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ABSTRACT

The research described in this thesis involved the synthesis and

characterisationof rhodium,platinumandpalladiumderivativesofarsena-,carba-and

telluraboranes.

ChapterOne summarisesthe chemistryof group VIIS (excluding nitrogen)

heteroboranesand their metalderivatives.

ChapterTwo describesa theoreticalinvestigationof the electronicstructure

and bonding of the closely related eleven-vertexnido-heteroboranedianions [7,8­

�C�2�~�H�l�l�]�2�-�, �[�7�,�9�-�~�B�J�l�l�l�]�2�-�, �[�1�,�7�-�C�2�~�H�l�l�]�2�-�, �[�4�,�7�-�C�2�~�H�l�1�]�2�-�, �[�7�,�8�-�P�2�B�~�9�]�2�-�, [7,9­

P2B9H9]2- and[7-SB1oHtol2-. Thesecompoundswerestudiedwith MNDO calculations

in which the geometrieswereoptimisedwith no restrictionon the (3N-6) degreesof

freedomof the molecules. In all themoo systemsstudiedthecalculatedbondlengths

were in goodagreementwith the relatedexperimentaldata. The heatsof formation

were calculated. The MNDO calculationsshowedthat, as expected,there were

thirteeni.e. n+2, clustermolecularorbitalsin eachcage. On the basisof thecharge

distribution, all sevenniOO anionswould beexpectedto reactat the openface with

[MLJ2+ electrophiles. Both the nature of the homo or shomo and the energy

differencebetweenthemhavesignificancein determiningtheconfigurationsof metal

units suchas Pt(pR3)2 and Rh(PR3)2Habovethe heteroatomfacesto which they are

attached in twelve atom closo complexes. The orientation of the Pt(PR3)2 or

Rh(PR3)2H metal unit above the top face of the molecule may be predicted for

complexesof all sevendianions.

Chapter Three is concerned with microwave heating effects and their

applicationto syntheticmetallaboranechemistry. This chapterinitially reviews the

relatively new area of the application of microwave heating effects to synthetic

chemistry. Subsequentlythe modificationsrequiredto enablethe safeadaptationof

a conventionalmicrowaveovenfor chemicalreactionsis describedin detail for both

low and high pressuresystems. In sealedvesselreactionswhich generallyoccurat

high pressure,microwavedielectricheatingtechniqueshavethe ability to reducethe

reactiontime by a factorof up to 1()1. ChapterFour is concernedwith the synthesis

of platinumderivativesof �~�~�H�l�l�' �A�~�B�9�H�, and TeBloHlo ligands. Reactionswere

carried out under normal (thermal)conditionsand in the high-pressuremicrowave



apparatusdescribedin chapter three. The productssynthesisedwere three new

platinacarboranes,�c�l�o�s�o�-�[�3�,�3�-�(�P�M�~�P�h�)�2�-�3�, 1,2-PtCP9Hll](1), �c�l�o�s�o�-�[�2�,�2�-�(�P�M�~�P�h�h�­

2,1�,�8�-�P�t�C�2�~�H�l�l�] (2) and �c�l�o�s�o�-�[�8�-�P�h�-�2�,�2�-�(�p�M�~�P�h�)�2�-�2�, 1,8-Pt4B9Htol, and the

previouslyknowncompounds,�c�l�o�s�o�-�[�3�,�3�-�(�P�M�~�P�h�)�2�-�3�, 1�,�2�-�P�t�A�~�~�H�,�] andcloso-[2,2­

�(�P�M�~�P�h�)�2�-�2�, I-PtTeBtoHtol. Wherepreviously the direct reactionbetweensimple

startingmaterialshasbeenkinetically slow ego in the presentcasesix daysfor the

reactionof �n�i�d�o�-�[�7�,�8�-�~�~�H�t�:�z�J and �c�i�s�-�[�P�t�(�p�M�~�P�h�)�2�C�I�J�, the microwavetechnique

speedsup the processto 30 minutes. This leadsnot only to a considerablesavingin

time but also to a marked improvementin the overall reaction yield in certain

reactions. In thepresentstudyisomericproducts(1) and(2) from nido-[7 �,�8�-�~�B�9�H�t�2�J

and �c�i�s�-�[�P�t�(�P�M�~�P�h�)�2�C�I�2�] andthe rearrangementproduct�c�l�o�s�o�-�[�8�-�P�h�-�2�,�2�-�(�P�M�~�P�h�)�2�­

2,1,8-PtC2B9HlO], from �n�i�d�o�-�[�7�-�P�h�-�7�,�8�-�~�B�~�l�l�J and �c�i�s�-�[�P�t�(�P�M�~�P�h�)�2�C�I�J were

formed from reactionsperformedundermicrowaveirradiation. Experimentscarried

out on the parent carboranestarting materials show that these materialsdo not

isomeriseunderthe conditionsusedfor the microwavesyntheses. The compounds

werecharacterisedby IR andNMR spectroscopyandthecompounds(1) and(2) were

studiedby X-ray diffraction methods. An importantfeatureof the NMR spectraof

both (1) and (2) were that both compoundswere fluxional. Single crystal X-ray

analysesof (1) and(2) showedthatbothcompoundshada closo twelvevertex�P�t�~�B�,

geometrybasedon a distorteddodecahedron.From the X-ray determinedcrystal

structureof (1) there were two moleculespresentin the unit cell which differed

primarily in the platinum-carboranecagebond lengthsand in the orientationof the

platinum phosphineunit abovethe �C�2�~ faces. The small �~�G�* for the rotational

processin (1) is of thesameorderof magnitudeascrystalpackingforces. With this

low barrier any rotamercould in principle be observedin the solid state. The

compound �c�l�o�s�o�-�[�2�,�2�-�(�P�M�~�P�h�)�2�-�2�, 1�,�8�-�P�t�C�2�~�H�l�l�] (2) is only the third platina­

carborane with non-directly bonded carbons in adjacent rings to be fully

characterised.Compounds(1) and (2) providea useful insight into the mechanism

of the thermal rearrangementof icosahedralmetallacarboranesand a detailed

discussionof possiblemechanismsbasedon datafor rearrangementsof carboranes

is presented.

Chapter Five describesthe synthesesand characterisationof three new

metallaheteroboranecomplexeswith metal halide bonds and two new cationic



complexes. The two rhodium chloridecomplexescloso-[3,3-(PMePhJ2-3-CI-3,1,2­

�R�h�C�2�~�H�l�l�] (3) and closo-[3,3-(pMePhJ2-3-CI-3, 1�,�2�-�R�h�A�~�B�J�i�9�] were synthesised

from the reactionsbetweenPMePh2, CH2Cl2 and closo-[3-{"Z-SC(H)NPh}-3-PPh,,­

3,1�,�2�-�R�h�C�2�~�H�l�l�] or closo-[3-{,,2-SC(H)NPh}-3-PPh,,-3, 1�,�2�-�R�h�A�~�~�9�]�. When the

reactionof closo-[3-{"Z-SC(H)NPh}-3-PPh3-3,1,2-RhCP,Hll ] was carriedout with

irradiationprovidedby a 60 Watt light therewasa markedincreasein theyield. The

reaction�o�f�T�l�[�9�-�S�M�e�z�-�7�,�8�-�C�z�~�H�l�o�l and[Pd(PPh3)212Jin refluxing CH2Cl2 resultedin

the formation of closo-[3-PPh3-3-1-4-SMez-3, 1,2-Pd4B,HI0] (4). Two cationic

metallacarboranes,closo-[3-PPh3-3-Bu'NC-4-SMez-3,1,2-PdC2B,H1O][BF4]andcloso­

[3,3-(pMePh2)2-3-Bu'NC-3,1,2-RhC2B,Hll ][BF4], weresynthesisedfrom reactionsof

closo-[3-PPh3-3-1-4-SMez-3, 1�,�2�-�P�d�C�2�~�H�I�0�] and �c�l�o�s�o�-�[�3�,�3�-�(�P�M�e�P�h�~�2�-�3�-�C�I�-�3�, 1,2­

�R�h�C�z�-�~�H�l�l�]�. Both reactionswerecarriedoutat ambienttemperaturein toluenewith

oneequivalentof Ag[BFJ. A slight excessof Bu'NC was addedimmediatelyafter

precipitationof Ag[X] to stabilise the cationic products. Neither of the cationic

compoundswere stablein solution for more than 8 hours. Single crystal X-ray

analysesof (3) and(4) werecarriedout to confirm theexactnatureof theclusterand

ao-cluster ligand bonding. All the above compoundswere characterisedby

spectroscopicmethodsandelementalanalysis.

In ChapterSix ten newisothiocyanatederivativesof rhodaheteroboraneswere

prepared. The synthesisand reactivity of twelve-vertexrhodaheteroboraneclusters

is reviewed. A brief introductionto thereactionsof transitionmetalcomplexeswith

RNCSis given. ReactionsbetweenRNCS (R=Ph,p-tol andBz) andRh-H bondsin

�c�l�o�s�o�-�[�3�,�3�-�(�P�P�~�)�2�-�3�-�H�-�3�, 1�,�2�-�R�h�A�~�~�H�,�]�, closo-[2,2-(pPh3)2-2-H-2,1-RhTeBtoHlO]and

closo-[3,3-(PPh3)2-3-H-3, 1,2-RhC2B9Hll ] werestudied.Therhodaarsenaboranecloso­

[3,3-(PPh3)2-3-H-3,1�,�2�-�R�h�A�S�z�~�H�,�] wasreactedwith RNCS(R=Ph,p-tol andBz) in

CHzCl2to form threedithiocarbamatorhodaarsenaboranescloso-[3-{Jf-S2CN(H)R}-3­

�(�P�P�h�3�)�-�3�,�1�,�2�-�R�h�A�S�z�~�H�,�] {R=Ph (5), p-tol and Bz} and three thioformamido

rhodaarsenaboranes�c�l�o�s�o�-�[�3�-�{�,�,�2�-�S�C�(�H�)�N�R�}�-�3�-�(�P�P�h�:�J�)�-�3�,�1�,�2�-�R�h�A�S�z�-�~�H�9�] {R=Ph(6),

p-tol and Bz}. Reaction of the rhodatelluraboranecloso-[2,2-(PPh3)2-2-H-2,1­

RhTeB1oHlol, and the rhodacarboranecloso-[3,3-(PPh3)2-3-H-3, 1,2-RhC2B,Hll ]

respectivelywith PhNCSafforded the two new rhodatelluraboranes,closo-[2-{",'-­

S2CN(H)Ph}-2-(PPh3)-2,l-RhTeBlOHlO] (7) andcloso-[2-{,,2-SC(H)NPh}-2-(PPh3)­

2,1-RhTeBloHlo], and two new rhodacarboranescloso-[3-{,,2-SC(H)NPh}-3-(PPh3)-



3,1�,�2�-�R�h�C�2�~�H�l�1�l and closo-[3-{,,2-S2CN(H)Ph}-3-(PPh3)-3, 1�,�2�-�R�h�C�2�~�l�I�l�. The

reaction conditions were varied in order to maximise the yields of either the

thioformamido or dithiocarbamato complexes.Under thermally induced reflux

conditions,the reactionbetweentherhodiumhydridecomplexesandRNCS (R= Ph,

p-tol and Bz) in a 1:1 mole ratio affordedthioformamido{,,2-SC(H)NR} complexes

asthemajorproducts. If anexcessof isothiocyanatewasusedthemajorproductwas

the dithiocarbamate{,,2_S2CNH(R)} complex. Subjectingthe reactionbetweenthe

rhodacarborane�c�l�o�s�o�-�[�3�,�3�-�(�P�P�h�3�h�-�3�-�H�-�3�,�1�,�2�-�R�h�~�B�9�H�l�1�l and PhNCSin a 1:1 mole

ratio in CH2Cl2 to microwave irradiation for 5 minutes producedcloso-[3-{,,2_
�S�C�(�H�)�N�P�h�}�-�3�-�(�p�P�h�3�)�-�3�,�1�,�2�-�R�h�C�2�~�H�l�1�]�i�n 98.8% yield. Clearly thereactioncarried

out in the microwaveovenaffordeda markedimprovementin the yield, fewer side

products and required much less time. All of the new compounds were

yellow/orangein colour and air-stable and were characterisedby spectroscopic

methods. In threecases,compounds(5), (6) and (7), the structureswereelucidated

by single crystal X-ray analyses. The successfulsolution and refinementof the

molecularstructurescioso-[3-{,,2-SC(H)NPh}-3-(pPh3)-3,1�,�2�-�R�h�A�~�_�~�H�d (6), closo­

[3-{,,2-S2CN(H)Ph}-3-(PPh3)-3,1�,�2�-�R�h�A�~�~�H�9�] (5) and closo-[2-{,,2-S2CN(H)Ph}-2­

(PPh3)-2,1-RhTeB1oHlOl (7) showedthat all three compoundshad a closo twelve­

vertexgeometrybasedon a distorteddodecahedron.Compounds(5) and (6) are the

first reportedX-ray crystalstructuresof rhodaarsenaboranes.Compound(6) appears

to be the first reported{,,2-SC(H)NPh}Rh-containingstructure. Infrared spectraof

the compoundscontainedcharacteristicbands for the dithiocarbamatecomplexes

which couldbedistinguishedfrom thioformamidocomplexes.13CNMR spectroscopy

clearlydistinguishesthedithiocarbamatecomplexesfrom thioformamidocomplexes.

TheX-ray analyseswerecarriedout by Professor GeorgeFergusonandDr.

JohnGallagher,Universityof Guelph,Canada.TheNMR datawascollectedby Mr.

D. O'Leary, University College, Cork and by Dr. J. D. Kennedy, University of

Leeds.
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CHAPTERONE

AN INTRODUCTION TO MAIN GROUPVIIS HETEROBORANESAND

THEIR METAL DERIVATIVF.S



1.1 INTRODUCTION

Twelve-vertex metal derivatives of the arsenaborane�[�7�,�8�-�A�~�~�H�9�]�2�- and

carborane�[�7�,�8�-�~�~�H�l�l�]�2�. anions are the main subjectsof this thesis and some

metallatelluraboranechemistryis alsodiscussed. In clusterelectroncountingterms,

a group V/15 atom is isoelectronicwith a CH group. Thereforeonewould expect

that substitutionof a group V/15 elementfor a CH unit in carboraneswould yield

compoundswith similar structures. Generallythis hasbeenfound to be true.1 The

chemistryof carboranesandtheir metalderivativesis vastandwell documented,2and

metal derivativesof telluraboraneshave been recently reviewed.3," This chapter

introducesthegeneralareaof groupV/15 heteroboranechemistryandtheir reactions

with metalcomplexes.Thusthefollowing sections1.2-1.4describethesynthesisand

characterisationof thearsenaboranes,stibaboranesandbismaboranesreportedto date.

