-N-thiocyanato-bis(triphenylphosphine)methyliridium(III)

A shspen51on of chlorbis(triphenylphosphine)carbonyliridium (0.5¢g)
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in methyl thiocyanate (4 ml. ) was gently heated until all the iridium
complex had dissolved. Diethyl ether was then added which yielded a
white precipitate which was filtered, washed with diethylether and
dried under vacuum. Yield 0.2g (43%).
Found; 25.4%Ir, 2.25%C1, 6.8%P, 6.8%S.

Ir(pphs)z(Me)z(Ncs)z.§Me01 requires 22.0%Ir, 2.05%CL, 7.2%P, 7.49%S.

BisN-thiocyanatobenzyltriphenylphosphineiridium(ITI)

The complex was prepared in the same way as bis-N-thiocyanato-bis-
(triphenylphosphine)methyliridium(I) using benzyl thiocyanate. Yield
0.3g (70%). *i

Found: 28.5%Ir, 2.3%Cl, 4.1%P, - 9.4%S.

Ir(PPhS)(PhCHz)(NCS)z.%PhCHzcl requires 28.0%Ir, 2.6%C1, 4.5%P, 9.4%S.

Analyses

Analyses were performed as previously described.

Physical measurements

Infrared and n.m.r. spectra were recorded as described in previous

chapters.
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CHAPTER 9

THE REACTION OF ALLYL THIOCYANATE AND ISOTHIOCYANATE
WITH THANS-M(PPhs)z(CO)Cl [where M=Rh,Ir] and Rh(PPh ) C1

3 3
\

*.

'.
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THE REACTION OF ALLYL THIOCYANATE AND ISOTHIOCYANATE
WITH TRANS-M(PPh3)2(00)01 [#here M=Rh,1r] and Rh(PPh3)301

Oxidative addition reactions of complexes of the type trans- |
M(L)z(co)x [where M=Rh,Ir L=tertiary phosphine and X-:halide] involving
allyl halides have been extensively studied(149,155,156). Many com-
plexes have been characterised and it has been possible from infrared
and n.m.r. épectral Studies to determine whether they contain ¢~ or

_n-allyl species. The purpose of this investigation into the reactions

-

of allyl thiocyanates and isothiccyanates is not only to study the

-

mode of co-ordination of the thiocyanate group but also to determine

}
the nature of the allylic species which occur in the isolated products.

The results will be discussed in the following manner:

a) The reaction of allyl thiocyanate and isothiocyanate with:
(i) trans—Ir(PPhs)z(CO)Cl

(iv) _trans—Rh(PPh3)2(C0)Cl.

b) The reaction of allyl isothiocyanate with Rh(PPh3)3Cl.

Results’

{a)(1) The Reaction of C3HSSCN and C3H5NCS with trans—Ir(PPh3)2(00)01

On heating a mixture of trans-Ir(PPhs)z(CO)Cl and C3HSSCN for a

- few minutes and adding a little ethyl alcohol a white precipitate dev-

elops. Recrystallised from dichloromethane-ethyl alcohol, the compound

In this chapter the compounds have been numbered,and the letter A has
been used to indicate the formation of an adduct, usually between the
complex {designated B) and half a mole of allyl chlecraide or thiocyanate.
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analyses as Ir(PPh3)2(COX@3H5XNCS)2.éCSHSCI(lA). Thermogravimetric
analysis shows that the half mole of allyl chloride 15 removed quantita-
tively on heating at 100°¢c  to give the complex (1B). This and the
presence of two thiocyanate groups in (1B) indicate that the reaction

L}

is not one simple oxidative addition, resulting in the cleavage of the

C_H_-SCN bond, but one which also involves the reductive elimination of

35
03H501 and further oxidative addation of C3HSSCN. In addition to bands
due to triphenylphosphine, the infrared spectrum of (1B) exhibits a CN

“stretching frequency at 2100cm © (A=16.4x10°M lem 2; 8.2/NCS in CHC1,)

and a CS frequency at 860cm_1; the integrated 1nten51t§ 1s too high

for one thicocyanate group and is pon51stent with two terminal thiocyanate
groups co-ordinated to iridium th;ough the nitrogen atom, The weak

band at 1620cm_1 is assigned to the C=C stretching frequency of the g-
allyl group co-ordinated to 1ridaum, while the band at 207Ocm_1 1s due

to the CO stretching frequency of the carbonyl group shifted to higher
wavenumbers on change in oxidation state from +I to +III. Furthermore,
the n.m.r. spectrum of the complex (1B} is consistent with a o-allyl
group co-ordinated to iridium(155) (Table 9.1.). The spectrum resembles
that for 0-C.H Mn(CO)5(157), the only difference being that the non-

35

equivalent vinyl CH2 protons (C and D) in the iridium complex are clearly

split into doublets (16.12 and 5.7),whereas in o-CsHSMn(CO)s,the vinyl

CH2 protons are non-equivalent and each 1s split by the vinyl CH into

doublets; these doublets overlap to glve an observed three line pattemn,
In addition, the phenyl proton resonances in the n.m.r. spectrum are
split into two sets of peaks at 12,28 and 2.5 (relative area 2:3 res-

3

pectively) and are very similar to the splitting pattern observed 1n
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N.m.r. Spectral Data for Ir(PPh3)2(CO)@'~03H5)(NCS)2(1B)

H(A) H(E)
M—C —— C \ H{C)
' H{A) Y
H(D)
. . relative
T multiplicity ——;;;Z——-gggigggggg
. =
Ir(PPh,),(CO)(&6-C H Y (NCS), (1) 7.62 2 2 A
- . - (J’\ |8.0) - —— _ - o~
6.12 2 1 D
allylic resonancesﬁLED 15.0)
57 2 1 ‘C
(Jyi?9-0)
| 4.65 m 1 E
phenyl 2.28 m 12
2.5 m 18
. (a)
Mn(UC3H5)(CO)5 8.23 A
(g 92.0) 2 ) 2
5.47
observed (‘EEC 210.0) C
triplet 5.23 Q&Dnd5.0) 2 D
4.93 o
m 1 E
C3H501 5.95 2 2 A
"
(fp 9.0)
4.85
observed (J 9.0) C
4.76 EC
triplet (Jpp 16.0) 2 D
~4.,58
. ) 4.1 m 1 E

m = multiplet
J = Hz

(a) from the results MeClellan et al.(157)

Table 9.1.
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the n.m.r. spectrum of trans—Rh(PPhs)z(Co)X [where X =Cl or NCS]
({see Chapter 3),‘suggest1ng a structure in which the phosphines are
trans to one another. The n.m.r. spectrum of the complex on addition
of Eu(fod)s, shows no induced shlfts in either the phenyl or allyl

resonances, providing further evidence that the thiocyanate co-ordina-

tion is through natrogen in the complex (see Chapter 7).

The reaction of 03H5NCS with trans-Ir(PPhs)z(CO)Cl also gives a
‘product which analyses as Ir(PPhs)z(CO)(CSHBNCS)NCS.%CBHSCI(?A) (the
écaHSCI is removed on heating to give the complex (2B). The infrared
spectrum of the complex (2B) exhibits bands at 1643 and 1587::111—1 which
t
can be attributed to VWC=C)and v@N]of allyl isothiocyanate co-ordinated
to i1ridium thraugh irldium—sulphu; and iridium-carbon bonds, similar
to those found for PhNCS ain Rh(PPha)z(PhNCS)201(142). In addition,
the band at 2110cm © (A=12.8x10°M Yem™2 in CHC1,) is assigned to the
CN stretching frequency for a terminal N-bonded thiocyanate group,

while the band at 20500m—1 1S due to the CO stretching frequency of

the carbonyl group.