Section 1.5 is an account of the preparation and characterisationof related

phosphaboranes.Azaboraneshavenot beenpart of thework describedin this thesis

and will not be discussed.

1.2 ARSENABORANES

Arsenaboranescan be classifiedby the numberof arsenicatomspresentas

eithermonoarsenaboranesordiarsenaboranes.Virtually all arsenaboranes(exceptthe

�A�~�S�~�- ligand as discussedin section 1.2.3.3)are either elevenor twelve atom

systems.This sectionbeginsby discussingelevenatommono-arsenaboranesandtheir

derivatives. Later twelve atomanion mono-arsenaboranesarereviewed,then other

twelve atom arsenaboranesare discussed including diarsenaboranesand their

derivatives.

1.2.1 Arsenaboranesof the AsB10-' AszB,-, AsBn- andAszB.o- type

Little andco-workersfirst reportedtheformationof heteroboranescontaining

arsenicin 1974.' The synthesisof nido-[7-AsB.oH.21-involved theadditionof AsCI)

andNaH (or Na[BH..]) to decaboranein diethylether. Theanion wasprecipitatedas
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the salt Me4N[7-AsB1oHIJ (1) in 34% yield. If the samereactionwas carried out

with triethylamineas base,zinc powderas the reducingagentand thf as solvent,

much purer [7-AsB1oHI2J was formed, albeit in lower yield (15%). In a detailed

NMR studyof (1) the llB assignmentswere madeon the basisof relative intensity

and[llB-llB]-COSY correlationsandtheIH assignmentsfollowed from theresultsof

IH{llB (selective)}experiments.6 ThellB NMR spectrumof (1) showeda 1:1:2:2:2:2

intensitypattern. FromtheNMR studyit wassuggestedthat theconfigurationof (1)

has the (8,9;10,11) doubly bridged configuration,Figure 1.1, which is typical of

othernido-[XB1oHrzl systems.

Figure1.1 Proposedstroctureof [7-AsB.oH.2l (1).$,6

Addition of methyl iodide to [7-AsB1oHI2J gave (AsMe)B1oH.2 (2) in 76%

yield.5 The llB NMR spectrumof (2),6 was strikingly similar to that of (1) which

suggestedthat the arsenicatomscontributesimilarly to the electroniccharacterof

both theseclusters. Compound(2) readily losesa protonin dilute aqueousammonia

to form [(AsMe)BIOHll ]· which wasprecipitatedasMe4N[(AsMe)B1oHlll (3) in �9�0�~

yield.S A detailedNMR study of (3) has suggestedthat it hasa singly hydrogen­

bridged configuration, Figure 1.2.6 Facile conversion of [(AsMe)B1oHllJ to

(AsMe)B1oH12 (2) was achievedby acidification in acetonitrile/wateras solventand

extraction of (2) with diethylether. Demethylationof (2) with sodium in liquid

ammoniaafforded[7-AsB1oHI2l in 90% yield.5

Figure1.2 Proposedstroctureof ((AsMe)B.Jlnl (3).'



Attempts to prepare(AsPh)BIOH12 (4) by routesanalogousto thoseused to

prepare(AsMe)BIOHI2 (2) failed. Howeveran alternativereactionof [AsC12Phl with

decaboranein thf in the presenceof two equivalentsof triethylamine produced

(AsPh)BlaHI2 (4) in 5% yield.' Compound(4) is acidic and could be deprotonated

to give [(AsPh)BloHllJ which wasprecipitatedas Me..N[(AsPh)BloHlll (5) in 90%

yield.'

The addition of a BH unit to [7-AsBloHIJ- by reactionwith triethylamine­

boranegave[AsBllHllJ which wasprecipitatedasMe4N[AsBllHlll (6) in 52%yield.'

Excesstriethylamineboranehadto be usedifpure [AsBllHllJ wasto be isolated. The

formation of [AsBllHllJ also occurs but in low yield (13%) from the thermal

decompositionof Cs[AsBlaHIJ undernitrogenat 648K.5 Certainoxidesof arsenic

areknown to insertarsenicinto boranesandcarboranes.7 For exampletreatmentof

Et..N[Bll HI4l
8 with �A�~�0�3 in aqueousKOH formed [AsBllHllJ (6) in 48% yield.9

Little andco-workersreportedthepreparationof closo-l�,�2�-�A�~�B�l�a�H�I�O (7) from

BlaHl4 andAsCI] in thepresenceof triethylaminein refluxing thf in 29% yield.5 The

liB NMR spectrumis consistentwith a C2v cagesymmetry,Figure1.3,with a 2:2:4:2

patternof doublets.6 The liB and IH signalswere assignedusing [llB- lI Bl-COSY

correlations and IH{llB (selective)} experiments.6 If a four fold excess of

triethylamineand arsenictrichloride wereused,noneof compound(7) was formed.

{It is noteworthythat (7) was also isolated from the reactionsusedto prepare[7­

AsBlaH12J. For instance,whenNa[BH4l was used,(7) wasisolatedin 1% yield and

when triethylamine was substituted as base, (7) was isolated in 30% yield}.

Isomerisation of 1�,�2�-�A�~�B�l�a�H�I�O (7) to its 1,7 isomer required relatively high

temperatures(ca. 848K) andgaveonly 35" yield of 1,�7�-�A�~�B�l�o�H�I�O�. 10

2

Figure1.3 Proposedstmctureof closo-I,2-As2B.oH.o (7).5.'.'
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Like other icosahedralheteroboranescontaining two heteroatoms,11112 the

removal of a boron atom can be accompaniedby reactionwith base(piperidine).

Thusreactionof �1�,�2�-�A�~�B�l�o�H�I�0 afforded�[�7�,�8�-�A�~�~�H�l�o�J (8) in 86" yield.'"u The llB

NMR spectrumof (8) showeda 2:2:1:2:1:1 patternof doublets6 and in generalthe

spectrumwas very similar to the carboraneanalogue[7, �8�-�~�H�t�:�2�J�, 10 henceone

would expect(8) to havea similar structure,Figure 1.4.13•14

Figure1.4 ProposedStmctureof nido-[7,8-As2B,HloJ (8).5,6,11,12,13

1.2.1.1 Stmcturalchemistryof closo-As2B.oHsI2 (9)

Sinceno arsenaboranehad beenstructurallycharacterisedprior to this work

it was decided to undertakea single crystal X-ray study of a diarsenaborane

compound. After trying to crystallisecloso-l�,�2�-�A�~�B�l�o�H�I�O (7) without successit was

decidedto makea derivativeof (7) for X-ray analysis. The diiodinatedcomplex

�A�~�B�l�o�H�8�I�2 (9) was preparedin 26% yield by reacting1�,�2�-�A�~�B�l�o�H�I�0 (7) with a ten

fold excessof iodineat room temperaturein CH2Cl2 in thepresenceof AICl3 catalyst

for 16 h. Theexperimentaldetailsaregiven in chapter4 section4.3.12with the X­

ray detailsin 4.3.13. TheX-ray analysisof (9) showedthatthereactionof �A�~�B�l�o�H�l�O

with 12 had producedtwo distinct 9,12- and 8,12-diiodo isomerswhich had co­

crystallisedduring postreactionwork-up.15 Becausethe 12-atomcageis essentially
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spherical,the two isomerspackedin sucha way that thecoordinatesof theadjacent

I atomsremain identical,but theAs atomsappearedto be disorderedover four sites.

TheORTEPplot shownin Figure1.5hasthecorrectnumberingschemefor the9,12

isomer{site occupanciesfor atomsat sites1,2,3(refinedasAs atoms)were0.921(2),

0.681(2)and 0.492(2)resPeCtively. The occupancyfactor for site 6 (refined as a

boronatom)was 1.655(23)}; thedisordercausedby theco-crystallisationof thetwo

isomersonly appearsto affect thesefour sites. A somewhatsimilar problem(with

iodinationoccurringat two sites)hasalsobeenencounteredin anelectron-diffraction

studyof the productobtainedby diiodinating 1,�7�-�~�B�l�o�H�I�2�' wherea 1:1 mixture of

9,10-and5,12-diiodoisomerswasassumedin theanalysisof the structure.16

Becausethe As2B1oHIO reagenthad the two As atomsimmediatelyadjacent,

only modelswhich havethe two As atomsdirectly bondedarephysicallyreasonable

in interpretingthe disorderin thecrystalsof (9). The main isomerpresentwas the

9,12one,with As-As 2.435(2)A. A "normal" rangeof 2.43-2.46Afor two electron

As-As singlebondshasbeensuggested.17 ThedistancesbetweenAs(l) andthe 100%

boron sitesB(4) andB(5) are2.157(7)and2.131(8)A reSPeCtively. For thosesites

which are 100% boron, the range of B-B distancesin �A�~�B�l�o�H�8�1�2 (9) is notably

narrow, 1.763(10)-1.852(11)A, with a meanvalue 1.786A; a muchbroaderrange

of B-B distanceswas found in the selenaboranederivative closo-12-I-l-SeBlIH1o

1.715(12)-1.934(13),mean 1.762(12)A..• The B-1 distancesin (9) {2.161(7) and

2.170(7) A} spanthe B-1 distancefound in 12-I-l-SeBlI H1o of2.167(7)A and are

alsosimilar to the value found in l-I-B 1oHI3 {2.17(1) A}.t9

12

Figure 1.5 View of the As1Bl oH.I1 (9) moleculeshowingthe numberingscheme

for the9,12-diiodoisomer.
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1.2.2Arsenaboranescontainingotherelements(C, S, Se)asclusteratoms

In this sectionmonocarbaarsenaboranesare first discussed(section 1.2.2.1)

which is followed by a discussionof dicarbaarsenaboranes(section 1.2.2.2)and

finally group VI/16 (S, Se)arsenaboranesarediscussedin section1.2.2.3.

1.2.2.1Monocarbaarsenaboranes

The 1,2- 1,7-and 1,12- CAsB1oH12 isomersform the basisof this section.

Initially thesethreeisomersarediscussed.Thefollowing paragraphsthendiscussthe

derivativesof the 1,2- isomerfollowed by derivativesof the 1,7- and 1,12- isomers

with the final paragraphin this section comparing these arsenacarboraneswith

carboranesand phosphacarboranes.

The first compoundsof this type which werepreparedwere the isomers1,2­

CAsB1oH11 (10), 1,7-CAsB1oH11 (11) and 1,12-CAsBIOH11 (12).11 Reactionof arsenic

trichloride with Na3[BloHIOCH]·(tht)220 in thf gave 1,2-CAsB1oH11 (10) in 25%

yield.11,21 Compound(10) wasalsoobtainedin low yield by reactionof Na[CB1oH13]

with solid �A�~�0�3 in an aqueousKOH-heptanemixture.'

The thermolysisof 1,2-CAsB1oH11 (10) in a sealedtube at 495°C for 22h

produced1,7-CAsB1oH11 (II) in 65% yield.ll Heating1,2-CAsB1oH11 (10) at 575°C

for 13h in a sealed tube gave a 1:1 mixture of 1,7-CAsB1oH11 (II) and 1,12­

CAsB1oH11 (12). The 1,7-and 1,12-isomers(11) and (12) could beobtainedin 15%

yield by a complexwork up procedure.11

Metallationof the C-H bondof 1,7-CAsBtoHu(11) by phenylithiumin ether

gave1,7-C(Li)AsBloHlo (13).22 Compound(13) hasbeenusedto prepareseveralC­

substitutedderivatives,as illustratedin Table 1.1.23•24
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Table1.1: List of C-substitutedderivativesof 1,7-CAsB.oHll (11)

No. Compound Reactants

(13) 1,7-C(Li)AsBlOH1O 1,7-CAsB1oHll (10) +PhLi

(14) 1,7-C(C02H)AsBlOHlO (13) + 1 CO2 + 2 H3O+

(15) 1,7-C(COCI)AsBl oHIO (14) + PCIs

(16) 1,7-C(COPh)AsBloHIO (15) + �C�6�~�' AICI,

(17) 1,7-C(HgMe)AsB1oHlO (13) + MeHgCI

Treatmentof 1,2-CAsB1oHll (10) or 1,7-CAsB1oHll (11) with piperidine at

reflux gave[7,8-CAsB9Hll J (18) and �[�7�,�9�-�C�A�s�~�H�l�l�J (19). Thesewere isolatedas

their tetramethylammoniumsaltsin 70% and80% yields respectively.ll Reactionof

(19) with methyl iodide in refluxing thf solutionproduced7,9-C(AsMe)BJlll (20) in

96% yield.ll Methylationof (18) gavea mixtureof productswhich weredifficult to

separateand werenot fully characterised.I.

The compound1,12-CAsB1oHll (12) was reducedby sodium/naphthaleneto

give a rearrangedspeciesformulatedas the ion [1,7-CAsB1oHll]2- (21).11 Oxidation

of (21) with [CuCI2] produced1,7-CAsB1oHll (11).22 A niOO twelve-atomcomplex,

�M�~�N�C�(�A�s�P�h�)�B�l�o�H�l�O (22), isoelectronicwith [CAsB1oHll]2- (21) hasbeenprepared.25

Reductionof 1,12-CAsB1oHll (12) with sodiumin liquid ammoniafollowed by acid

hydrolysisproducedthe carborane[CB1oHllJ.26

Comparisonof therelativeeaseof monochlorinationof isomersof CAsB.oHll,

CPB10Hll and C2BIOHl2 compoundsshowedthat for a particular isomeric type, the

CAs- species were most reactive, then the carboranesfollowed by the CP­

compounds.25 Polarographicreductionof the isomeric 1,2-, 1,7-, 1,12-arsena-and

phosphacarboranesshowedthat the electron affinity of the cage system increases

whena CH unit in theequivalent�~�B�l�o�H�l�2 carboranesis replacedby eitheran arsenic

or phosphorusatom.rt
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1.2.2.2Dicarbaarsenaboranes

A number of arsenacarboranescontaining two carbon atoms have been

prepared.28.29.30.31 The dicarbaarsenaboranescan be divided into three groups,

�(�A�S�Y�)�C�2�~�H�9�R�2 (Y=Ph, Bu, Me, Pt, Br, CI, R=H, Me), �(�M�~�A�S�)�2�C�2�B�~�~�2 (R=H,

Me) and �A�~�C�2�~�~ which will be discussedsequentiallyin this section.