In support of allyl isothiocyanate being co-ordinated to iridium
via bonds with both carbon and sulphur, the allyl resonances in the
n.&.r. spectrum of the complex(2B),measured in CDC13,(Tab1e 9.2.) are
shifted only slightly relative to the allyl resonances for free
CSH5NCS. Only one complex peak 15 observed for the phenyl resonances
suggesting that the phosphine ligands are not disposed in the same way

to the carbonyl group, as found in the C

3HSSCN conmplex. However, the
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N.m.r. Spectral Data for Ir(PPh3)2(C0)(C3H5NCS)NCS {2B8)

H(E) H(A) S
(| | /S

C — =C
clz/ T N N

| H(A) Ir
{D)H
T multiplicity relative assignment
area
Ir(PPh3)2(00)(03H5NCS)NCS 6,32 a 2 \ A,
4.7 m 3 C,D,E
\
2%65 phenyl
protons
:
03H5NCS 5.83 2 2 A,B
(JAE = 8-0)
4.6 3 2 c,D
4.2 m 1 E

a= Broad unresolved singlet.
m= multiplet

J= Hz

Table 9.2.
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lack of evidence precludes further structural assignements for the posi-
taions of the phosphines, thiocyanate and carbonyl groups and.hence, the

geometric configuration can only be arbitrarily assigned.

(a)(11) The reaction of C3HSSCN3and C3H5NCS with trans—Rh(PPhs)z(CO)Cl

Analytical and infrared spectral data show that the product obtained

from :gently heating a mixture of C3H580N and trans-Rh(PPh3)2(00)01 is
the rhodium{I)-complex trans-Rh(PPhB)z(CO)NCS. Similarly, the reaction
of C3H5NCS wl th trans—Rh(PPh3)2(CO)Cl in acetonitrile gives the same

product. On the other hand, genﬁly heating a mixture of C3H5NCS with
trans—Rh(PPha)z(CO)Cl gives a pro%uct for which the analyses are not
completely satisfactory,but do 1n&icate that the adduct may possibly‘be
formulated as Rh(PPhS)z(CsHsNCS)(CSHS)(NCS)2.§C3H501 {3A). The infrared
spectrum of the adduct {3A) exhibits a very strong CN stretching fre-
quency at 2110c:m'-1 and CS frequency at 8300m-1 andicative of N~thio-
cyanate co-ordination, whilst the band at 1620cm‘1 can be attributed

to v@:C)of a 0-allyl group co-ordinated to rhodium. In addition, the
absence of any band in the region 21080-1950cm-l shows that carbon monox-
ide has been displaced. There 1s no frequency which can be assigned to
v@N)for an additional allyl isothiocyanate probhably acting as a unldentate
lzgand, and 1t 15 suggested that the observed band at 2110cm-1 which is

due to v@N)for the co-ordinated thiocyanate group includes such a fre-

quency. The band at 16430m-1 can be assigned to v@:C)of either allyl

1sothiocyanate or allyl chloride.
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(b) The Reaction of CSHSNCS with Rh(PPh3)301

The reductive elimination of allyl chloride also occurs when
CngNCS 1s reacted with Rh(PPhs)SCI. Stirring a mixture of C3H5NCS
and Rh(PPh3)301 (mole ratio 4:1 respectively) in acetonitrile results
in a pank adduct which analyses as Rh(PPh3)2(CSH5NCS)CNS.%CSHSCI (44).
The half molecule of allyl chlorade is removed quantitatively on heat-

ing the adduct at 120°C. to give (4B). The complex (4B) is stable,

both in air or when exposed to CO, either as a solid or in solution.

The bands at 1600 and 1643cm"1 in its infrared spectrum are similar to

those for the allyl i1sothiocyanate-iridium{III) complex (2B) and can be

attributed to the CN stretching frequency and v@:CDof the allyl group
i

for allyl isothiocyanate co-ordinated to rhodium an a "y-bonded™

fashion through the C-5 bond. Two CN stretching frequencies are obser-

ved at 2130 and 2110(::11_1 with an overall integrated intensity of 3.4:{104M_lcm-1

measured in KBr; in chloroform solution only one band appears at 2120cm'1

4 -1 -
(A=2.3x10™M lcm 2). This evidence suggests that while the thiocyanate

group 15 co-ordinated through the sulphur atom in éolutlon, in the solad
state a mixture of iscmers is found: a band at 8300m-1lobserved in the

infrared mull spectrum can be attributed to the CS stretching frequency

.

-1
for an N-honded thiocyanate. There is no band in the region 2200-2150cm

which can he associated with bridging thiocyanate.

The n.m.r. spectrum of the pink complex (4B) measured 1in CDCl3

(See F1g..9.4.) closely resembles that of the C_H_NCS-iridium{III)

35

adduct except that two resonances at 15.85 and 16.3 in the former are
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Infrared Spectral Data(cm-l) for the Products from the

Reaction of C3H5NCS with Rh(PPh3)301

Complex vEN) vcs)  ve=c) A(x10_4M-1cm-2)
pink (4B) (a)2130m,2110m,1600mb 830w 1643 3.4
(%5120, 1600m» 1643 2.3
yellow (5B)(a)21305,sp 2110s,b 830m 1643 1.5 and 6.7,
- ~(8)5100 1643 8.4

(a) XBr disc

(b) Chloroform solution

Table 9.3.
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The N.M.R. Spectra of the Products from the
Reaction of Rh(PPh3)3Cl with C3H5NCS

1

relative areas:

- pink(4B) _,/mjk“”k

A TR-Y

12
yellow (58) /\ﬂ/\\’ﬂ\
4 5 '

5 T
(J=7)
1 2 2
HCM@L
__C\
H;EC) GNES
HEA)
B C O A
4 5 6 t

(J=8)
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observed for the aliphatic protons A. The peak at t5.85 is similar to
that observed in free 03H5NCS (Fig. 9.4), and since the other peaks for

free CSHSNCS overlap with those for the complex and cannot be distin-
guished, it could be argued that dissociation occurs in solution.
However, this seems unlikely sinde any dissociated species would be
expected to react with carbon monoxide. It appears, therefore, that
the protons A are non-equivalent, possibly due to their geometric posi-
tion in relation to the other ligands.

The analytical and spectral data thus,sugéest that the complex
(4B) may be ‘Tormulated as a fiv? co-ordinate species Rh(PPh3)2(03H5NCS)SCN
with a "w-bonded" organic thiocyaéate group. It is dafficult to under-
stand why the complex does not reéct with carbon monoxide to give the
normal six co-ordinate rhodium(III) complex unless the allylic residue
partially lies over the sixth co-ordination position without actually
taking part in any chemical bonding.

When excess C3H5NCS 18 reacted with Rh(PPh3)301 in acetonitrile,
2 yellow complex 1s obtained which also analyses as Rh(PPh3)é(CaH5NCS)-
(CNS).%CéH501 (5A). Similarly, treatment of Rh(PPha)SNCS with CSH5NCS
gives a yellow product which analyses as Rh(PPh3)2(CsH5NCS)(CNS)-%CSHSNCS (5A).
The half molecules of either allyl chloride or allyl isothiocyanate
can be removed quantitatively on heating the adducts at 120°C for 12
hours to give products which are identical in theirreactivity and spectra.

They are very air stable and do not react with CO. Their anfrared and

n.m.r. spectira ind:icate that the yellow product (5B) 1s not a rhodium (111)
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complex but @ rhodium{I) complex which may be formulated Rh(PPh3)2(03H5NCS)NCS,

where 03H5NCS 1s acting as a unidentate ligand similar to the thiocyanate

complexes described in Chapters 2 and 3. In the infrared spectrum, there
1s no band at -1600cm_1 which could be associated with CsﬂsNCS co-ordin-

)
ated to rhodium in the “F-bonded” manner. The band at 1643cm—1, however,
which can be clearly assigned to the uf=C)of the allyl group,1s not con— -
sistent with a 0-allyl group co-ordinated to rhodium (2 band in the
region 1620—16100m_1(149) might have been expected) but rather the C=C

stretching frequency associated with allyl asothiocyanate (cf 16430m—1

band observed in the pink CSHSNCS—Rh(III) complex (4B). Similarly, the

allyl. resonances in the n.m.r, spectrum of the yellow complex (5B)

neasured in CDCl3 (Table 9.4.) aré altered very little compared with
those in the spectrum of free allyl isothiocyanate and remain unchanged
when measured at -5000. The n.m.r. spectrum recorded in the range

0~30 1 shows no resonances other than those attributable to phenyl and

allyl groups.