Thenido compound�(�A�s�P�h�)�C�2�~�1�1 (23) wasthe first reportedexampleof this

classof heteroborane.30 Addition of phenyldichloroarsineto a suspensionof �N�~�[�l ,2­

�C�2�~�H�1�1�] in tolueneafforded yellow, sublimable�(�A�s�P�h�)�C�2�~�H�1�1 (23) in low yield.

TheCC'-dimethylanalogue,�(�A�s�P�h�)�C�2�B�9�H�9�M�~ (24) wasalsoprepared.30·n Reaction

�O�f�T�l�2�[�7�,�8�-�~�~�H�1�1�] with RAsX2(R=Ph,n-Bu, X=CI; R=Me, X=Br) in diethylether

afforded (AsR)C2B9H11 {R=Ph (23), n-Bu (25), Me (26)} in 15%, 38% and 30%

yields respectively. Similarly, reaction of �T�l�2�[�7�,�8�-�C�2�B�9�H�9�M�~�] with MeAsBr2 in

diethyletherat O°C afforded �(�A�s�M�e�)�C�2�B�9�H�9�M�~ (27) but in very low yield (3.5%).

Treatmentof �(�A�s�P�h�)�~�B�~�l�1 (23) with a dilute solutionof borontribromidein carbon

tetrachloride gave �(�A�s�B�r�)�C�2�~�H�1�1 (28) in 95% yield.29 Prolongedexposureof

compounds(23), (25), or (26) to air resulted in extensivedecompositionbut the

bromo-derivative(28) was considerablymore stable than the organo-substituted

compounds. Treatmentof compounds(23), (25), (26) and (28) with ethanolic

potassiumhydroxiderapidly produced�K�[�7�,�8�-�C�2�~�H�1�2�] in quantitativeyield.29

The lithium salt �L�i�2�[�M�~�C�2�B�9�H�9�] was reactedwith AsCl3 in diethyletherat

-90°C to give thearsenadicarbollylcompound�(�A�s�C�l�)�C�2�B�9�H�9�M�~ (29) in 21% yield.33

The 11B spectrumof (29) consistedof six doubletsin a 1:2:1:2:2:1 intensity ratio

consistentwith the solid statemolecularstructureof (29) which is shownin Figure

1.6. It maybedescribedasa closo compoundwith a distortednido structurebecause

of the '13-eoordinationof the AsCI unit to the B(la), B(lb) and B(lc) atomson the

openfaceof the �C�2�B�9�H�~�~ fragment,Figure 1.6.

Reactionof (29) with the Grignard reagentPtMgCI affordedthe compound

�(�A�s�P�t�)�C�2�~�H�9�M�~ (30) in 40% yield.33 Reactionof (29) in CH2Cl2 at -78°C with

AICl 3affordedthe adduct�[�(�A�s�C�I�)�C�2�B�9�~�M�~�]�· AICI 3(31) in 45% yield.»
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Figure1.6Molecularstroctureof �(�A�s�C�I�)�C�2�B�,�H�,�M�~ (29).33

Attemptsto effect the synthesisof �(�A�s�M�e�)�~�B�J�l�l�l (26) in a similar manner

to that usedfor the closo-aluminacarborane�A�I�C�2�~�H�l�l�M�e�,�3�2 i.e. by the addition of

�M�~�A�s�B�r to a hot benzenesolutionof Li[7 �,�8�-�~�B�J�l�1�2�] in a 1:1 molar ratio, failed.29

Instead, the major product was the carborane�7�,�8�-�C�~�9�H�1�3�. The residue after

sublimationof 7,8-C2B9H13 showedthepresenceof a specieswith a massspectralcut

off at m/z 340, correspondingto the �7�5�A�~�1�l�~�1�2�C�6�1�H�2�3 + ion, and this was tentatively

identifiedas�(�M�~�A�S�)�2�C�2�B�J�l�l�l (32). Thepossibleoverallstoichiometryof thereaction

is illustratedin equation1.

However, reactionof �T�l�2�[�C�2�~�H�l�l�] with �M�~�A�s�B�r in benzenein a 1:2 molar ratio

afforded �(�M�~�A�s�)�2�C�2�B�9�H�l�l (32) as the major product (70% yield).29 The CC'­

dimethyl analogue�(�M�~�A�s�)�2�C�2�~�H�9�M�~ (33) waspreparedin a similar fashion. The

analogousreactionof �T�l�2�[�C�2�~�H�l�l�] with Ph2AsCI in refluxing toluenedid not give

(Ph2As)2C2B9Hll. Insteadthestartingmaterialswererecovered.Compounds(32)and

(33) decomposedto boric acid on exposureto the atmosphere. Treatmentof an

acetonesolutionof �(�M�~�A�s�)�2�C�2�~�H�l�l (32) with ethanolicpotassiumhydroxidein the

absenceof air produceda whitevolatilecrystallinesolid in 72% yield. Thisexhibited

a massspectralcut off at m/z 284 which correspondsto the75�A�S�l�l�~�1�2�C�6�1�6�0�I�H�2�2 + ion,

,



in which ethoxidehasreplacedone�M�~�A�s unit. The liB NMR spectraof (32), (33)

and the "ethoxy derivative" of (28) were apparentlyvery similar. Two possible

structuresfor �(�M�~�A�s�)�2�C�2�B�J�I�1�1 (32) which wereconsistentwith thespectraldataare

shownin Figure 1.7.

Q b

eCH
Figure 1.7 Possiblestructuresof (Me2As)2C2B,Hu (32).2t

In Figure 1.7 (a) the cagehas beenexpandedto include one arsenicatom

while theotheris locatedasa terminal�M�~�A�s groupto a boronatom,while structure

(b) hasseparateterminaland bridging dimethylarsinogroups. In view of the ready

replacementof one but not both of the arsenic functions and the fact that no

�[�C�2�~�H�I�2�J was formed by the prolongedaction of concentratedbase,the proposed

structure(a) waspreferred.10

Thesynthesisof �A�~�C�2�~�H�9 (34) hasbeenreported.28 Reactionof �C�2�~�H�1�3 in

thf with triethylamineand then AsI3 in thf gave(34) in 33% yield. The proposed

nido structure,containingtwo contiguousarsenicatoms, is shown in Figure 1.8.

This moleculeis isoelectronicwith �C�4�~�H�l�l�' a memberof the tetracarboncarborane

series.34

Figure 1.8 Proposedstructureof nido-As2C2B7H, (34).21
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1.2.2.3ArsenaboranescontaininggroupVII16 elements

Mixed elevenatom arsenaboraneclustersof the generalformula �A�~�E�B�8�H�h

containing main Group VI/16 elementshave been synthesisedwhere E=S,8,30or

Se.30,35 Reactionof Cs[SBJilil with AsCI, in an acetonitrilesolutiongavea white

sublimableair-sensitivecompound,�A�~�S�B�8�H�8 (35) in low yield.30 The liB NMR

spectrumof (35) gavea patternof doubletsof the ratio 2:1:2:2:1 which is consistent

with eitherthe �n�i�d�o�-�8�-�S�-�7�,�9�-�A�~�B�8�H�8 structureshownin Figure1.9,or the lo-S-7,8-

�A�~�B�s�H�8�·

Treatmentof KlB9H12X] (X=S or Se), with �A�~�O�, in basicsolutionafforded

�A�~�S�B�8�H�8 (35) and �A�~�S�e�B�8�H�8 (36) respectively.28 Compound(36) was yellow and

was obtainedin "much lower" yield, than the �A�~�S�B�8�H�8 (35) analogue(the actual

yields werenot reported).

Figure1.9 Proposedstmctureof As1SB8H8 (35).31

1.2.3Metal derivativesof arsenaboranes

Like section1.2.2themetalderivativeswill beclassifiedaccordingto thetype

of cagestructure. Section 1.2.3.1 containsmetal derivativesof the elevenatom

monoarsenaboraneAsB10- ligand. Section 1.2.3.2discussesmetal and metalloid

derivativesof the elevenatom arsenacarboraneAsCB,- ligand and section 1.2.3.3

containsa metalderivativeof the arsenathiaborane�A�~�B�,�- ligand. Section1.2.3.4

reviewsmetalderivativesof theelevenatom�A�~�B�,�- diarsenaboraneligandanda metal

derivativeof the ten atom As,Bs- ligand is alsodiscussed. Section1.2.3.4,beinga

11



large section, will be sub-divided according to the metal presentand a short

discussionon the typesof compoundspresentwill be given at the start of section

1.2.3.4.

1.2.3.1Metal derivativesof themonoarsenaboraneAsB••- ligand

This sectioncontainsmetalderivativesof the elevenatom monoarsenaborane

AsB.o- ligand. The first compounddiscussedis onein which the metalatom is fT­

bondedto thearsenicatom,in all theothercompoundsin this sectionthemetalatoms

form partof theclusterstructure. Initially transitionmetalderivativesarediscussed.

Main groupderivativesof AsBIO arereviewedat theendof the section.

Theiron complex,[Fe(CO)2(71s-Cp)(AsB.oH.2)](37) formed from thereaction

of thecationiccomplex[Fe(COh(71s-Cp)(cyclohexene)]+ with thearsenaboraneanion

(AsB.oH.J- in acetonewas the first reportedarsenaborane-metalcomplex.36 There

wasno evidencefrom the liB NMR spectrumof (37) of any singletresonancewhich

would be indicativeof a boron-iron(I bond. Furthermore(37) had thetwo expected

B-H-B bridging hydrogenssuggestingthat there was no B-Fe-B bridge in the

molecule. It was proposedthat in (37) the iron atom was (I-bonding to the arsenic

atom with a structurethat is shownin Figure 1.10.

Figure1.10Proposedstmctureof [Fe(CO)2(';-Cp)(AsB.JlI2)](37).36
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Somenickel andcobaltderivativesof arsenaboraneshavebeensynthesised.9,'n

In aqueoussodium hydroxide solution, cobalt or nickel chloride reacted with

[AsB.oH.2J to give the anionic "sandwich" type compounds,[Co(AsB.oH.o)J3-and

[Ni(AsB.oH.o)J2- respectively. Thesewereprecipitatedas the tetramethylammonium

salts,[Me4N]3[Co(AsB.oH.o)J•H20 (38)and[Me4N]2[Ni(AsB.oHlO)2] (39) in 93%and

52% yield, respectively.37 Little andco-workerswereunsuccessfulin an attemptto

synthesise[Fe(AsB.oH.o)J3- from Cs[AsB.oH.Jand ferrousammoniumsulphate.'n

The reactionof (AsMe)B.oH.2 (2), cyclopentadieneand cobalt chloride in a

KOH solution in ethanolafforded a 43% yield of the twelve atom anionic cluster

Me4N[Co(,,5_Cp)(AsB.oHIO)] (40).9,37 None of the expected compound [Co(,,'­

Cp)({AsMe}B.oHlO)] was isolated. Attemptsto synthesise(40) from the [AsB.oH.2l

anion gave no product even though the analogouscarboranecomplex [Co(,,'­

Cp)(CBIOHII)l hasbeensuccessfullypreparedfrom a salt of [CB.oH.3J.38 Attempts

to alkylate (40) werealso unsuccessful.37

In 1987,Todd et al successfullysynthesisedthe first exampleof main group

derivativesof AsB.oH.o,namely[1,2-AsMB.oH.ol- (M = Sn, Pb).9 Deprotonationof

the [AsB.oH.2Janion with excessn-BuLi followed by treatmentwith SnCl2or PbCl2

in thf affordedLi[l ,2-AsSnB.oH.o](41) andin thecaseof M = Pb, afterprecipitation

with tetramethylammoniumchloride,Me4N[I,2-AsPbB.oH.ol(42) in moderateyields.

Compound(42) was fully characterisedboth spectroscopicallyand analytically but

only liB NMR evidencewas presentedfor (41).

1.2.3.2Metal derivativesof thearsenacarboraneAsCB,- ligand

Initially in this sectionmetalderivativesof the �A�s�C�~�- ligand wherethe metal

atom forms part of the clusterare discussed. Compoundswhere the metal atom is

not part of the cluster but is sigma-bondedthrough the arsenic atom are then

discussedand finally arsenacarboranederivatives of germanium are reported.