From this evidence it 15 clear that although two CN stretching
frequencies are observed at 2130 and 2110\::m-1 {Table 9.3.) in the infrared
KBr spectrum, these cannot both be asscociated waith terminal thiocyanate
groups and one must be due to C3H5NCS. By comparason with other orgamc
isothiocyanate-rhodium complexes described previously,xt might have been

NCS acting as a conven+

expected that the CN stretching frequency of CSHS

tional ligand would have been shifted considerably to higher wavenumbers.

The only avallable comparison 1n the literature 1s with the organic

thiocyanate system in which Goodall{119) has observed that the corresponding




- 163 -

frequency of 02H4(SCN)2 is altered very little when co-ordinated to
RhCl3 and suggested ,on this basais, that co-ordination occurred through
the sulphur atom. It 15 possible, therefore, that the CN stretching
frequency in allyl isothiocyanate behaves similarly (v@N)occurs at
23.00n::m“1 in free 03H5NCS). Thls‘would then explain the absence of a
v@N)band at higher wavenumbers in the spectrum of the complex which
appears to be Rh(pphs)zccsnsNCS)(o-csns)(NCS)z.503}{501 (3A) and where
the band at 2110cm-r has been assigned to both donor C3H5NCS and the
co-ordinated thiocyanate group. The presence of a band at BSOcm—l
which can be attributed to the CS stretching frequency for N co-ordina-
tion implies that the thiocyanaté}group is N-bonded, in keeping with
the position of VCN). There.is no!band in the region 750-650cm - which
can be assigned to the CS stretching frequency for allyl isothiocyanate
acting as a conventional ligand (uCS) for 03H5NCS occurs at 696 and

-1
Tllcm in the free ligand) and is probably masked by the large number

of phosphine bands which vibrate in this frequency range.

In support of the formulation that the yellow complex (5B) is a
four co-ordinate rhodium(I) complex, the U.V. spectrum measured in
chloroform 1s very similar to that found for Rh(PPhs)SCI,whereas the

pink rhodium{III) complex (4B) shows an additional band at 510nm.

Thus,the yellow complex (5B) is formulated as Rh(PPha)z(CaﬂsNCS)NCS

but, unlike the other rhodium(I)-thiocyanate complexes previously des-

cribed, this complex 1s not air-sensitive and does not react with car-

bon monoxide. Such behaviour may be attributed to the nature of the
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3 5NCS ligand which, on reaction with trans-Rh(PPh )2(CO)Cl, can give

a rhodium(III)-adduct (3A) containing no carbon monoxide unlike the
comparable reaction with trans-Ir(PPhg)z(CO)Cl. Furthermore, the
fact that Rh(PPh ) (CSHSNCS)NCS is N-bonded implies an interaction

which 15 out of the ordinary betﬁeen CSHSNCS as a ligand and rhodium(I}.

Discussion

The reactlons of 03H5NCS or C3HSSCN with rhodium(I) or iridium(I)

complexes are summarised in Table 9.5.

v
'

The results are interesting in two aspects, Firstly, an all cases

1
i

the reactions involve the replacement of the chloride ion by the thio-
cyanate group. It has been suggested that such a replacement probably
involves, first the oxidative addition of 03H5NCS or C3H58CN followed
by the reductive elimination of 03H501 evidence for the formation of
the latter 1s provided by thermogravimetyric analysis which shows that
weight losses on heating these adducts is initially equivalent to

§03H5C1. Such behaviour can be attributed to the ability of the allyl

group to undergo rearrangement. Possible mechanisms are:

g
CHNCS+MCI———-—»N/M MO —s LI+ M —M
c N
(C,Hz b 2 ¢
Cs N
Heen,
=CH
HCHR™ 2
2C\’
CH.SCN+ M-CI -
3> CN+ M-Cl e I\IA\]CI ——>C3H5CI+I\!4—=>I\;1
s s N
C c C
N NS
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C,HNCS C,H SCN
* -
///S o C3H5
C_H_N=C co SCN. P
375N \\ s
Ir(PPh3)2(00)01 Ir ///,Ir
P NCS P \co
P ) NCS
B ) 28 1B
|
i
Rh(PPh,),(CO)C} Rh(PPh,), (CO)NCS Rh(PPh_), (COINCS
* -
Rh(PPh3)2(00)01 o} CBHs
P L I _ACgHigNes)
e Rh\ o
SCN I | P .5031{501
kcs
3A
E
Rh(PPh,) ,C1 S
7
C H =N=C P
Pink Rh\ -~
P
SCN
' 4B
yellow Rh(PPha)z(CSHSNCS)NCS
5B

*The geometric configuration has been arbitrarilly assigned.

P deonotes PPh

B, the %CSHSC]' has been removed by heating.

Table 9.5.
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These mechanisms do suggest that the terminal thiocyanate species
are i1nitially S-bonded in which case isomerisation must follow since

the majority of the products are N-thiocyanato complexes.,

Depending on conditions, reaction of C3H5NCS with Rh(PPh3)301 in
acetonaitrile can give either a yellow-rhodium{I} or pink-rhodium{1II)
complex. In either case, the replacement of the chloride i1on occurs.
Whether the inatial reductive elimination of allyl chloride involves
the formation of Rh(PPhS)SNgs or a dissoclated species of th? type
Rh(PPhS)z(CNS) is not certain but displacement of triphenylphosphine
must occur at some stage. In ordTr to account for these products one
possible mechanism for thas r;action 183 -

'

*

Rh(PPhy)Cl + CHNCS —— [Rh(PPh3)3Ncs]

[Rh(PPhB)Z(CNS)]

90:1 4-1

Rh(PPh,) (CHNCSINCS S\

yellow [ Rh(PPh),
e’
2 S
C§-|5N r%
pink
-+

possible intermediates
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Thus,while further oxidation occurs when the ratio of CSH5NCS to

Rh(PPh3)3CI is 4:1, in the presence of excess C3H5NCS {mole ratio 90:1) X

it is possible for CBHSNCS to,enter a co-prdination site previously occupied
by PPh3 and 1n so doing would appear to inhibit further oxidative
1

addition: further heating caused no change to the paink product. This

could possibly be due to the steriec effect of the strongly co-ordinated

CSHSNCS and the bulky ligands surrounding the metal or to some not under-
stood electronic effects,either of which could affect the rate or draiving '
f;rce ;£_££§—¥eactlon. Simllarly,‘the react%on of Rh(PPh3)2(CO)Cl with ~
C3H5NCS in acetonitrile gives Rh(PPhB)z(CO)NCS which, after the original
reaction, does not procede beyondathe rhodium(l) stage. Further oxida- |
tive addition does occur, however, when a mixture of trans—Rh(PPha)z(CO)Cl

1

and C.H._NCS are gently heated when Rh(PPh_)_(C_H

4He 379(C5 5NCS)(U—03H5)(NCS)2.%CSHSCI

1s obtained. In this instance,whether oxidative addition results because
heating provides the necessary thermal energy to overcome the supposed

steric or electronic inhibitions can only be a matter of speculation.

Secondly, the mode of co-ordination of the thiocyanate group in
these complexes is of interest. As discussed in Chapter 8, Burmeister
and Welesk1l explained S—co-ordination in complexes like Ir(PPh3)2(CO)(SCN)3
on the basis of the y-bonding hypothesis(9) and the arguments of Gray
and Gutterman(27). It was pointed out, however, that although such
argument could be applied to the co-ordination behaviour of the thiocy-
anate group in rhodrum(III) complexes 1solated from the oxidative addi-

-

tion reactions of organic thiocyanates and isothiocyanates, the co-

ordination behaviour could equally be explained if rhodium in a +IIXII
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oxidation state 1s regarded as a class 'a' metal rather than class 'b'.
In the case of the iridium(III) complexes described here the results

are not in accord with either of these explanations (thiocyanate co-
ordination is through nitrogen in these complexes) and the compounds
point again to the dangers of apﬁlying such arguments to explain effects
which may arise from very small thermodynamic differences (see Chapters

3 and 8).