Reactionof [7 �,�9�-�A�s�C�~�H�I�I�:�t with sodiumhydride followed by reactionwith

anhydrousFeC12 afforded �[�F�e�(�7�,�9�-�A�s�C�~�H�l�o�h�l�2�- (43).39 Oxidation of the Fe(II)

complex (43) with anhydrousFeCl2 afforded the paramagneticcomplex [Fe(7,9­

AsCB,H.o)J- (44). Treatmentof (43) with excessmethyl iodide formed [(7,9-
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�C�A�s�~�H�l�O�)�F�e�(�7�,�9�-�C�{�A�s�M�e�}�B�9�H�l�O�)�r (45) as the major product. No neutral

dimethylated complex was obtained from this reaction. Reaction of 7,9­

�C�(�A�s�M�e�)�~�H�l�h FeCI2, �C�5�~�' and triethylaminegavea low yield of [Fe('15-Cp)(7,9­

�C�{�A�s�M�e�}�~�1�0�)�] (46). A manganesecompound�[�M�n�(�C�O�)�3�(�7�,�9�-�C�A�s�~�H�l�O�)�] (47) was

alsopreparedusing the [7�,�9�-�C�A�s�~�H�l�o�l�2�. ligand.39

Deprotonationof �[�7�,�8�-�C�A�s�~�H�l�l�l (18) and �[�7�,�9�-�C�A�s�~�H�l�l�l (19) usingsodium

hydride or triethylamine in thf followed by reaction with manganeseor cobalt

compoundsafforded metallaarsenacarborane�M�X�C�A�s�~�H�l�O {M=Mn X=(CO)3 or

M=Co X=('15-Cp)} complexes.39 An X-ray diffraction study of [Co('15-Cp)(1,2­

�C�A�s�~�H�l�O�)�] (48) hasbeencompleted,Figure 1.11.39

Figure1.11Molecularstmctureof [Co(,r-Cp)(7,8-CAsB,Hut)](48).-

A thf solutionof Me4N[7 �,�8�-�C�A�s�~�H�l�l�] andMO(CO)6 in a 1:1 mole ratio was

irradiatedwith a high-pressuremercury-vapourlampandaffordedthesigma-bonded

(through the arsenicatom) �[�7�,�8�-�B�~�l�1�C�A�s�·�M�o�(�C�O�)�5�r (51).39 Similar complexes

involving the �[�7�,�9�-�C�A�s�~�H�l�l�J ion and chromium or tungstencarbonylswere also

prepared. The photochemicallyinducedreactionof [Fe(7�,�9�-�C�A�s�~�H�l�0�)�J�2�- (43) with

Cr(CO)6 in thf led to the formation of �[�{�7�,�9�-�~�H�l�0�C�A�s�·�C�r�(�C�O�)�5�h�F�e�]�2�- (52). It was

proposedthat eachheteroboraneligand is -r-bondedto the iron atom and O'-bonded

throughthe arsenicatom to a Cr(CO)5 unit.39

Theadditionof germaniumdiiodideto the [7 �,�9�-�A�s�C�~�H�l�O�]�2�- ion (generatedas

the disodium salt in refluxing benzene) resulted in insertion into the vacant

icosahedralposition forming �[�l�,�2�,�7�-�A�s�C�G�e�~�H�l�o�l (49).48 By employinga similar

methodwith the �[�7�,�8�-�A�s�C�~�l�o�l�2�- ion, �[�l�,�2�,�3�-�A�s�C�G�e�~�H�l�o�l (50) was synthesised.40
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Thesecompoundswere identified by elementalanalysesand high resolution mass

spectrometry.The1,2,7isomer(49) is thermallymorestablethanthe 1,2,3isomer.

1.2.3.3Metal derivativescontainingthe arsenathiaboraneligand �~�B�7�H�7

Only onemetalderivativeof the arsenathiaboraneligand �A�~�B�,�H�7 hasbeen

reported. Reactionof �A�s�~�B�8�H�8 (35) with KOH in methanolfollowed by additionof

triethylamine, cyclopentadieneand cobalt chloride in thf afforded [Co(,.,'­

�C�p�)�A�~�S�B�,�H�7�] (53) in very low yield characterisedby NMR andhigh resolutionmass

spectroscopy.28

1.2.3.4Metal derivativesof diarsenaboranes

Themostcommonarsenaboraneligandusedto form metallaarsenaboraneshas

beenthe[7 �,�8�-�A�~�B�9�H�9�]�2�- anion. Themajority of compoundsin this sectionaretwelve

atom compoundsbasedon a �M�A�~�B�,�- cluster. The exceptionsto this are an iron

compoundin which the iron is sigma-bondedto an arsenicatom and two cobalt

complexeswhich arebasedon �C�o�(�A�~�B�9�)�2 and �C�~�A�~�B�I�0 structures. This sectionis

divided into groupsof metalsranging from group 8 to group 11 complexes. Each

groupis subdividedinto individual metalsstartingwith the lightestmetalsat the top

of a groupand thenproceedingdown the group.

(A) Group8 complexes

The first metal derivative of �[�7�,�8�-�A�~�~�H�I�O�J reported was the compound

�[�F�e�(�C�O�)�2�(�,�.�,�'�-�C�p�)�(�A�~�~�H�I�O�)�] (54).36 This was preparedin 45% yield by the reaction

of [Fe(COh{,.,'-Cp)(cyclohexene)]PF6with [7 �,�8�-�A�~�B�~�l�o�l�- in acetone. Compound

(54) was characterisedwith IR, IH and 118 NMR spectroscopiesand by elemental

analysis. Therewereno NMR signalswhich would be indicativeof a boron-iron(1

IS



bond, but therewas a B-H-B bridge hydrogenat 8 -4.2. It was proposedthat (54)

containedan iron atom (1 bondedto an arsenic atom,Figure 1.12. No arsenaborane

complexesof rutheniumor osmiumhavebeenreported.

® - As

o = BH

Figure1.12 Proposedstmctureof �[�F�e�(�C�O�)�2�(�J�(�-�C�p�)�(�A�~�B�,�H�I�O�>�] �(�S�4�)�.�~

(B) Group9 complexesof diarsenaboranes

(i) Cobaltadiarsenaboranes

The piperidinium salt of �[�7�,�8�-�A�~�B�J�l�I�O�J has beenfound to be useful in the

preparationof cobaltand nickel diarsenaboranes.lI•n Reactionof �[�C�5�H�J�(�)�~�l�H�2�]�[�A�~�­

�~�H�l�o�] and [CoCIJ in aqueousNaOH solution followed by precipitation with

[Me4N]CI afforded�M�e�4�N�[�C�o�(�A�~�~�~�)�2�1 (55) in 46% yield.n Theanalogouscarbor­

anederivative�M�e�4�N�[�C�o�(�C�2�~�H�I�I�)�J is alsoknown.·1

Thereactionbetweenthepiperidiniumsaltof [7�,�8�-�A�~�B�J�i�I�O�J�, freshlyprepared

cyclopentadiene,Et3N and [CoClii in thf afforded[3-(,.,s-Cp)-3,1�,�2�-�C�o�A�~�~�~�] (56)

in 46% yield.37 Prolongationof the reactiongavered air-stablecrystalsof [3,6,1,2­

�{�C�o�(�,�,�5�-�C�p�)�h�A�~�B�s�H�8�] (57), in very low yield (0.3%).' The isoelectroniccarborane

derivativesof (56) and (57) Le. [3,1�,�2�-�C�o�(�"�'�-�C�p�)�(�C�2�~�H�I�I�)�] and [3,6,1,2-{Co(,,'-
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Cp)hC2BsH.ol respectivelyare known.42 The liB NMR spectrumof (57) consisted

of three doubletsin a 1:2:1 intensity ratio, and the proposedstructure(57) as a

�[�3�,�6�,�1�,�2�-�{�(�f�1�5�-�C�p�)�C�o�h�A�~�B�s�H�s�] dodecahedralspeciesis shownin Figure1.13. It was

the first exampleof a diarsenaboranecomplexcontaininglessthannineboronatoms.

The complex �[�C�o�(�f�1�5�-�C�p�)�A�~�S�B�,�H�7�] (53) has also been synthesised(see section

1.2.3.3).28

Figure1.13Proposedstmctureof [3,6,1,2-{Co(,f-Cp)}lAs2B.H.] (57).'

(6) Rhodadiarsenaboranes

Until quite recentlyno rhodium derivativescontainingdiarsenaboraneligands

had beenreported. However, the reactionof equimolaramountsof [Rh(PPh3)3CI]

and�M�e�4�N�[�A�~�B�9�H�.�o�l in ethanolat roomtemperaturefor 24hgavea yellow precipitate

of closo-[3,3-(PPh3h-3-H-3, 1�,�2�-�R�h�A�~�B�9�H�9�] (58) in 98% yield.6•
22 The infrared

spectrumof (58) containeda Rh-H bandat 2020cm-· and signalsdueto Rh-H were

characteristicfeaturesof the ·H NMR spectrum. The measuredliB NMR features

were all confirmatory of the �c�l�o�s�o�-�[�3�,�3�-�(�P�P�~�)�2�-�3�-�H�-�3�,�1�,�2�-�R�h�A�~�~�~�] (58)

formulation, Figure 1.14. The analogousrhodacarboranecloso-[3,3-(PPh3h-3-H­

3,1�,�2�-�R�h�C�2�~�H�l�l�] (59) is known and hasbeen the subjectof a considerableamount

of research.43
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Figure1.14Proposedstmctureof closo-[3,3-(PPh3)2-3-H-3,1,2-RhAs2B,H,] (58).'

A secondrhodaarsenaborane�c�l�o�s�o�-�[�3�-�(�'�1�5�-�C�p�)�-�3�,�1�,�2�-�R�h�A�~�B�,�H�9�1 (60)hasalso

been reported.22 Reactionof the dimeric rhodium species[(,.,5-Cp)RhCI2]2 with

�M�e�4�N�[�A�~�-�B�,�H�l�o�l in a 1:2 molar ratio in CH2CI2 in thepresenceof a ten fold excess

of triethyl-amineat room temperaturefor 4d and thenat reflux for 20 min, afforded

(60) in 51% yield. To date compounds(58) and (60) are the only reported

rhodaarsenaboranes.

(C) Group10 derivativesof diarsenaboranes

(i) Nickeldiarsenaboranes

Only three nickel complexesof �[�7�,�8�-�A�~�B�9�H�l�o�l�· have been reported.9,"

Treatmentof a solutionof thepiperidiniumsaltof �[�7�,�8�-�A�~�B�9�H�l�O�r in thf with excess

triethylamine and [Ni(dppe)CI21 afforded dark green plates of [3-(dppe)-3,1,2­

�N�i�A�~�B�,�~�l (61), {dppe=[1,2-bis(diphenylphosphino)ethane]}.9Compound(61) was

characterisedspectroscopicallyas a twelve atomcloso structure.

The reaction of �n�i�d�o�-�[�7�,�8�-�A�~�B�,�H�l�o�r with n-butyllithium followed by

�[�N�i�(�p�M�~�P�h�)�2�C�I�J in thf at room temperaturefor 2h led to theformationof closo-[3,3­

�(�P�M�~�P�h�)�2�-�3�,�1�,�2�-�N�i�A�~�B�,�H�9�] (62) in 27% yield." In addition closo-[3-CI-3,8­

�(�P�M�~�P�h�)�2�-�3�,�1�,�2�-�N�i�A�~�B�,�H�8�] (63) wasisolatedin 6% yield. TheC. symmetryof the

icosahedralconfigurationexpectedfor �c�l�o�s�o�-�[�3�,�3�-�(�P�M�~�P�h�)�2�-�3�, 1�,�2�-�N�i�A�~�B�,�~�1 (62)

would lead to threesignalsof intensity2 and threesignalsof unit intensityin thelIB

spectrum. Theactualspectrumhasa 1:3:2:2:1 intensity ratio dueto an unresolved

overlap. Thesingle31presonancein (62) suggeststhatat21°Cthereis rapid rotation

of themetalvertexin theicosahedralstructurerelativeto thepentagonalbondingface
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of the diarsenaboraneligand.

Compound(63), �c�l�o�s�o�-�[�3�-�C�I�-�3�,�8�-�(�P�M�~�P�h�)�2�-�3�, 1�,�2�-�N�i�A�~�~�H�8�] was suggested

to be formed by a phosphine-hydrideinterchangeto give �[�3�-�H�-�3�,�8�-�(�P�M�~�P�h�)�2�-�3�, 1,2­

�N�i�A�~�~�H�8�] which then underwent hydrogen-ehlorineexchange. This type of

phosphine-hydrideinterchangereactionhasbeenpreviouslyreportedfor a numberof

(phosphine)metallacarboranecomplexescontainingnickel,45,46platinum,47rhodium,'"

and ruthenium.49,50,51 Compound(63) exhibits a 1:2:2:1:3 intensity ratio in it's

lIB{1H} NMR spectrum,which is consistentwith C. symmetry. Onesignal of the

area1 wasa doubletin theproton-decoupledliB NMR spectrum,which indicatedthat

there was a B-P bond and this was confirmed in the 31p{1H} NMR spectrum.

Furthermore,the phosphineattachedto the cagemust be locatedon the planeof

symmetryin orderto maintaintheC. symmetryof themolecule. TheX-ray structure

of thePdanaloguei.e �c�l�o�s�o�-�[�3�-�C�I�-�3�,�8�-�(�P�M�~�P�h�)�2�-�3�, 1�,�2�-�P�d�A�~�~�H�8�] (64)demonstrated

that the phosphinewas attachedto the B(8) cageatom,22,44and it wasassumedthat

the phosphineis on B(8) in (63) as well. The IH NMR spectrumof (63) contained

two doubletsin themethyl regionof thespectrum,which suggeststhat thetwo methyl

groupson eachphosphinearechemicallyequivalenton theNMR time scaleat 21°C.

This in tum suggeststhat there is rapid rotation about (a) thepseudo-five-foldaxis

throughnickel and the �B�3�A�~ faceand (b) the B-P bond. Rotationalbehavioursuch

as this is quite common in metallaboranes(see section 4.2.3), and variable

temperatureprotonNMR studieshavebeenusedto determinetheenergyof activation

associatedwith this rotationalprocess.52 Thesestudieshavenot yet beenattempted

for the compounds(62) and (63).

(ii) Palladadiarsenaboranes

The first palladadiarsenaboranesreportedwere �c�l�o�s�o�-�[�3�,�3�-�(�P�M�~�P�h�)�2�-�3�, 1,2­

�P�d�A�~�~�H�9�] (65), closo-[3,3-(PPh3)2-3, 1�,�2�-�P�d�A�~�H�9�] (66) andcloso-[3-CI-3,8-(Lh­

�3�,�1�,�2�-�P�d�A�~�~�H�8�] {L=PPh3 (67); �P�M�~�P�h (64)}.22.53 Treatmentof a thf solutionof

�n�i�d�o�-�[�7�,�8�-�A�~�~�H�l�o�l�· with a ten fold excessof triethylaminefollowed by anequimolar

suspensionof �[�P�d�(�P�P�~�)�2�C�I�2�] in thf affordedtwo differentproducts,dependingon the
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reaction conditions. If the reactionwas stirred at room temperaturefor 48h, the

majorproductwas�c�l�o�s�o�-�[�3�,�3�-�(�P�P�h�3�)�1�"�3�,�1�,�2�-�P�d�A�~�B�J�l�9�] (66) in 31%yield. However,

if the reactionmixture was stirredat ambienttemperaturefor 16h and thenat reflux

for 20 min, the majorproductisolatedwas�c�l�o�s�o�-�[�3�-�C�I�-�3�,�8�-�(�P�P�~�)�2�-�3�,�1�,�2�-�P�d�A�~�~�s�]

(67) in 27% yield. Interestingly,thereactionbetweenthenido-[7�,�8�-�A�~�B�~�.�0�1�- anion

and �[�P�d�(�p�M�~�P�h�)�2�C�I�2�1 in thf in the presenceof excess triethylamine at room

temperaturefor 36hproducedtwo compoundswhich werecharacterisedascloso-[3,3­

�(�P�M�~�P�h�)�2�-�3�, 1�,�2�-�P�d�A�~�~�H�9�] (65) in 40% yield and�c�l�o�s�o�-�[�3�-�C�I�-�3�,�8�-�(�P�M�~�h�)�2�-�3�, 1,2­

�P�d�A�~�~�H�s�] (64) in 19% yield. The migrationof the PR3group (R3==Ph3, �M�~�P�h�)

observedin the formationof (67) and (64) hadprecedencein the formationof [9-H­

9,10-(pEt3)2-7,8,9-C2PtBsH9],54 and closo-[3-{J.t-CO)-8-PPh3-3, 1,2-NiCP9Hlo]2.46

Compound(65) hasalsobeenpreparedby thereactionof �n�i�d�o�-�[�7�,�8�-�A�~�~�H�l�o�l�­

with n-butyllithium followed by �[�P�d�(�P�M�~�P�h�)�2�C�I�2�] in thf for 45 min.22,53 The

structuresof�c�l�o�s�o�-�[�3�,�3�-�(�P�M�~�P�h�)�2�-�3�, 1�,�2�-�P�d�A�~�~�H�9�]�(�6�5�) andcloso-[3-CI-3,8-(PPh:J2­

�3�,�1�,�2�-�P�d�A�~�B�9�H�8�] (67) wereconfirmedby singlecrystalX-ray analyses,Figures1.15

and 1.16respectively.22,44,53

Figure1.15ORTEPdiagramof closo-[3,3-(PMe:zPh):z-3,1,2-PdAs:zB,Jl,](65)"·'"

.* The numberingschemeusedin the diagramis theactualnumberingusedby Todd et
ai, in the crystal structuredeterminationof (65). To label the compoundaccording
to the diagramit would be �c�l�o�s�o�-�[�l�,�1�-�(�P�M�~�h�)�2�-�1�,�2�,�3�-�P�d�A�~�~�H�9�]�.�4�4
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The compounds(65) and (67) are twelve atom closo systemsand are both

clearly distorted. In (65) thebondingof the Pdatomis markedlyasymmetrici.e. off

the pseudo-five-fold rotational axis of symmetry. This is seen in the bonding

distancesPd-As(2)2.6835(18)A, Pd-As(3) 2.530(4)A, Pd-B(4) 2.298(11)A, Pd­

B(5) 2.283(12)A and Pd-B(6) 2.309(10) A. In (67) different Pd-As and Pd-B

distancesmay beexpectedin eachPd-B-Asfacesincethe Pd-CIbondis trans to Pd­

As(2)-B(7) whilst thePd-Pbondis trans to Pd-As(I)-B(4). However,in (67) thePd­

B distancesare only significantly different at the "three times esd level" being

2.218(8)A for Pd-B(7)and2.291(8)A for Pd-B(4).

Although the two chlorinated complexes closo-[3-CI-3,8-(PPh3h-3, 1,2­

�P�d�A�~�~�H�8�] (67) and �c�l�o�s�o�-�[�3�-�C�I�-�3�,�8�-�(�P�M�~�P�h�)�2�-�3�,�1�,�2�-�P�d�A�~�B�J�l�8�] (64) are asymm­

etric andwould thereforebeexpectedto havenine separateliB resonancepositions,

the ready contrarotationalfluxionality of the {CI(PR3)} versusthe �{�A�~�~�H�8�(�P�R�3�)�}

{R3=Ph3(67); �M�~�P�h (64)} ligand aboutthe palladiumatomconfersa time-average

mirror-planesymmetryon the moleculesat room temPeraturein solution so that a

1:1:2:2:2:1relative intensity is observed.
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Thereactionbetween�c�l�o�s�o�-�[�3�,�3�-�(�P�M�~�P�h�)�2�-�3�, 1�,�2�-�P�d�A�~�~�H�9�] (65) and[Pd(P­

�M�~�P�h�)�2�C�1�2�] in a mixture of CH2C12/thf (2:1) for 12 days afforded the green

compound�c�l�o�s�o�-�[�3�,�4�-�C�1�2�-�3�,�8�-�(�P�M�~�P�h�)�2�-�3�,�1�,�2�-�P�d�A�~�H�7�] (68) in 17% yield." The

previously reported �c�l�o�s�o�-�[�3�-�C�I�-�3�,�8�-�(�p�M�~�P�h�)�2�-�3�, 1�,�2�-�P�d�A�~�~�H�8�] (64) was also

isolated from the reactionin 19% yield.22.53 Compound(68) has a distinctive liB

NMR spectrumsinceall nine boron atomsare chemically inequivalentbecausethe

molecule has C1 symmetry. One of the llB{lH} signals is a doublet due to lip

coupling.46
•
49 A single crystal X-ray diffraction study of (68) was undertakento

establishthe structural details, Figure 1.17. As in the parentmolecule (65), the

�P�d�A�~�B�, cageis significantly distortedfrom a regularicosahedrondueprimarily to

the large As and Pd atomsin the cage.S5

Figure 1.17 ORTEP diagramof �c�l�o�s�o�-�[�I�,�6�-�C�I�2�-�1�,�S�-�(�P�M�e�2�P�h�)�2�-�1�,�2�,�3�-�P�d�A�~�B�,�H�7�]

(68)" (The original numberingschemeis usedhere).2.

2· Themoreconventionalnumberingschemefor thiscompoundwouldbe �c�l�o�s�o�-�[�3�,�4�-�C�~�­

�3�,�8�-�(�P�M�~�P�h�)�2�-�3�, 1�,�2�-�P�d�A�~�B�,�H�7�]
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(iii) Platinadiarsenaboranes

Until recently no platinadiarsenaboraneshad been reportedalthough many

platinum containing �M�C�2�~�-�c�a�g�e�s were known.56,57 Reaction betweencloso-l,2­

�A�~�B�l�O�H�l�O and [pt(pPh:J4]in absolutealcoholat room temperaturefor 18h followed

by refluxing for 24h gave�c�l�o�s�o�-�[�3�,�3�-�(�P�P�h�3�l�2�-�3�,�1�,�2�-�P�t�A�~�~�H�9�] (69) in 9% yield.22,s3

Reactionof nido-[7 �,�8�,�-�A�~�~�H�I�O�J and �[�P�t�(�P�M�~�P�h�)�2�C�I�2�] in thf in thepresenceof a ten

fold excesstriethylamine at room temperaturefor 2d and then at reflux for 6h

produced �c�l�o�s�o�-�[�3�,�3�-�(�P�M�~�P�h�)�2�-�3�,�1�,�2�-�P�t�A�~�~�9�] (70) in 45% yield.22,53 The

molecularstructureof �c�l�o�s�o�-�[�3�,�3�-�(�P�P�h�3�)�~�3�, 1�,�2�-�P�t�A�s�2�~�H�9�] (69) wasestablishedusing

a singlecrystalX-ray analysisandis shownin Figure l.18. Oneof thearsenicatoms

is exchange-disorderedwith a BH groupovertwo sites{labelledAs/B(2) andAs/B(4)

in Figure l.18}. Thus, the crystal containedboth conformationsof PtP2abovethe

�A�~�~ face, Figure 1.19.

Figure 1.18 An ORTEP-typediagram of closo-[3,3-(PPh3)2-3,1,2-PtAs2B,H,]

(69).53
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Figure1.19Possibleconfonnationsof the PtP1 unit abovethe As1B:. face of the

{As1B,H,} ligand: (a) As1/PtP1 "parallel", (b) Asz/PtP1 "perpendicular".

The molecular structureof �c�l�o�s�o�-�[�3�,�3�-�(�P�M�~�P�h�)�2�-�3�, 1�,�2�-�P�t�A�~�~�H�9�] (70) is

shownin Figure1.20. Theplatinum-arsenicdistancesaresignificantlydifferent,Pt­

As(l) andPt-As(2)being2.655(4)and2.545(4)A respectively.53 Theconformation

of the PtP2 unit abovethe �A�~�~ faceof thearsenaboraneligand in the solid stateof

(70) is the As/PtP2 "parallel" oneshownin Figure1.19(a) above. However, from

variabletemperature1H NMR spectroscopyan upperlimit on freeenergyof rotation

of �~�G�* ca. 30 kJ motl wascalculated.

Figure 1.20 An ORTEP-typediagramof closo-(3,3-(PMe2Ph)2-3,1,2-PtAszB,H,]

(70).53
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(D) Group11 derivativesof diarsenaboranes

Cupraarsenaboranes

Two cupraarsenaboraneshavebeensynthesisedandcharacterised.SI Both are

twelve vertex closo-species of the general formula �[�8�-�{�O�p�t�R�}�-�3�-�P�P�~�-�3�,�1�,�2�­

�C�u�A�~�~�H�8�] {R=Et (71), Me (72)}. Reaction of �n�i�d�o�-�[�7�,�8�-�A�~�~�1�0�r with

[CuN03(PPh3)J in a 1:1 ratio in a mixed solvent,ethanol/acetone(1:1), at reflux for

2.5 h gave�c�l�o�s�o�-�[�8�-�{�O�P�t�(�E�t�)�}�-�3�-�P�P�h�3�-�3�,�1�,�2�-�C�u�A�~�~�H�8�1 (71) in 19% yield, Figure

1.21. Similarly, reaction of equimolar amounts of �n�i�d�o�-�[�7�,�8�-�A�~�B�9�H�l�0�J with

[CuN03(PPh3)J in methanol/acetonegave closo-[8-{OPt(Me)}-3-PPhr 3,1,2­

�C�u�A�~�~�H�8�1 (72) in 23% yield. Compounds(71) and (72) were fully characterised

by liB and IH NMR and IR spectroscopiesand in the caseof (71) by X-ray

crystallography,Figure 1.21.

Figure1.21Molecularstructureof closo-[8-{OW(Et)}-3-PPh3-3,1,2-CuAs2B,H.l
(71).51
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The llB NMR spectraof (71) and(72) exhibitedrelativeintensitypatternsof

1:2:2:1:1:2 which were consistentwith closo-cage geometries. The single X-ray

crystal analysisof (71) confirmedthe closo-geometry basedon a distorted�C�u�A�~�B�,

icosahedronin which thecopperandbotharsenicatomswereadjacent. Thecopper­

arsenicbond lengthswereidentical2.462(3)and2.463(3)A. The ptOEtetherwas

directly boundto the boronatom in position (8) and the boron-oxygendistancewas

1.561(10)A. The formation of (71) and (72) are unique in metallaheteroborane

chemistry. No arsenaboranecomplexesof silver or gold havebeenreported.

1.3 STIBABORANES

Relatively few stibaboraneshave been reported.44,S9 In section 1.3 three

stibaboranesare noted. In section 1.3.1 threestibacarboranesarediscussedand in

section 1.3.2 three metal derivativesof stibaboranesare reviewed. The mixed

bismuth/stibaborane1,2-SbBiBIOHlo will be discussed in section 1.4 on

bismaboranes.60

By reactingMe4N[7-AsBIOHrJ (1),5,9 with triethylamineand SbCI, in thf an

antimonyatom was insertedin the AsBlo cageto give 1,2-AsSbBIOHlo (73) in 46%

yield.59 Compound(73) was the first known mixed heteroatomgroupVIIS borane.

It hasoneof the highestmelting pointsof any heteroatomborane,( > 500°C) and

was structurallycharacterisedby liB NMR spectroscopy.

Reactionof B1oHI4 in thf with Zn/triethyiamine/SbCl3 afforded 1�,�2�-�S�~�B�l�o�H�l�o

(74) in 11% yield, Figure 1.21. The liB and IH NMR spectrawereassigned.6

Figure1.22Suggestedstmctureof 1,2-Sb2B.oH.o (74).'
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The reaction of Me4N[BIIH.4l in thf with triethylamine and SbCI, gave

Me4N[SbBIIHlIl (75) in 13% yield.59 As in thecaseof Me4N[AsBII HII l (6),5attempts

to quaternisethe antimony in (75) led to cagedestruction. Resonancesin the liB

spectrumof (75) appearedasa 1:5:5 pattern.

1.3.1Stibacarboranes

To dateonly threeantimonycontainingcarboraneshavebeenreportedand

characterised.ll Theseinclude the 1,2- and 1,7- isomersof the twelve atom cioso

compoundCSbB.oH.oand the elevenatom nido anion �[�C�S�b�~�H�l�1�l�.

Addition of antimonytriiodide to Na3[B.oHIOCH] •(tht)2 in thfatO°C gave1,2­

CSbBloHlI (76) in 41% Yield. I1,2. The measuredNMR datafor 1,2-CSbB.oHlI(76)

wereassignedto a cioso-l,2-XYB.oH.o configuration(X=CH, Y=Sb) on the basis

of relativeintensitiesand [11B-I1Bl-COSY correlations,Figure 1.23. The llB NMR

spectrum of this molecule was very similar to the liB NMR spectra of the

phosphacarboranecompound 1,2-CPB.oHlI (77)·2 and the arsena-analogue1,2­

CAsB.oHu (10).11 Compound(76) decomposedabove240°Cwithout melting.

Figure1.23Proposedstructureof 1,2-CSbB.oH•• (76).'

Heating1,2-CSbB.oHlI(76) at 450°C for 13h produceda 20% yield of 1,7­

CSbB.oHlI (78). Thermolysisof (76) at 500 °C for 10h in a sealedtubeaffordeda

very small quantityof sublimableproducts. Gaschromatographicanalysisof these

indicatedthe presenceof (78) and anothercomponentwith a shorterretentiontime
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as would be expectedfor 1,12-CSbBIOHIl. Howeverattemptsto increasethe yield

of the 1,12-isomerwereunsuccessfuland it was not characterisedfully.

Treatmentof 1,2-CSbBIOHIl (76) with neatpiperidineat reflux gavemainly

[CBIOH13l which was identified by comparisonof its infraredand liB NMR spectra

with thoseof an authenticsample.11 However, reactionof (76) with piperidinein a

1:4 molar ratio in a dilute solution of benzeneat reflux produced[7�,�8�-�C�S�b�~�I�I�J

(79). This was isolatedas the tetramethylammoniumsalt in 74% yield. Attempted

methylation of (79) under the conditions used with the phosphorusand arsenic

derivativesgaveno observablereaction.