Experimental

Allyl isothiocyanate was purchased commercially from Fluka
Chemicals. Allyl thiogyanate wa% prepared according to the method
described by Emerson(158). Rh(PP%s)SCI was prepared as previously
described and trans-M(PPh3)2(CO)Cl, where M=Rh or Ir, were prepared

according to the methods described in Inorganic Synthesis(154). All

reactions were performed under nitrogen.

Bis-N-thiocyanatobis(triphenylphosphine)(g-allyl)(carbonyl)iridium(III)

A suspension of trans—Ir(PPhs)z(CO)Cl (0.5g) in allyl thiocyanate
(4ml) was heated until all the complex dissolved. ZEthyl alcohol was
then added, and a white solid precipitated, which was recrystallised
from CH2012—Et0H Yield 0.35g (60%)

Found: 20.3% Ir, 1.6%C1, 7.2P%, 7.0%S.
Ir(PPh,), (5 -C,H ) (COINCS), . 4C H.CL requires 20.4%Ir, 1.9%C1, 6.7%P, 6.8%S.

% wt. loss from T.G.A. = 4.2%. Calculated weight loss for §C3H501 = 4.0%.
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N-thiocyanateobis(triphenylphosphine)(allylisothiocyanate)(carbonyl)
iridaum(III)

A suspension of trans—Ir(PPh3)2(00)01 (0.5g) in allyl isothio-
cyanate (4 ml) was heated until all the complex dissolved. Addition
of diethyl ether to the reaction mixture gave a white precipitate
which was filtered, washed with ether and dried under vacuum. Yield
0.4g (67%). -
Found: 20.0%Ir, 2.2%Cl, 6.6%P, 6.7%S.
Ir(PPhS)z(C3H5NCS)(CO)NCS.%C3H5Cl requires 20.4%Ir, 1.8%C1, 6.7%P,~6.8%S."

A
% weight Joss from T.G.A. = 4.3%. Calculated weight loss for %CsH501 = 4,0%.

The Reaction of C,H SCN with trané-nh(pphs)z(co)01

A suspension of trans—Rh(PPh3)2(00)01 (0.5g) 1n allyl thiocyanate
(4 ml) was gentl& heated for 15 minutes. Addition of ethyl alcohol
gave a yellow complex. Yield 0.3g (60%).
Found: 14.6%Rh, B8.8%P, 4.4%5, O©.0%CIl.

Rh(PPh,),(COINCS requires: 14.5%Rh, B8.7%P, 4.5%S.

The Reaction of C3H5NCS with trans-Rh(PPh3)2(00)01

{a) To a solution of allyl isothiocyanate {4 ml) in acetonitrile
{50 ml) was added trans-Rh(PPhs)z(CD)Cl. The resultant yellow solution
was taken to near dryness and ethyl alcohol (100ml) added to give a
pale yellow precipitate. Yield 0.25g (50%).
Found: 1&.4%Rh, 8.4%P, 4.2%5, O0.0%Cl.

Rh(PPha)z(CO)NCS requires: 14.5%Rh, 8.7%P, 4.5%S.
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{b) A suspension of trans Rh(PPh3)2(CO)Cl (0.5g) 1n allyl iso-
thiocyanate was gently heated for 30 minutes. Addition of diethyl
ether gave a yellow product. Yield 0.2g (35%).
Found: 10.5%Rh, 1.7%C1l, 6.6%P, 9.9%S.
Rh(PPhs)z(CsHsNCS)(a~C3H5)(NCS)2.%CSHSCI requires: 11.2%Rh, 1.9%Cl, 6.8%P,

-

10.4%S.

S-thiocyanato-bis(triphenylphosphine)(allylisothiocyanate)rhodium{III)

To a solution of allyl isothiocyanate (0.21g, 21.6mmold in acetoni-

- -

trile (40 ml) was added Rh(PPh3)301 (0.5g 5.4mmold and the reaction mix-
L

ture stirred for two hours. The resultant pink precipitate was filtered,
t

washed with hexane and dried undeL vacuum. Yield 0.3g (70%).
Found: 12.8%Rh, 2.6%Cl, 7.6%P, 8.0%S, 62.0%C, 4.6%H, 3.4%N

Rh(PPha}z(C H_NCS)SCN.iC_H_Cl requires: 12.6%Rh, 2.29%C1, 7.6%P,

35 35
7.8%8, 61.9%C, 4.5%H, 3.4%N,
% weight loss from T.G.A. = 4.4%. Calculated weight loss for %C3H501 = 4.6%.
Found: 62.6%C, 4.9%H, 3.7, 0.0%Cl.

Rh(PPh3)2(03H5NCS)SCN requires: 62.7%C, 4.5%H, 3.6%7N.

Thiocyanatobis(iriphenylphosphine)(allylisothiocyanate)rhodium(I)

To a solution of allyl isothiocyanate (5g, 500mmole) 1n acetonitrile
(40ml1) was added Rh(PPh3)301 (0.5g 5.4mmole) and the reaction mixture
stirred for two hours. The resultant yellow precipitate was filtered,

washed with hexane, and dried under vacaum, Yield 0.25g (58%).

Found: 62.0%C, 4.6%H, 3.4%N,
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Rh(PPha)z(CSHSNCS)NCS.%CSHSCI requires: 61.9%C, 4.5%H, 3.4%N.
% weight loss from T.G.A. = 4.2%. Calculated weight loss for £C3H501 = 4.6%.
Found: 62.2%C, 4.9%H, 4.3%N, 0.0%1
Rh(PPh3)2(03H5NCS)NCS requires 62,7%C, 4.5%H, 3.6%N.
The complex was similarly prepared using Rh(PPhS)SNCS
Found: 62.0%C, 4.3%H, 4.29N
Rh(PPha)z(CSHSNCS)NCS.%CsHSNCS requires 61.2%C, 4.4%H, 4.3%N.

% weight loss from T.G.A, = 5.6%. Calculated weight loss for éCSH NCS = 5.9%.

5
Found: 62.4%C, 4.8%H, 4.1%n.

Rh(PPh3)2(03H5NCS)NCS requires 62.7%, 4.5%H, 3.6%N.

Attempted Preparations:

Reaction of CSH5SCN with Rh(PPh3)301

Heating mixtures of C HSSCN with Rh(PPh3)301 gave a complex whose

3
infrared spectrum showed bands due to phosphineoxide and indicated a
mixture of products which have not been identified. Saimilarly, stirring
a mixture of C3HSSCN and Rh(PPh3)301 in acetonitrile gave a mixture of

products,

Reaction of Rh(PPha)z(CSHSNCS)NCS {yellow)
Heating a mixture of Rh(PPhB)z(CBHsNCS)NCS and CSHSNCS in aceton-

itrile gave a product whose infrared spectrum showed that it was a

mixture of products which could not he identified.
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Analyses

The complexes were analySed by the methods previously described.

Physical measurements

Infrared, n.m.r., and V. measurements were made as described in

previous chapters,
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CHAPTER 10

THE PREPARATION OF THE LINKAGE ISOMERS N- AND O-
CYANATO-TRIS(TRIPHENYLPHOSPHINE JRHODIUM(I) FROM THE REACTION

OF ETHYL CYANATE WITH TRIS(TRIPHENYLPHOSPHINE)CHLORORHODIUM(I)
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THE PREPARATION OF THE LINKAGE ISOMERS N- AND O-

CYANATO-TRIS(TRIPHENYLPHOSPHINE )RHODIUM(I) FROM THE REACTION

OF ETHYL. CYANATE WITH TRIS(TRIPHENYLPHOSPHINE)CHLORORHODIUM{I)

In this chapter is describeﬁ the reaction of ethyl.cyanate with
Rh(PPh3}3Cl. The oxidative addition of organic cyanates have not been
studied previously. Therefore 1t was of considerable interest to inves-
tigate the reaction of organic cyanates with Rh(PPh3)301 in the hope of
preparing a series of O-cyanate-complexes.

Resulsts and Discussion

1
i
t
|
1

Treatment of Rh(PPh3)301 with ethyl cyanate in MeCN yields a
yellow product whereas in MeCN/EtOH an orange solaid 1s isolated. Both
products gave 1éent1ca1 analyses which together with their ainfrared
spectra identified them as the linkage isomers Rh(PPh3)3NC0 and
Rh(PPhs)socN respectively, (see Chapter 5). This parallels the be-

3}

haviour, for example of the interaction of 03H5NCS or CSHSSCN with trans-
Rh(PPh3)2(00)01 to give trans-Rh(PPhs)z(CO)NCS where 1t was suggested
that oxidative addition occurs, followed by the reductive elimination

of allyl chloride. It 1s interesting to note that the i1somers were
isolated from these reactions using the same solvent conditions which
prevailed during the reaction of Rh(PPh3)3C1 with Ph4ASOCN.

Experimental

Ethyl cyanate was prepared according to the method of Jensen, Due
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and Holm(136). Tras(triphenylphosphine)chlororhodium(i) was prepared

as previously descyribed. The reactions were performed under nitrogen.

N-Cyanatotris(triphenylphosphine)rhodium({I)

Tras{triphenylphosphine)chlororhodaum(I) (0.5g) was added to
acetonitrile (50 ml.) containing ethyl cyanate (1 ml) and the reaction
mixture stirred for one hour. The complex precipitated as a bright
yellow solid which was filtered and dried thoroughly under nitrogen.
Yield 0.35g (70%).

Ph(PPha)sNCO requires 11.0%Rh, 10.0%P.
Found: 10.9%Rh, 10.1%P. !

Infrared spectrum: 2230(VCND: 1330(vCOD; 592mw(SNCOD.

0-Cyanatotris{triphenylphosphine)rhodium(I)

Tris(traiphenylphosphine)echlororhodium({I}) (0.5g) was added to aceto-
nitraile (10 ml.) - ethanol (50 ml.) containing ethyl cyanate (1 ml) ard
the reaction mixture stirred for two hours. The complex precipitated
as a bright orange solid, which was filtered and dried thoroughly under
vacuum.\ Yield 0.3z (60%).

Rh(PPha)SOCN requires: 11.0%Rh, 10,0%P.
Found: 11.0%Rh, 9.9%P,

Infrared spectrum: 2215s(vEND; 1318w(VCOD; 607w,590mw(SNCO).

Physical measurements

Infrared spectra were recorded as previously described. The products
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were analysed for rhodium and phosphorus by X-ray fluorescence spectro-
scopy.
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CHAPTER 11

1

THE CRYSTAL AND MOLECULAR STRUCTURES OF

DI-ISOCYANATO-BIS{n ~-CYCLOPENTADIENYL)TITAN IUM
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THE CRYSTAI AND MOLECULAR STRUCTURES OF
DI~-YSOCYANATO-BIS(r -CYCLOPENTADIENYL)TITANIUM

The metallocenes {7 -cp)2M(OCN)2 where [M:Ti,Zr, and Hf] are some of
the few compounds where the cyanate group is considered to be O-bonded
(44). Burmeister et al, assigned O-cyanate co-ordination in the
zirconiunm and hafnium analogue on the hasis of their CO stretching
frequencies. In O-cyanato complexes there is ample opportunity for
the phenomenon of Fermi resonance to occur between v{CO)and 28NCO), and
;n (r;ép)2ﬁ£6CN)2JﬁéZr,Hf]:the bands gﬁ 1254 and 1070qm_1 were assigned
on this basis following the arguments initially applied by Bailey and
Kozack in assigning O-bonding inkhexa—0~cyanates of Mo(III), Re(1IV)
and Re(V)(37). In the case of ( :cp)zTi(CNO)z*, 1t was argued that
the band at 1132cm_1 is one compo;ent of such a pair ofAbands, and
this was supported by mass spectral data which indicated that all three
compounds had very similar fragmentation patterns. Recently, however,
Burmeister et al. have re-examined the titanium and zirconium compounds
and concluded from dipole-moment measurements ;hat they should be for-
nulated as (ﬂ—cp)zTi(NCO)2 and (ﬂ—cp)zzr(OCN)2(67): This conflicts
with 14N n.m.r, measurements on the former which show a downfield shift

relative to the free cyanate ion; such a shift has been taken as being

indicative of O-bonding(66).

Therefore, an X-ray crystallographic investigation of (w-cp)zTi(CNO)2

*'CNO' 18 used to 1ndicate that the mode of co-ordination of the cyanate

15 unspecifaied.
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has been carried out in order to resolve the mode of co-ordination in

this complex.

Experimental .

Crystallographic Measurements
Preparation of Crystals

('rr—cp)zTi(CNO)2 was prepared as described by Burmeister et al.(44).
Suitable single crystals were obtained by slow cooling of a chloroform

solution.

Density Determination

The density of the complex was determined by the method of flota-
tion in an aqueous solution of potassium iodide. The concentration of
potassium 1odide was adjusted until crystals neither floated nor sank
in the laguad; the density of the liquid was then measured using a

Westphal balance and found to be 1.57g/cm3.

X-ray Photography

Oscillation and Weissenberg photographs were cbtained using
Ilford Industrial 'G' film and Cu-Kx radiation. From the symmetry on
X-ray photographs, it was seen that the crystals belong to the ortho-

rhombic system. The unit cell dimensions were determined initially

from equi-inclination Weissenberg photographs {okl, Ikl, hko) and were
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subsequently determined accurately on a Hilger-Watts four circle auto-
matic diffractometer, equipped with a scintillation counter using Mo-Kx
radiation with a graphite monochromater, by taking the best least
squares fit from twelve chosen reflections., The following values were

v~

obtained: -

a = 9.689 ¥ 0.0038&
b = 13.265 ¥ 0.004 %
¢ = 17.500 ¥ 0.006 R

The number of molecules of complex in the unit cell was calculated

using the formula

where Z is the number of molecules, No Avogadro's number, D the densaty,

V the unat cell volume and M the molecular weight. BSubstituting the

appropriate values gave Z = 8,

Space Group

The Weissenberg photographs showed the following systematic

absences:

okl when k 2n + 1

hol swhen 1 2n + 1

hko when h = 2n + 1
hoo when (h = 2n + 1)
oko vwhen (k = 2n + 1)

00l when (1 = 2n + 1),




~ 181 -

This 1s unambiguously consistent with a space group of Pbeca, (D;:), No. 61.
From international tables it was seen that the eight molecules of the
complex must 1lie in the general positions x, y, Z; ;, ;, E; % + x,
t-y,2 b-x,%+y,2 x, 3+y, b2 x b-y, 48+2 }-x

t

;:é"'z;%"'x.vy’%—z-

The crystal data are summarised below:

ClZHEONZOZTl, M = 262.3, Orthorhombac,

a = 9.6890 £ 0.0014, b = 13.2645 £ 0.0020, c = 17.5001 % 0,0031

R, U=229.18 8%, DM = 1.57g cm > Z =8 Dc = 1.55
|

F(0O00) = 1024, Space group Pbca Mo-Ka radiation

A= 0.7107 &, 1 (Mo-Ka) = 7.6cm .

Data Collection

The intensity data for 2338 observed reflections up to G(Mo—Ka)S.SOO
were collected on the Hilger-Watts four circle diffractometer. Using
a 28 scan technique, each reflection was measured in 20 steps of 0.030
counting for 1 second. Stationary background counts were taken for 5
seconds at each end of the scale range. The 1nt§nsit1es of three stan-
dard reflections were periodically monitored and the results used to
ensure that all the reflections were on a common scale. The changes in
the standard intensities during the data collecti;n were small {(1-3%).

The intensities of the 2338 reflections were corrected for Lorentz-
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polarization effects, but not for absorption nor extinction. A set of

Fb] values on a relative scale was thus obtained.