1.3.2Metal derivativesof Stibaboranes

Only three metal derivatives of stibaboraneshave been reported. Two

containedthe Sb2B9H9ligand and onewas an AsSbB9H9derivative.44,'9,61

Reactionof 1�,�2�-�S�~�B�l�o�H�I�0 (74) or 1,2-AsSbBIOHIO (73) with piperidineat50-70

°C gaveionic productsthatwereprecipitatedfrom aqueoussolutionsasMe4N+ salts.

On attemptedrecrystallisationthe salts slowly decomposed.59 Addition of freshly

preparedcyclopentadieneand anhydrouscobalt chloride to the piperidine solution

affordedtwelve-vertexclustersas[Co('1'-Cp)(7,8-Sb2B9H9)] (80) and[Co('1'-Cp)(7,8­

AsSbB9H9)] (81) in 22% and 25% yields respectively.59Compounds(80) and (81)

werecharacterisedspectroscopicallyand by elementalanalyses.

The reactionof �[�P�d�C�I�2�(�P�M�~�P�h�)�2�l with the �n�i�d�o�-�[�7�,�8�-�S�~�B�~�9�]�2�. ion in thf at

room temperaturefor 2h led to the formation of �c�l�o�s�o�-�[�3�,�3�-�(�P�M�~�P�h�)�2�-�3�,�1�,�2�­

�P�d�S�b�2�~�H�9�] (82) in 25% yield, Figure1.24,which wascharacterisedspectroscopically

andby an X-ray crystallographicstudy.44 Themoststriking featureof thesolid state

structureof (82) is the distortion of the 12-memberedcagethat results from the

inclusionof the relatively largeSbandPdatoms. This was moremarkedthanin the

correspondingcompound�c�l�o�s�o�-�[�3�,�3�-�(�P�M�~�P�h�)�2�-�3�, 1�,�2�-�P�d�A�~�~�9�] (65).
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Figure 1.24 ORTEP diagram of closo-[I,I-(PMe2Ph)2-1,2,3-PdSb2B,H,] (82)

(Using original numberingscheme).3.,"

1.4 BISMABORANES

Only five bismaboraneshavebeensynthesisedandcharacterised.60 The first

bismaboraneshavebeenrecentlypreparedandcharacterised,andhavebeenfound to

be surprisinglyheat-stable.Noneof thecompoundsmelt before500 °C.60 Fourof

thebismaboranesaretwelveatomcloso structures,1,2-EBiBIOHlo {E=Bi, P, As, Sb}

and the fifth compoundis the anion [BiBIlHul". Thesefive compoundswill be

discussedin this section.

The reaction of decaboranewith excesstriethylamine and Biel) at room

temperaturein thf gave1,2-Bi2BIOHlo (83) in 8% yield.60 The structureof (83) was

3· The moreconventionalnumberingschemefor (82) would be closo-[3,3-(PMt1Ph)2­
3,1,2-PdSb2BJi9]
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obtainedfrom a single-erystalX-ray structurestudy. An ORTEPplot of (83) is given

in Figure1.25, in which thehighly distortedicosahedralgeometryis confirmed. The

averageBi-Bi distancein the four moleculeswhich exist in the unit cell is 2.957A.
Il(f) 1..2J

I ttl Itt2J

Figure1.25ORTEPplot of 1,2-Bi2B1oHlo (83)."

The mixed compound1,2-PBiB.oH.o(84) was synthesisedin 9% yield from

the reactionof a ten fold excessof BiCl3 with Me4N[PB1oHIJ and triethylaminein

thf.60 Themixedcompounds1,2-AsBiB.oHlo(85) and 1,2-SbBiB.oH.o(86) wereboth

synthesisedin 1% yields by reactionof decaborane,triethylamine,AsCl3 or SbCI3,

and BiCI3.60 The compoundswere characterisedspectroscopicallyand all had the

sametype of structure,Figure 1.26.

Treating BII H.4- with n-butyllithium and adding solid BiCl3 gave a black

solution from which Me4N[BiB II HlI l (87) wasisolatedin 25% yield.60 The IlB NMR

spectrumfor compound(87) consistsof resonancesin a 1:5:5 ratio.

Figure 1.26 Proposedstmctureand numberingof the bismaboranesof the

generalfonnula 1,2-EBiB.oHlo{E=Bi(83), P(84), As(8S),Sb(86)}."

30



1.5 PHOSPHABORANES

Section 1.5 reviews the known phosphaboranesand section 1.5.1 contains

metalderivativesof phosphaboranes.Section1.5.2discusesphosphacarboranesand

their metalderivatives.

Many phosphaboranesareknownandfor thepurposeof this sectionthey have

been arranged in the following order. First the twelve-atom phosphaborane

(PPh)BIIHII is discussed. This is followed by compoundscontainingthe (RP)B.o­

cage. The next sectiondiscussesthe synthesisof P2B.oH.o compoundsand their

derivativesand include a short discussionon twelve atom closo phosphaboranes

containingothergroup V atomsand also the eleven-atomPB.oH.owhich is a minor

productin theformationof P2B.oH.o. Derivativesof thePBt.-cagearethendiscussed

andcloso-diphosphahexaboraneP2B4Cl4 is mentioned. Boranecompoundscontaining

phosphorusunits in bridging positionsarediscussednext.

Thefirst phosphaboraneclusterwhich containeda cagephosphorusatomwas

(PPh)BIIHIl (88).62 This was formed from the reaction of £Bt.H.3l2- with

phenylphosphorusdichloride in low yield. The·H NMR and llB NMR data

suggestedan icosahedralstructure.

Deprotonationof decaboranewith sodiumhydridein diethyletherfollowed by

slow additionof RPCl2(R=Ph,Me) afforded(PPh)B.oH12(89) or (pMe)B.oH12(90)

in moderateyield.6
• The liB NMR sPeCtraof (89) and (90) did not distinguish

between 7-(PR)B1oH12 and 2-(PR)B1oH.2 isomers. Assuming, however, that the

decaboraneframeworkhas not rearrangedunderthe mild reactionconditions,the7­

(PR)B.oH.2isomerwould be the eXPeCtedproductof a simplephosphorusinsertion

reaction. The X-ray analysisof (90) was reportedrecently.63 This confirmed the

earlier proposedstructurebased upon an icosahedronwith one vertex removed,

Figure 1.27.61

One bridging proton can be removedfrom (89) or (90) by a basesuch as

aqueousammonia. Both bridging hydrogenscan be removedby a strongbasesuch

as NaH. Addition of tetramethylammoniumchloride solution to aqueousammonia

solutions of (89) or (90) precipitated Me4N[7-(PPh)B.oHlIl (91) and Me4N[7­

(PMe)B1oHlIl (92).62
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Figure 1.27Molecularstructureof 7-(PMe)B.oHl2(90).61

In 1976,Little reportedthesynthesisof a numberof otherphosphaboranesof

the type [7-(PR)B.oH.2Jand Me4N[7-(PR)B1oHlIl in addition to (89)-(92).64 In the

presenceof 4 equivalentsof NaH, decaboranein diethyletherreactswith RPCl2 (R

= Ph, Me, Et, n-Pr) to give [7-(PR)B1oHIIJ which on protonation afforded 7­

(PR)B1oH12 {R = Ph (89), Me (90), Et (93), n-Pr (94)}.61.64 Unlike 7-(AsMe)B1oH.2

(2),5 7-(PMe)B1oH.2 (90) was not demethylatedby sodiumin liquid ammoniaor by

sodiumhydridein refluxing thf. Deprotonationof 7-(PR)B.oH.2with dilute ammonia

and subsequentprecipitation with tetramethylammoniumchloride solution gave

Me4N[7-(PR)BIOHlI l {R=Ph (91), Me(92), Et(95), n-Pr (96)}.6•.64

Reactionof B1oH.4 in thf with Zn/triethylamine/PCI3 gave 1,2-P2B.oHIO (97)

in 12% yield.6S A high resolutionmassspectrumverified the molecularformula as

P2B1oHlO. Compound(97) exhibiteda liB NMR spectrumwhich is consistentwith an

icosahedralstructuresimilar to the twelve atom closo compound1�,�2�-�A�~�B�.�o�H�l�O (7).

Thethermalconversionof 1,2-P2B.oHlO (97) to 1,7-P2B1oHlO (98) occurredat560-590

°C in a sealedtube. The molecularcompositionof (98) was confirmed by high­

resolutionmassspectroscopy.

From the product mixture in the synthesis of 1,2-P2B.oH.o (97) the

phosphaboraneanion �[�2�-�P�~�H�9�J (99) was isolated in 0.3% yield.66 The anionic

compound(99) was isolated as the tetramethylammoniumsalt and its llB NMR

spectrumwas consistentwith a closo-[2-PBJi9J structurefor the anion.

Aqueousbaserapidly removedonephosphorusatom from 1,2-P2B.oHlO (97)

to form the 7-PB1oH.2- (100) ion in 27% yield.65 It was suggestedthat (100) hasthe
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niOO II-atom icosahedral fragment structure resulting from abstractionof one

phosphorusatom from 1,2-P2BIOHIO (97). The liB NMR spectrumof (100) is

consistentwith thesuggestedstructure. Treatmentof [7-PB.oH.2l-(100) with methyl

iodideaffordedthepreviouslyreported7-(pMe)B.oH.2(90) in 16% yield.

In an anhydrous,oxygen-free,environment,1,2-P2B.oH.o(97) reactedwith

piperidinein chloroformsolutionto give �[�7�,�8�-�P�2�~�H�.�o�l�- (101) in 76% yield.66 It was

suggestedthat (101) has a niOO II-vertex structureresulting from abstractionof a

boronatomadjacentto bothphosphorusatomsof 1,2-P2B.oH.o(97) andthe liB NMR

spectrumwasconsistentwith sucha nido structurewith thetwo phosphorusatomsin

adjacentpositionson the open faceas in [7�,�8�-�A�~�~�H�l�O�l (8) (seefigure 1.4).6 The

liB spectrumof �[�7�,�8�-�A�~�B�9�H�I�O�J (8) (asdiscussedin section1.2) wasquite similar to

that of (101).

The phosphaborane(PMe)BIIHII (102) was producedin 4% yield from the

reactionof [BIIH I3f- with PMeCl2 in thf.63 The samereactionin diethylethergave

(pMe)B.oH.2(90) in 12% yield which had beenprepared previouslyby a different

route(seeabove).64TheliB NMR spectrumof (102) is consistentwith an icosahedral

closo-PBII framework in solution. A single-erystalX-ray analysis showed the

molecularstructureto be a slightly distortedicosahedronin the solid state,Figure

1.28.63

Figure1.28Molecularstructureof (PMe)BnHn (102)."
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Recently, a series of phosphaboraneshave been reported." The mixed

heteroboranes1,2-PAsBloHlo (103)and1,2-PSbBIOHlo (104)werepreparedin 4% and

3% respectivelyby reactionof decaboranein thf with triethylamineand mixturesof

PCl3andAsCl3or PCl3andSbI3, respectively{the synthesisof thebismuthcompound

1,2-PBiBloHlO (84) hasbeendiscussedin section1.4}. The individual boron atoms

in 1,2-PEBIOH10 wereassigned,(E =As, Sb or Bi), Figure 1.29.

8

6

Figure 1.29 Numbering schemefor 1,2-PEB.oH.o{E =As(103), Sb(I04) or

Bi(84)}."

The reaction leading to the preparationof 1,2-PBtoH.o(97) gave several

products,oneof which was formed in very low yield (0.5%) and identified as the

closo-phosphaborane, �6�-�E�t�3�N�-�2�-�P�~�H�8 (105)." The I1B NMR spectrumof (105)

exhibitednine resonancesall of unit areaindicatinga total lack of symmetryin the

molecule. The structureof (105) was determinedby a single-erystalX-ray study,

Figure 1.30.65

8(1)

Figure1.30Molecularstroctureof �6�-�~�N�-�2�-�P�B�,�H�. (105)."
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Thestructuralresultsof (105)arecomplicatedby thefact thattwo differentmolecules

arepresentin theasymmetricunit, eachof which existsasanenantiomericpair. The

enantiomerscausethe PB(2) and PB(3) positionsto be disordered. Becauseof the

complexitiesof this structure,all P-B bond distancescan only be consideredas

approximatevalues.

Whenfreshly prepared�M�~�N�H�[�B�I�I�H�1�4�] was reactedin thf with 4 equivalents

of n-butyllithium followed by reactionwith anexcessof PCl3 in thf solution,�2�-�N�M�~�­

I-PBllH lo (106) was formed in 29% yield." The liB NMR spectrumof (106) is

consistentwith anicosahedralphosphaboranehavinga �M�~�N substituentateitherB(2)

or B(7). A single-crystalX-ray studyof (106)clearly showedthatthetrimethylamine

is attachedto B(2) as illustrated in Figure 1.31, and the phosphorusatom causesa

local distortion of the icosahedron.

Figure1.31ORTEPdrawingof 2-NMe3-1-PBII H•• (106)."

Treatmentof �M�~�N�H�[�B�I�I�H�I�4�] with excessn-butyllithium and PCl3 afforded

both [PBllHllJ (107) (in 14% yield) and �2�-�N�M�~�-�I�-�P�B�l�l�H�l�o (108) (in 29% yield).66

The lIB NMR spectrumof (107) hada 1:5:5 patternof doubletresonancesexpected

for this icosahedralion.

Pyrolysisof a mixture of �~�C�~ and PCl3 at 330°Cgave �P�2�B�4�C�~ (109), the

first closo-diphosphahexaboranederivative,asa hygroscopic,colourless,crystalline

solid.67 The X-ray determinedstructure, shown in Figure 1.32 is basedon an
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octahedron,which is considerablydistortedby the largephosphorusatomswhich are

adjacentto eachother. The P(I)-P(2)distance,2.222(3)A correspondsto a single

bond.

Figure 1.32Molecularstmctureof closo·P2B.CI. (109).((/

Bridging phosphaboranes

The boraneB1oH12(SMe:z)2reactswith the phosphaalkyneP.CBu' in a 1:2

mole ratio to form theproduct[BloHI2(SMe:z)][CBu'-PH](BloHIJ (110) in 78% yield.

This containstwo B10 units linked by HP and CBu' bridges,Figure 1.33.68

Figure1.33Molecularstmctureof [B.oH12(SMeJUCBu'.PHl<B.oH.J(110)."



Thestructurewasdeterminedby X-ray analysis,Figure1.33. The liB spectrumwas

assigned.