Solution and Refinement of the Strucfure

The position of a titanium atom was found from a three-dimensional
Patterson map. A three-dimensional electron density synthesis, phased
by the titanium (R = 0.395 ), [R = X(]Fol - |Fc|)/ZIFoﬂ revealed the
positions of the carbon atoms of the cyclopentadienyl rings and the
two atoms of the cyanate groups which are co-ordinated to the titanium.
These atoms were initially considered to be oxygens i.e. it was assumed

that the cyanate groups were O-bonded to titanium.
!

i
'

The structure was refined by conventional full matrix least-square
and block-diagonal methods. The function minimized was Zw(lFo[—[Fc])2
where |Fo| is the observed and |[Fe¢| is the calculated striture amplitude.
Scattering factors for titanium were those from internatonal tables(159)

and those for carbon, nitrogen and oxygen from Cramer and Mann{160).

Three cycles of isotropic least-squares refinement using unit
weoights of the positional and isotropic thermal parameters of the tata-~
nium, carbon and oxygen atoms reduced R, to{.265. A second electron
density map revealed the positions of the remaining four atoms of the
cyanate groups 1.e. one nitrogen and carbon per cyanate. Three further
rounds of least-square calculataions lowered R to0.116. At this stage

.

a Hughes' weighting scheme was employed of the form (A/]Fol)z, where
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A = 25.0,and the titanium atom was assigned an anisotropic temperature
factor. Three cycles of least-square refinement caused R to converge

to 0.108 .

An examination of isotropic thermal parameters for the oxygen and
nitrogen showed that these atoms might have been positioned incorrectly
(Table 11.1.). Their thermal parameters were found to be very similar,
which seemed surprising since it would have been predicted that the
atom co-ordinated to ttanium would have less thermal motion than the
terminal atom of the cyanate group. Reversaing the positions of the
nitrogen and oxygen atoms, i.e. qiﬂHCO, reduced R to 0.101 and isotropic
thermal parameter for the atoms of each cyanate were now found to be of

4

the right order to account for thermal vibration (see Table 11.1.).

All the nitrogen, oxygen and carbon atoms were allowed to adopt
anisotropic temperature factors, and after: three rounds of block diagonal
least-square refinement R was r;duced to 0.054. A fipal two rounds of
full matrix least-square calculations gave a valué for R of 0,053 . A
difference map showed no irregularities, except in revealing the posi-

tion of the hydrogen atoms which have not been placed.

An identical refinement of the structure considering the cyanate
group to be O-bonded to titanium only gave a fanal! value for R of 0.065
further confirming that the cyanate groups are N-bonded. The achieve—

ment of a reasonably good refinement for the O-bonded case has probably

resulted because of the small differences in electron density between
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(a) for the

Cyanate Groups when considered to be either O- or N-bonded to

O-bonded (R = 0.108)

Titanium

N-Bonded (R = 0.101)

Atom  B(RY)

N, 4.94
) sz 4.81
c,, 3.3
C,, 3.56
0, 5.03
o, 5.24

Atom B(RZ)

Nl 3.86
Né 3.73
C11 3.59
C12 3.60
01 6.31
02 6.27

Bond lengths hi¢ Calculated for the cyanate Groups

when considered to be 0- or N-bonded to Titanium

O-bonded (R = 0.065)

N-bonded (R = 0,053}

Atoms

Ti - O 2.015(4)

1
T1 - 02 2.004(4)
0, -¢, 1.164(6)
0, - C;, 1.172(6)
C,,”N;  1.183(6)
1012— N, 1.171(6)

Atoms

Ti - N 2.018(3).
Ti - N, 2.,007(3)
N, -C, 1.151(5)
N, - €, 1.157(5)
C,- 0 1.192(5)
Cip~ O, 1.184(5)

(a) Numbers in parentheses are the estimated standard deviatlons occurring

in the last dagits.

Table 11.1.
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the oxygen and nitrogen atoms. Table 11.1. lists bond lengths for the
cyanate group for the refined O-bonded situation and these compare
favourably with bond lengths determined for the N-bonded case.
Therefore the cyanate groups could mistakenly be taken to be O-co-
ordinated to titanium 1f a structure analysis had not been performed

considering both N~ and O-bonded cases.

The intensity data were collected by Professor T.J. King at the
University of Nottingham. The X-ray 72 system set of programmes, com—
piled by J.M. Stewart, G.J. Kruger, H.L, Ammon, C, Dickinson and S.R,
Hall, Computer Science Centre, University of Maryland, and adapted

;

for the ICIL 1906A and CDC 7600 computers at Manchester University were

used in the structure analysis and interpretation.

Results and Discussion

The final atomic co-ordinates are lasted in Table 1l1.2. and the
anisotropic thermal parameter are in Tahle 11.3. Table 11.4. contains
the observed and final structure amplitudes (see Appendix). The molse-
cular structure and atom numbering 1s shown in Figure 11.5. and
Figure 11.6. shows the molecular configuration of the cyanate groups
viewed 1n projection on one of the planes of the cyclopentadienyl
rings. Interatomic distances and valency angles are given in Table
11.7. and 11.8. while Table 11.9. gives the equation for the planes

through the cyclopentadienyl rings.
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(as fractions of the cell edges)

Atom X y 4
Tj 0.15417(5) 0.37338(3) 0.61097(2)
C1 -0.02455(38) 0.33807(31) 0.52163(21)
Cz, 0.08683(42) 0.,27388(31) 0.50412(21)
C3 "0,10937(48) 0.20863(28) 0.56517(25)
C4 0.00689(45) 0.23092{(29) 0.62241(23)
05 ) -0,07433(36) 0.30960(32) 0.59516(23)
CG 0.24501(46) 0.42743(37) 0.73233(20)
07 0.35000(41) 0.4?678(32) 0.67934(21)
C8 0.38185(41) 0.34017(42) 0.65201(25)
'09 0,29415(57) 0.27191(32) 0.68978(32)
C10 0.20739(47) 0.32677(3%) 0.73744(23)
N1 0.03869(33) 0.49486(21) 0.63796(17)
N2 0.25276(32) 0.44140(25) 0.52428(16)
Cll ~0.03007(41) 0.55843(25) 0.66158(20)
C12 0.30807(38) 0.47519(28) 0.47160(20)
01 -0.10016(43) 0.62577(22) (.68462(23)
02 0.36345(38) 0.51131(30) 0.41788(20)

(a) Numbers in parentheses are the estimated standard
deviations occurring in the last digits listed.

Table 11.2,
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(a)

*
(Uij xlOz)

4]

[$)

U

U

U

U

11 22 33 12 13 23
T1 3.32(3) 3.19(3) 2.84(2) -0.01(2) 0.22(2) -0.09(2)
c; 4,78(19) 6.59(21) 4.%2(18) -1.03(17) -1.03(17) -0.75(17)
c, .5.85(21)  6.14(23) 4.60(18) -0.97(18) 0.10(16) -1.94(17)
cy 7.03(25) 4.05(18) 7.10(25) -0.54(17) -0.62(21) -1.42(18)
c, 6.99(24) 4.97(20) 5.87(22) -2.34(18) -0.12(19) -0.02(16)
‘Cs 3.75(16) 6.78(23) 5.96(21) -1.22(16) 0©.42(15) -1.01(18)
Cq 6.44(25) 8.77(30) 3.89(18) 0.94(22) -1.5(17) -0.70(19)
c, 5.51(21) 6.80(24) 4.93(19) -1.86(19) -1.69(17) 0.84(17)
Co 4.06(18) 10.79(36) 5.6@(23) 1.88(22) -1.05(16) -0.91(23)
cy 8.38(32) 5.20(22) 10.23(37) 0.28(23) -5.34(30) 1.35(24)
Clo 5-93(24)  9.49(32) 5.10(22) -1.24(25) -1.45(19) 3.16(22)
N, 6.03(18)  4.37(14) 4.99(15) 1.25(14) 0.10(14) -0.61(13)
N, 5.39(17) 6.11(18) 4.01(13) -0.65(14) 0.66(13) 0,98(14)
i, 6.17(21) 3.94(15) 4.85(17) -0.11(15)- 0.96(18) -0.34(14)
C,, 4.85(18) 5.47(19) 4.42(17) -0.81(15) 0.65(14) 0.19(14)
0, 10.34(26)  4.99(16) 11.08(29)  1.49(16) 4.19(23) -1.57(17)
0, 9.19(25) 10.41(27) 6.48(18) -1.71(20) 2.82(17) 2,71(18)

{a) Numbers in parentheses are estimated standard deviations occurring
in the last digits listed.

#The temperature factors are expressed as:

2
exp [-2n (Ull

* * *
where a , b and ¢ are the recipricol lattice parameters,

2 *x2
h a +U2

2

*
kzb 2+U

331 c

Table 11.3.

2 %2

2U. hk *bf 2U
+2U, ,hka b +2U,

3

L *® ok
hla ¢ 42U, klb ¢ )]
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The Arrangement of Atoms in the (rr-Cp)zTi(NCO)2

Molecule

Fig 11.5
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The Molecular Configuration of the Cyanate Groups

viewed in Projection on one of the Cyclo-

pentadienyl Rings




| SRS
- 1%0 -
Interatomic Dlstances(a) (R)
Atoms Atoms

Bond Distances
Ti—Cl 2.380(4) T;ﬁﬂl 2.018(3)
Ti—C2 2.380(4) T1-—N2 2.007(3)
Ti--C3 2.,368(4) Nl—C11 1.151(5)
T%;C4 2.377(4) N2—012 1.157(5)

.- TJ:.-C5 2.386(4) 011—01 1.192(5)
Ti-c.o0.g (P (ring A) 2.053 €,,-0, 1.184(5)
Ti—C6 2.408(4)
T}—C7 2.39%(4) Some Intramolecular non-

bonded distances

T1-Cy 2,361(4)
T::.--C9 2.357(5) Nl-N2 2.960(4)
Ty 2.355(4) N,-c, 2.765(5)
Ti-c.o.g. (ring B)  2.058 N,-C, 2.873(5)
Cl--C2 1.409(6) N2—C8 2.8922(6)
02—03 1.392(6) Nl-C6 \2.743(5)
03—04 1.441(6) Nl-C1 2.974(5)
C4--C5 1.391(s6) Nl—C5 2.793(5)
Cl-C5 1.425(5) 03—09 2.944(7)
CG_C7 1.382(86)
C7'-C8 1.402(7)‘
08—09 - 1.407(7)
C3Ci0 1,389(7)
CsCio 1.387(7)

(a) Numbers in parentheses are estimated standard deviations occurring
in the last digit listed.

(b) c.o.g. denotes the centre of gravity of the n—CSH5 group.

\
Table 21.7. |
|
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Valency Angles(a) (degrees)

Atons Atoms

C,-Ti~Cg 77.1(2) N -Ti-N, 94.7(2)
cog:Ti-cog” 132.8 Ti:Nl_Cll 171.8(3)
N -T1-C, 78.2(1) T-N,=C,, 175.7(3)
N, -T1-C, 76.0(1) N,-C,,-0, 178.3(%)
N,-T1-C, 84.7(1) N,~C,,-0, 178.8(4)
N,-Ti-C, 77.6(1)

Nz—Ti—C7 80.9(1)

N,-Ti-Cg 82.5(1)

C,-C,—C, 109.2(3)2

C,~C,=C, 107.3(4)

C,-C,~C, 107.8(3?

€,~C.-C, 108.5(3)

C,-C,~C, 107.2(3)

C4~C.~Cq 107.9(4)

C,~Co=Cy 107.2(4)

CqaCy=Cif 108.0(4)

C5=C16Cq 107.9(4)

C10~CeCo 108.9(4)

{a) Numbers in parentheses are estimated standard
deviations occurring 1n the last digit listed.

Table 11.8.
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Best Weighted Least-Squares Planes(a)
Atoms Plane p Q R 5 o(b)
Cl_CS A 6.0522 8,7428 7.3295 6.6233 0.006
06-010 B 6.4732 -1.4784 12.8744 10.3694 0.013

{a) The equation of the planes can be expressed as PX+QY+RZ=S
in direct space where X, Y, Z are fractional co-ordinates
of the atoms in the plane.

{b) o denotes the standard deviation of the atoms from the plane.

Distances of Atoms from Planes

'
H

Atoms Plane A lAtoms Plane B

4 c, 0.007 Cq 0.013
c, -0.008 C, -0.004
Cy 0.005 Cg -0.006
C, 0.009 Cq 0.013
Cq 0.004 10 -0.016 ’

The angle hetween planes A and B = 49.3°

Table 11.9.
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The most important result of this investigation is the unequivical
demonstration that in the crystalline state the cyanate groups are
N-bonded to titanaium. The titanium-isccyanate linkages are approxi-
mately linear, with Ti-N-C . angles of 171.§°and 175.7°and NCO
angles of 178.3°and 178.8° Small deviations in linearity of the M-N-C
bond have also been observed in Me4NAg(NCO)2 where angles of ~170°
were found(161). The linearaity of the Ti-N-C linkages are consistent
with nitrogen atoms being formally regarded as sp hybridised. : On the
other hand, in HNCO(162) and MeNCO{163), where the nitrogen atoms are
considered to be sp2 hybridised, the molecules are appreciably bent
with angles of ca.12§)and 1400. If the cyanate group were O-bonded

!
in the titanium complex it mlghtlhave been expected that the Ti1-0-C
linkages would be considerably bént because of sp2 hybridized oxygens,
but in the absence of an X-ray determination of any terminal O-bonded
cyanate complex this remains a speculation. Furthermore, 1t is
noticeable that the C-N distances are shorter than the C-O distances
(Table 11.6,),1as might be expected for the linkage T1-N=C=0, and is

consistent with other iso-cyanato species such as (H-Csﬂs)Cr(No)zNCO

C-N=1.1268 C-0=1.179'R(164).

The co-ordination about the titanaium 1s that of a distorted tetra-
=)
hedron: the Nl—Tl--N2 angle of 94.7 and the (ﬁ—CsH5 centroird)}-Ti-{nx-
o
CSHE centroxd) angle of 132.8 indicate the extent of this deformation.

These angles are not unlike the comparable ones found in similar mole-

.

cules, For example, 1t is reported that in (T7-C_H_)

5Hs 2T185(165) the

9
5-T1i~-S angle is 94.60 and the centroid Ti- angle is 133.6, while in
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5 1
i{h
(h -C5H5)2T1( =C

86.3°.

5H5)2(166) the corresponding angles are 129.9° and

The variations in C-C distances (1.441—1.3823) and C-C-C angles
(109.2-107.2) in cyclopentadienyl rings are samilar to those reported
in similar systems such as (h5—05H5)2Ti(h;-CSHS)z(IGG). The c¢yclo-
pentadienyl rings are planer, (esd from planes are 0.006 and 0.0138‘
for ring A and ring B respectively). The symmetrical metal to raing
bonding is most clearly evident in the titanium to carbon bond lengths
which fall in the narrow range from 2.386-2.3GBR in ring A and 2.408-
2.3558 in ring B. The titanium atom lies 2.053 and 2.0588 from the
mean planes of the cyclopentadie;yl rings A and B respectively. fhese
and the Ti-C distances are very s;mllar to those found in other tita-
nium compounds containing m-cyclopentadienyl groups such as

5572 3 5°2
S 1
i h .
169) and (1105H5)2T1( 05H5)2(166).

(r-C_H,)TiS (165), [(n-c H.), TiAl(C_H_ ) ]2(167), (n-C4H,},T1C1, (168,

The arrangement of molecules in the crystal is shown in Fig. 11.10.
(The rings refer to the positions of the central titanium atoms along
a in cell fractions). Some intermolecular contacts are listed in

Table 11.11. None of these distances are abnormal.

Conclusions

This structure determination has clearly shown that the cyanate

group are N-bonded in the complex (1T-cp)2T1(NCO)2 in the solid state.