Theabovecompound(110) is not theonly clustercompoundknown wherea

phosphorusatom occupies a 1£2-bridging position. The structure of the nido­

compound5,6-I£-PPh2B.oH.3 (111) has been determinedby single crystal X-ray

analysis,Figure 1.34.69 Thereis also a unique6,9-B.o-bridgedphosphidospecies

arachno-[PPh2B.oH.2J(112).70

Figure1.34Molecularstructureof S,6-p.-PPh2B.oHI3 (Ill)."

In 1986, Gaines reported the fust nido-methylenephosphahexaboranes,

CPBsHgR2 �{�R�=�M�~�S�i (113), Ph (114)}, Figure 1.35.71 Two routesweredeveloped

for thepreparationof this newclassof heteroboranecluster. Reactionof R2CHPCl2

�(�R�=�M�~�S�i�, Ph) with [BsHal in diethyletherat -196 °C affordeda reactionmixture

containingthephosphino-bridgedderivatives{#£-R2CHPCI)BsHa, aswell asBsH9 and

traces of R2CPBsHg• Addition of 2,7-dimethylpyridineto the reaction mixture

resultedin nearly quantitativeformation of R2CPBsHa �{�R�=�M�~�S�i (113), Ph (114)}.

Compound(113) was also synthesiseddirectly by the reactionof [BsHaJ with the

phosphaalkene�(�M�~�S�i�)�2�C�=�P�C�I in diethyletherat -196 °C. The liB NMR spectraof

compounds(113) and (114) differ considerablyfrom thoseof the �{�#�£�-�~�C�H�P�C�I�)�B�s�H�I

(R= �M�~�S�i�, Ph)derivatives. It wasthought,basedon 31pNMR data,thatthebonding
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aboutthephosphorusatomsin (113) and (114) was similar to that in the phosphorus

ylidesR3P=CRI
2• A proposedstructurefor nido-methylenephosphahexaboranes(113)

and (114) is illustratedin Figure 1.35.

Figure1.35Proposedstructureof R2CPBsH8.71

Recently a series of small bridging phosphaboranesof the type

�U�t�{�R�(�M�~�S�i�O�)�H�C�P�X�}�B�s�H�8�] (R = But or adamantyl) (X = �S�i�M�~�, H or D) in

excellentyields, havebeenreported.72,73 Thesewill not be discussedin detail in this

work sincethe phosphorusatom is not consideredpart of the cluster.

I.S.1 Metal derivativesof phosphaboranes

In this sectionelevenmetalderivativesof phosphaboranesarediscussed.The

first threecomplexesarederivativesof elevenatomPBIO- containingphosphaboranes.

Six cobaltderivativesof phosphaboranesandplatinumandrhodiumderivativesof the

nido anion [7-(PPh)BtoHllJarediscussed.

The first reported metallaphosphaboranewas Me4N[Mn(CO)3{ (PPh)B1oHlo}]

(115).61 This was preparedby reacting7-(PPh)BIOHI2 (89) with two equivalentsof

NaH andoneequivalentof [Mn(CO)sBr] in thf. Compound(115)wasa paleyellow,

air-sensitivesolid which was characterisedonly by elementalanalysesand its IR

spectrum.

In 1974 Todd et ale preparedsome iron and molybdenumcomplexesof

eleven-atom PBIO- containing heteroboranes.36 Reaction between [Fe(CO)2(,,5­

Cp)cyclo-hexene]PF6 and [7-PBIOH 12l (100) in acetone gave [Fe(CO)2(,r-
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Cp)(PBIOHI2)] (116) in moderateyield. It was proposedfrom IlB and 31p NMR

studiesthat (116) containedthe iron atom O'-bondedto the phosphorusatom, Figure

1.36. Treatmentof [Mo(CO),(,,7_C7H7)] with [7-PBIOHIJ- (100) in acetoneat reflux

produced�[�M�O�(�C�O�)�3�(�,�,�7�_�~�H�7�)�(�P�B�l�O�H�I�~�] (117). The I1B NMR spectrumof (117) was

quite similar to that of compound(116), consequentlyit was proposedthat the [7­

PB1oHIJ- (100) anion was O'-bondedto the molybdenumatom via the phosphorus

atom.

Figure1.36Proposedstructureof [Fe(CO)2(,r-Cp)(PBl oHIJl �(�1�1�6�)�.�~

A numberof cyclopentadienylcobalt(III)complexesof phosphaboraneshave

been synthesised.64 Reacting anhydrous cobalt chloride, cyclopentadiene,7­

(PR)BloHI2 and excessKOH in anhydrousethanolgave low to moderateyields of

[Co("S-Cp){7-(PR)}B1oHlo)] {R =: Me (118), Et (119), n-Pr (120) and Ph (121)}.

Compound(118) wasobtainedin the lowestyield 9% and (307) in the highestyield

60%. A by-productwas Me4N[Co("s-Cp)(pBloHlo)] (122).64 Treating (122) with

Mel, EtI, or n-PrI gave (118), (119) and (120) respectively in high yields.

Compounds(118)-(121)werecharacterisedby elementalanalyses,IR, IH NMR and

liB NMR spectroscopy.

The first metallaphosphaboraneto be structurallycharacterisedwasbasedon

the seven-vertexCo4B2P unit.74 Reactionof BH3 • thf with [Co("s-Cp)(PPh312]in a

2.5:1 molar ratio produced�c�l�o�s�o�-�[�2�-�P�h�-�l�,�3�,�6�,�7�,�2�-�{�(�"�s�-�C�p�)�C�0�4�}�P�~�H�2�] (123) in 5%
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yield. The single-crystalX-ray determinedstructureof (123) is shown in Figure

1.37. It wasbasedon a pentagonalbipyramidcontainingfour cobalt,onephosphorus

and two boronatomsin theclustercore.

C(17) e(8)

�C�(�~�C�I�1�9�1
C(20) C(21) C(22)

Co(4) e(23)

C(12)

Figure 1.37 Molecular structure of closo-[2-Ph-l,3,6,7,2-{(tf-Cp)C04}PB2HJ

(123).74

Thepreparation,molecularstructureandNMR studyofcloso-[ I , �1�-�(�P�M�~�P�h�)�2�­

2-Ph-I,2-PtPB1oHlo] (124) and some related chemistry has been reported.22,75

Reactionbetween�[�P�t�(�p�M�~�P�h�)�2�C�I�2�] andEt.N[nido-7-(PPh)B1oHIJ in refluxingCH2Cl2

solution for one hour gave (124) as a yellow air-stable solid in 43% yield.

Compound(124) was characterisedby NMR and massspectrometryand by single

crystal X-ray diffraction analysis,Figure 1.38. The basicclusterstructurewas that

of a twelve-vertexslightly distorteddodecahedronwith the platinumandphosphorus

atoms occupying adjacentsites. The metal to cluster bonding was rotationally

fluxional with AG* ca. 58 kJ mo.-I.
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Figure 1.38 Molecular stmcture of closo-[I,I-(PMe2Ph)2-2-Ph-l,2-PtPB1oHuJ

(124).75

In view of thesuccessfulpreparationof (124), thenido-[7-(PPh)B.oHlIlanion

was reacted with a variety of other metal halide complexes, specifically,

[Rh(CO)(PPh3)2CIJ, �[�R�h�(�P�M�~�P�h�)�3�C�I�3�1�, [{Rh('15-CpjCI2hl, �[�I�r�(�P�M�~�P�h�)�3�C�I�3�) and

[{Ru('16-C6Me6)CI2}J. Of theseonly �[�{�R�h�(�~�-�C�p�j�C�I�2�h�l gave viable quantitiesof

metallaboraneproducts, the others appeared not to react with EtaN[nido-7­

(PPh)B.oHlI),in CH2Cl2 solution. Reactionof [{Rh('15-CpjCI2}J with EttN[nido-7­

(PPh)B.oHlIlfollowing aprocedureanalogousto thatdescribedfor (124)affordedtwo

products. The first was identified from NMR spectroscopyas nido-[6-(,,5_Cpj-6­

RhB9H.3), a known speciesof straightforwardnido configuration." The second,an

orangecrystallinesolid, wasidentifiedby its·H NMR andliB NMR spectraascloso­

[7-CI-2,3-('15-CPJ-I-Ph-2,3,�l�-�R�h�2�P�~�H�8�1 (125).75
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1.5.2Phosphacarboranesandtheir metal derivatives

In this sectioncompoundsbasedon theCPB.oH•• cagearediscussedinitially.

Theseare followed by phosphorusderivativesof nido-[R2C2B4H..l2-.

The first compoundof this type to be preparedwas 1,2-CPB.oH..(77).•2,62

Slow addition of phosphorus trichloride in petroleum ether to a slurry of

Na3[CB.oHl1l •(thfh in petroleum ether gave 1,2-CPB.oHl1 in 40-50% yield.12

Thermalisomerisationof 1,2-CPB.oHl1in a sealedtubeat 500 °C for 10h produced

1,7-CPB.oHlI(126) in ca. 55% yield,,2,62 Pyrolysisof 1,2-CPB.oHl1at 650°C for

19h produceda 50:50 mixture of 1,7-CPB.oHl1(126) and the more volatile 1,12­

CPB.oHl1(127).·2 Thestructuresof the 1,2-, 1,7-,and 1,12-phosphacarboraneswere

tentativelyassignedon the basisof liB NMR data,Figure 1.39.76

Figure1.39Proposedstnacturesor (a) 1,2..CPB.oHlI(77), (b) 1,7-CPB.oHlI(126)

and (c) 1,I2..CPB.oHlI (127).11
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Todd et ale reported that deprotonation of I,7-CPB.oHlI (126) with

butyllithium followed by reaction with methyl iodide produced 1,7-CPB.oHI1Me

(128).62 Zakharkin and coworkersfound that treatmentof 1,2-CPBIOHlI (77) with

butyllithium in ether-benzenerapidly formed Li3[CB.oHlI] and n-Bu3P.n Both the

1,7-and I, 12-phosphacarboranesreactedsimilarly on metallationof theC-H bondto

give 1,7-C(Li)PB.oH.o (129) and 1,12-C(Li)PBIOH.o (130) respectively. These

derivativeswereusedto prepareseveralC-substitutedcompounds.7I,79 Forexample,

reactionwith CO2 gave1,7-C(C02H)PB.oH.o(131) and �1�,�1�2�-�C�(�C�~�H�)�P�B�.�o�H�.�o (132)

respectively and reaction of 1,7-C(Li)PB.oHlO (129) with MeHgBr formed 1,7­

C(HgMe)PB.oH.o(133).

Zakharkinet ale subjectedthe isomers(77), (126) and (127) to electrophilic

andphotochemicalhalogenation(CI, Br andI) andhalogenexchangereactions.80 The

electrophilicsubstitutionsand exchangereactionsof (77) occurredmainly at the 8-,

9-, 10- and 12- positions,while (126) reactedmainly at the9- and 10- positionsand

(127) at the7-, 8-, 9-, 10- and 11- positions. Theeaseof electrophilichalogenation

of the isomersdeclinesin theorder 1,2 > 1,7 > 1,12. In thephotochlorinationof

compounds(77), (126) and (127), all possibleisomeric halogenderivativeswere

formed.

Aluminium chloride-catalysedhalogenationsof the phosphacarboranes(77),

(126)and(127)havebeenextensivelyinvestigated.·2.IO Reactionof 1,2-CPB.oH•• (77)

with bromine/aluminium trichloride in refluxing carbon disulphide gave 1,2­

CPB.oH9Br2(134).12 The useof excessbromineultimatelyafforded1,2-CPB.oHgBr3

(135).·2,62 Brominationof 1,7-CPB1oH•• (126) under similarconditionsgaveonly the

mono- and di-substitutedderivatives, 1,7-CPB.oHIOBr (136) and 1,7-CPB.oHgBr2

(137). The positionof substitutionin compounds(134)-(137)was not determined.

Studiesof the thermalrearrangementof six 1,7-CPBIC11IOCI and two 1,12­

CPB.oHIOCI isomers were reported.I. Rearrangementat 450 °C of 12-CI-l,2­

CPB.oH.o(138) gavealmostexclusively9,10-CI2-1,7-CPBIOH, (139), Figure 1.40.11

Thedistortedicosahedronmolecularstructureof (139) is shownin Figure1.40. The

chlorineatomsareboundto the chemicallyequivalentB(9) and B(10) .atoms.
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Figure1.40 Molecularstructureof 9,IO-CI2-1,7-CPB1oH, (139).8.

Reactionof 1,2-CPB1oHll (77), or 1,7-CPB1oHll (126)with piperidineat reflux

resultedin boronabstractionto give �[�7�,�8�-�C�P�~�H�l�l�r (140), and �[�7�,�9�-�C�P�~�H�I�I�J (141)

in 80% and90% yieldsrespectively.12 Thedegradationof (77) wasfasterthan(126).

Treatmentof 1,2-CPB1oHlI with sodium ethoxide in ethanol at reflux resulted in

abstractionof theheteroatomto give [CBIOH13J.12 In thecaseof 1,7-CPB1oHlI (126),

KOH causedabstractionof either the heteroatomor a boron atom, resulting in a

mixture of products, [CB1oHI3J and �[�7�,�9�-�C�P�~�H�l�l�r (141).n Attempts to degrade

1,12-CPBIOHII (127) with methoxideion or piperidineat 150°C for a week were

unsuccessful.12 However,compound(127)wasreducedby sodiumin naphthaleneto

[CPBIOHIl ]2- (142). Oxidationof (142) with [CuCI2] formed 1,7-CPB1oHlI (126).