;
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The Crystal Structure viewed in projection along

the a axis

f ()
Jo1s41 [ ZAosass [§Jo0.8542

Fig 11-10

XA 0.8459
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Some Intermolecular Distances (43.6R)

Atom 1 Atom 2
0, 0 v 3.17
0, C, I 3.33
Cq c,, VI 3.35
Cq 0, VI 3.36
c, Cq I 3.39
) c, ., V1 3.42 [
0, Cy v 3.48
c,, c, II 3.53
0, Cy E IV 3.54
c, o, II 3.56
N, c, II 3.57
0, c, 111 3.57
) 0, Cq v 3.59
C o c, II 3.59
Cyp Cy v 3.59
0, 0, IT 3.61

The Roman numerals refer to the following transformations of the atomic
co-ordinates in Atom 2, -

I 1-x, 1-y, l-z; II —=x, i-y, l-z; III %+x, i-y, 1l-z;

IV 4-x, %+y, z; V -x, i+y, 1}-z; VI $4x, y, li-z.

~ Table 11.11.
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The infrared mull spectrum of the complex does not exhibit a CO
stretching frequency in the region 1350-1320cm-1. A band in this
region has been used as being diagnostic for N—co-ordination and fur-
ther demonstrates that assignments of cyanate co-ordination based on
this frequency should be treated with caution. Preliminary studies of
integrated absorption intensities of the CN stretching frequencies in
the solid state (A = 13 and 16x104M_lcm_2) and in solution compare

with those reported by Burmeister(44) and are larger than the value for

the free ion, indicating that (Tr--Cp)ZTi(NCO)2 is also N-bonded in

solution. The europium shift studies described previously also indi-

cate N-bonding in solution whilelthe zircocene adduct may very well -
be O-bonded. However, integrate% intensities of the CN stretchang
frequencies reported for the ziroéene adduct are also larger than the
free 1on.(44) Therefore, an X-ray crystal determination. of (-n—cp)zzr(CNO)2
and the hafnium analogue is further needed in order to provide confir-

mation of the mode of co-ordination of the cyanate group in these com-

4
plexes, and to clarify the suitability of infrared, ! N n.m.r., and

europium shift studies in assigning cyanate co-ordination.
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CHAPTER 12

A CONVENIENT METHOD FOR THE ANALYSIS OF ORGANOMETALLIC

AND RELATED COMPOUNDS

}
i
i
!
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A CONVENIENT METHOD FOR THE ANALYSIS OF ORGANOMETALLIC

AND RELATED COMPOUNDS

As a result of investigations into complexes of the type Rh(PPh3)2(L)XCN
(X =5, Se), 1t was found that s;tlsfactory analysis of carbon, hydrogen
and nitrogen by conventional combustion techniques could not be obtained.
Therefore a convenient method of analysis by X~ray fluorescence spectro-

metry has been developed for such compounds, and has been used extensively

in the analyses of compounds in these studies.

X-ray fluorescence spectrométry 15 a well-established technique for
elemental analysis. Samples are usually presented as massive solids,
powders or pressed discs, or in dlluted forms as solutions, or as
annealledmelts 1n some suitable substrate. When only a small amount of
material 1s available some form of dilution 1s desairable to produce a
sample of the right dimensions for the spectrometer. Liquid solutions,
although ideally homogeneous, are not suitable for light element analysas
since the longer wavelengths emitted from such elements are absorbed by
the liquid cell window. The use of annealled melts is precluded if loss
of materaial occurs on heating., It has been found that small amounts of
sample dispersed in KC1 or borax and g;essed into discs under constant
pressure are in & convenient form for quantitative analysis. The use
of KCl discs is restricted to 'heavy' element analysas (Z>25), whalst

borax discs may be used for all elements above Z = 13.
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Results and Dascussion

The product and residues from the reaction of analytically pure
tetramethylammonium thiocyanate with tris{triphenylphosphine)chlororhodium(I)
in acetonitrile as shown in Table 12.1 have been analysed by this method.

It has been possible fo account for the rhodium, phosphorus and, chlorine,
and sulphur used to within 5%. ‘Thus the product of the reaction has been
identified as Rh(PPha)z(MeCN)SCN, whereas attempts to characterise the
_same compound from C , H and N analyses, obtained by combustion, have
generally been unsatisfactory for this and other S-~ or Se~ bonded rhodium
complexes (Table 12.2). On the other hand the closely related N-bonded
compounds, e.g. the known complexés Rh(PPha)z(CO)NCX (X = 8 or Se), may

1
be characterised adequately by either method (Chapter 2).

All the compounds described in these studies have been analysed
for one or more of the elements listed in Table 12.3.:1as a percentage

by weight and are accurate to within 0.1-0.3%.

The method has also been used successfully in other studies for
the determination of titanium, copper, cobalt, the analyses of clay
samples, and the sensitivity of the method to chlorine has been consid-
erably improved by using lithium borate rather than sodium borate as the

matrix.

Experimental

The analyses were made using a Philaps PW1540 vacuum spectrograph
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Analytical Results for the Reaction of Me4NSCN wlth Rh(PPh3)301

Weights of starting materials

Rh(PPh3)301 = 0,2311g * Weight of product = 0,1590g
Me4NSCN = 0.0396g Weight of residue = 0.1336g
Total Weight of each element
Element
in the starting material found 1n product and residue
13
‘ ~
;
Rhod1ium 0.0258g 0.0270g
Phosphorus 0.0233g 0.0228g
Sulphur 0.0096g 0.0093g

Table 12.1,
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Analytical Results for Rh(PPhs)z(MeCN)XCN (X =5 or Sej

% Found % Calculated
By X-ray Combustion
- A — s A
- - Rh P 5 C H N Rh P S C H N

Rh(PPhs)z(MeCN)SCN 14.1 8,7 4.3 54.4 5.2 3.6 14.2 8.7 4.4 64,5 4.5 3.9

Rh(PPh,),(McCN)SeCN 13.2 8.0 10.1 47.8 3.7 3.0 13,3 8.0 10.2 57.8 3.9 3.6

Table 12.2.
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Condition for the Analysis of Some Elements by X~-Ray

Fluorescence Spectrometlry

Type of |% Element | Emission [Angle
Element Disc in Disc Line 20 Accuracy
KC1 |0.1 - 1.0 | Kol 17.51 | Y0.1%
Rhodium
Borax
Phosphorus Borax |0Q.5 - 1.5 Kol 89.50 10.3%
Sulphur Borax |0.25- 1.0 | Kol 75.85 | *0.39%
Chlorine Borax |0.3 - 1.0 | EKm 65.50 [%0.3%
- kel 0.1 - 1.0| K& 31.84 |¥0.19
Selenium
Borax
2 +
. KCl 1.0 - 4.0 | Kol 25.88 {-0.1%
Tellurium
Borax
‘g)c1 |0.1 - 1.0 | Lat 39.22 (%0.12
Iradium
Borax

*

Table 12.3,
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attachment with a wide range goniometer PW1050. For light element con-
ditions a penta-erythritol analysing crystal was used together with a
gas-flow (90%Ar, IO%CH4) proportional counter. The argon/methane gas
was passed through pyrogallol and concentrated sulphuric acid to remove
traces of oxygen and water. Fof heavy element analysis a LiF(100)
crystal was used with a MaI{(T1l) scintillation counter. The pulses from
either detector were fed via a pulse height analyser to a ratemeter/
scaler unit. Heavy elements may be analysed under light element condi-
tions,1f an emission of suitable energy exists e.g. the L &line of
rhodium,
i

A typical disc [e.g. for RhéPPhs)z(MeCN)SCN] requires 50-100mg of
sample pressed with 1.0g of borax at 30 tons for 10 minutes. The per-
centage weight of each element examined in the sample (e.g. Rh, P, or
8) 1s determined against calibration standards of known composition,
(Fig. 12.3 and 12.4). For example standard discs containing between
10 to 100 mg of the known complexes trans-Rh(PPh3)2COCI and Me4MXCN
[? =5 or Se] have proved very satisfactory in the analysis of rhodium

phosphorus, sulphur and chlorine.
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A Typical Calibration Graph for the

Determination of °/ Rhodium
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Fig 12.4
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A Typical Calibration Graph for the

Determination of °/. Phosphorus
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APPENDIX

)

Observed and Measured Structure Amplitudes

Table 11.4.
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