Attempts to involve the lone Pair electronsof 1,2-CPB1oHlI (77) or 1,7­

CPB10HlI (126) in chemicalbonding (e.g. quaternisationwith methyl iodide) were

unsuccessful.12 However, treatmentof the tetramethylammoniumsalts of [7,8­

�C�P�~�H�l�I�l (140) and [7,9-CPBJllll (141) with methyl iodide in thf gave 7,8­

�C�P�~�H�I�l�M�e (143) and �7�,�9�-�C�P�~�H�I�I�M�e (144) in 40% and94% yields respectively.12

When �[�7�,�9�-�C�P�~�H�l�I�J (141) was passedthrough an acid ion-exchangecolumn 7,9­

�C�P�~�H�I�2 (145) was producedin 91% yield.J2 Treatmentof �[�7�,�8�-�C�P�~�H�l�l�r (140) or

�[�7�,�9�-�C�P�~�H�l�I�l (141) with NaH removes the bridging hydrogen to form the

corresponding7,8- or �[�7�,�9�-�C�P�~�H�l�o�l�2 .. Thesedianionswerenot isolated. However,
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they are capableof bonding a transition metal atom to the open face of the

phosphacarboranecageto completethe icosahedralstructureand manganese,iron,

cobaltandnickel complexesof 7,8-and �[�7�,�9�-�C�P�~�H�I�O�]�2�- havebeencharacterised.82,13

The iron complex �[�F�e�(�7�,�9�-�C�P�~�H�l�o�h�l�2�- reactedwith methyl iodide to form [Fe(I,7­

�C�P�~�H�l�o�M�e�)�J (146).82 The single crystal X-ray structureof (146) was reported,

Figure 1.41.82 The liB NMR dataof the7,8-and7,9- compounds(140)-(144)were

not sufficient for complete structural characterisation,82but the X-ray study of

�[�F�e�(�I�,�7�-�C�P�~�H�l�o�M�e�)�2�] (146)wastakento confirm the7,9-assignmentfor compounds

(141) and (144).

Figure 1.41 Idealisedview of the molecularstmctureof [Fe(l,7-CPB,HutMe)J

(146).u
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OtherniOO twelve-atomcarbaphospha-derivativeswhichareisoelectronicwith

[CPB.oHlI]2-(142)havebeenreported.84 Reaction�o�f�B�.�o�H�.�2�C�N�M�~ with triethylamine

initially and then RPCl2 (R = Me, Et, Ph) in thf gave�n�i�d�o�-�M�~�N�C�P�R�B�.�o�H�.�o {R=

Me(147), Et (148), Ph (149)} in CD. 85% yield. The molecularstructureof nido­

�M�~�N�C�(�P�P�h�)�B�.�o�H�.�o (149) was determinedby low temperaturesingle-crystalX-ray

analysisand is shown inFigure 1.42. The PPhunit bridgesboron atomsB(9) and

B(10) on the open face of the �B�I�O�H�I�O�C�N�M�~ fragment. Heating nido­

�M�~�N�C�(�P�P�h�)�B�.�o�H�.�o in a sealedtubeat475 °C affordeda compoundwhich theauthors

suggestedwas �c�l�o�s�o�-�M�~�N�C�P�B�.�o�H�.�o (150). Howevercompound(ISO) wasnot fully

characterised.

lit

Figure1.42ORTEPdrawingof nido-Me3NC(PPh)B.oH.o(149)."
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It has been reported that treatmentof the disodium salts of 7,8- and [7,9­

�C�P�~�H�I�O�]�2�- with germaniumdiiodide in refluxing benzeneresultsin the formationof

�1�,�2�,�3�-�G�e�C�P�~�H�I�O (151) and �1�,�2�,�7�-�G�e�C�P�~�H�l�o (152).40 Compounds(151) and (152)

were characterisedby elementalanalyses,IR and NMR spectroscopyand mass

spectrometry. These were the first examplesof polyhedral boraneswith three

differentmaingroupheteroatomsin thecage. Theanalogousarsenagermacarboranes

havealsobeenprepared(asdiscussedin section1.2.3.2).

Thereactionbetweenthe �[�N�a�+�(�t�h�f�)�L�i�+�]�[�2�,�3�-�(�S�i�M�~�)�2�C�2�B�4�H�4�]�2�- doublesaltand

�2�,�4�,�6�-�(�B�u�~�3�C�J�i�2�P�C�1�2 in a molar ratio of 1:1 in dry thf producedthe previously

unknowncloso-phosphacarborane complex, �1�-�[�2�,�4�,�6�-�(�B�u�'�3�C�J�i�2�]�-�I�-�P�-�2�,�3�-�(�S�i�M�~�)�2�­

2,3-C2B4H. (153) as an air-sensitivewhite crystalline solid in 38% yield." The

complex (153) was characterisedby IH, 11B, 13C and 31p NMR, IR and mass

spectroscopy.Thesespectroscopicdataareconsistentwith the proposedpentagonal

bipyramidalstructure,Figure 1.43.

Figure1.43Proposedstructurefor �c�l�o�s�o�-�l�-�[�2�,�4�,�6�-�(�B�u�/�h�C�,�H�2�]�-�I�-�P�-�2�,�3�-�(�S�i�M�~�)�r

2,3.C2B4H4 (153).15

ReactionsbetweenNa+Li+[nido-R2C2B4H4]2. (R = Et or Bz) and R'PCI2(R'

= Ph, Bu' or Me) have yielded new phosphacarboranesof the general formula

�R�'�R�2�P�2�B�4�~�' 86 Their spectroscopicdataand the resultsof an Db initio/IGLO/NMR

studyindicatethat thesecompoundshaveopen-cage7-vertexnido-6-R'-3,4-R,-6,3,4­

PC2B4H4geometriesbasedon a dodecahedronmissingonefive-connectedvertexand

thecarbonandphosphorusatomsoccupyingpositionson theopenface, Figure 1.44,

with the carbonatomsadjacent.
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A

Figure1.44Proposedcagestmcturefor nitio-6-R'-3,4-R2-6,3,4-p<;B4H4 (R =Et

or Bz; R' = Ph, Bu' or Me)."

The reactionof �n�i�d�o�-�6�-�P�h�-�3�,�4�-�~�-�6�,�3�,�4�-�P�~�B�4�a�. (154) with lithium metalor

sodiumnaphthalenidein thf givesquantitativereductionof the phosphacarboraneto

form �a�r�a�c�h�n�o�-�[�p�h�E�~�P�C�2�B�4�a�.�]�2�- (155).86 Subsequentreactionof (155) with �P�h�P�C�~

afforded a product that NMR and mass spectral evidence suggestedwas the

diphosphacarboranearachno-Ph2Et2P2C2B4H4(156). Comparisonof thespectraldata

obtainedfor �a�r�a�c�h�n�o�-�[�P�h�E�~�P�C�2�B�4�H�4�]�2�- (155)andarachno-Ph2Et2P2C2B4H.(156)with

the results of ab initio/IGLO/NMR calculationssuggested7-vertex and 8-vertex

arachno geometriesrespectivelyfor thesecagesystems.86

1.6 SUMMARY AND CONCLUSION

This chapterreviewedgroup VIIS (excluding nitrogen)containingboranes,

carboranesand their metal derivatives. All the arsena-stiba- and bisma- boranes

reported to date are eleven or twelve atom systemswith either a nido or closo

structure. Thereportedphosphaboranesaremainlyelevenor twelveatomcompounds

although some smaller species are known. Closo, nido and arachno

phosphacarboraneshavebeen reported. In general, in the solid stategroup VIIS

heteroboranesareall quitestableandmanycrystallographicallydeterminedstructures

havebeenreported.
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GroupV/15 heteroboranesarecapableof forming metalcomplexes(although

no metallabismaboranecompoundshaveyetbeenreported). Themostcommongroup

V/15 metal derivatives are closo 12-atom species. Six metalladiarsenaborane

structureshavebeenpublishedwhich areof direct importanceto the presentwork.

{ . } SIThese are closo-[8- OPr(Et) �-�3�-�P�P�h�3�-�3�,�1�,�2�-�C�u�A�~�9�H�s�l (71), closo-[3-CI-3,8-

�(�P�P�h�3�)�2�-�3�,�1�,�2�-�P�d�A�~�~�H�8�]�(�6�7�)�,�5�3�c�l�o�s�o�-�[�l�,�1�-�(�p�M�~�P�h�)�2�-�1�,�2�,�3�-�P�d�A�~�9�H�9�]�(�6�5�)�,�4�4�c�l�o�s�o�­

�[�3�,�4�-�C�I�2�-�3�,�8�-�(�P�M�~�P�h�)�2�-�3�, 1�,�2�-�P�d�A�~�~�7�]�(�6�8�)�,�4�4 closo-[3,3-(PPh3)2-3, 1�,�2�-�P�t�A�~�~�H�,�]

(69),S3 and �c�l�o�s�o�-�[�3�,�3�-�(�P�M�~�P�h�)�2�-�3�, 1�,�2�-�P�t�A�~�~�H�9�] (70).S3

It is notablethat the reactionchemistryof 12-atommetallaarsenaboraneshas

not beenstudiedin detail. Chapters5 and6 of this thesiswill discussthe synthesis

and reactionsof derivativesof 12-atommetallaarsenaboranes.

Anotheremergentfeatureof this review is thatalthoughthereare theoretical

studies of cluster bonding in carboranes,phosphaboranesand thiaboranes,no

comparativestudyon theseheteroboraneshasbeencompleted.Thefollowing chapter

presentsnovel work in this area for compoundswhich form the basis of the

experimental workof this thesis.
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CHAPrERTWO

THEORETICAL INVESTIGATION OF THE ELECTRONIC STRUCTURE

AND BONDING OF ELEVEN-VERTEX NIDO-HETEROBORANE DIANIONS

[7,8-<;B,IIII]2-, [7,9-C2B,HII]2-, [1,7-C2B,HII]2-, [4,�7�-�~�B�,�H�I�I�]�2�-�,

[7,8-P2B,H,]2-,[7,9-P2B,HJ2-AND [7-8B10II1012-



2.1 INTRODUCTION

The electronicstructureand bondingof boraneshasattractedan enormous

amountof attention sincethe basic set of geometrictypes becameknown. The

intereststemmedinitially from a generalappreciationthat the moleculespresenteda

problem which was solvableusing the mo (molecularorbital) approachand whose

solution involved "nonclassical"bonding ideas. The problem becameeven more

interesting when equivalent structural types of molecules were identified in

heteroborane,metallaboraneandall-metalclusters.

Approachesto the problem of bonding in thesecompoundshaverangedin

sophisticationfrom the "simple" Lipscomb'sstyx rules" and Wadesrules,88to the

tensorsurfaceharmonicstheorydevelopedby Stoneandfull ab initio mocalculations

on individual molecules.89.9O In the following sectionsa groupof eleven-atomnido

compoundsare discussedand for this purpose MNDO (Modified Neglect of

Differential Overlap)calculationswereused.tI

Studiesof thestructuralandelectronicpropertiesof sevennido heteroboranes

were carried out in the presentwork. The compoundsinvestigatedwere [7,8­

�C�2�~�H�l�l�]�2�-�, [7 �,�9�-�c�;�B�~�1�l�]�2�-�, [1,�7�-�C�2�~�H�l�I�]�2�.�, [4,�7�-�C�2�~�H�l�l�]�2�-�, [7,8-P2B9H9]2-, [7,9­

�P�2�B�~�9�]�2�- and [7-SB.oH.ol2., Figure 2.1. Thesecompoundswere studied because

subsequentwork describedin this thesisdealswith metalcomplexesof thesedianions.

(Note, MNDO calculationscannotbeperformedon As or Te containingsystemsbut

the bondingin P andS containingsystemsshouldbe similar).

Figure2.1 Numberingschemefor elevenatom nido compounds.
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All theseanionscanbe reactedwith �[�P�t�(�p�R�~�2�C�I�2�1 or [Rh(PR3)3CI]to form Pt(PR3)2­

andRh(pR3)2H-containingtwelveatomclosocomplexesanda substantialamountof

the synthetic work describedin this thesis concernssuch compoundsvide infra.

Resultsfrom extendedHuckel molecularorbital calculationssuggestthat the lumo

(lowestunoccupiedmolecularorbital) of themetalcontaining�~�H�]�2�+ and[PtP212+

units are of the form shown in Figure 2.2.92
,93 The molecular orbitals of the

heteroboraneanionswhich interactmost strongly with the lumo of the metal cation

arethosewhich are localisedpredominantlyon the openfaceof the structure(atoms

7-11) and point away from this face i.e. orbitals with a large Px contributionwhere

the x direction is perpendicularto the plane containing atoms 7-11. The homo

(highestoccupiedmolecularorbital) and shomo(secondhighestoccupiedmolecular

orbital) of the anionshavetheseproperties. The other filled molecularorbitals of

similar energy(within 5 eV of the homo)do not havethesepropertiesand for the

purposeof the presentanalysisonly the homoand shomoof the nido anionswill be

discussed.Foreachof the following elevenatomnido dianionsthehomoandshomo

are illustratedin section2.2.3.

A B

H

Figure 2.2 Lumo of (a) [PtPJ2+ and (b) �[�R�h�~�H�]�l�+ which are capableof

interactingwith the homoof the nido anions.
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The MNDO programwas usedfor all calculationsas suppliedby Quantum

ChemistryProgramExchange(QCPE) in the AMPAC suite of programs.M The

geometrieswereoptimisedwith no restrictionon the (3N-6) degreesof freedomof

the molecules.91 The validity of applying MNDO calculationsto the analysisof

boranescontainingheteroatomsC, P andS hasbeenestablishedin manystudies.73,9s­

100

Thecalculatedheatsof formationfor thesevennido anionsaregiven in Table

2.1. Thoseof [7,8-c;B,Hll ]2- and[7,9-C2B,Hll ]2- (-27.8and-47.7kJ mol-I) arevery

similar to the valuespreviouslyreportedby Dewarand McKee (-28.0and -46.3 kJ

mol-I).M It is found in the presentwork and previouslyM that the 7,9 heteroborane

systemsare always more stablethan the corresponding7,8 systems. The systems

with the heteroatomsin the open face of the molecule are more stable than

compoundswith oneor moreheteroatomin thebodyof themolecule,Table2.1. For

thecarboranedianionsthe thermodynamicstability sequenceis 7,9 > 7,8 > 4,7 >

1,7.

Table2.1 Calculatedheatsof fonnationfor sevennido heteroboranedianionsin

decreasingorderof stability.

Compound

[7,9-P2B,H9]2­

[7,8-P2B,H9]2­

[7-SBIOH10]2­

[7,9-C2B,H11]2­

[7 �,�8�-�~�B�,�H�l�l�]�2�­

[4,7-C2B,Hll]2­

[1 ,7-C2B,H11]2-

4HI kJ morl

-108.0

-96.9

-74.8

-47.7

-27.8

-18.6

-13.1
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2.2 MOLECULAR AND ELECTRONIC STRUCTURE OF NIDO

HETEROBORANEANIONS

Theclustercompoundsstudiedwereall closelyrelatedhaving the samebasic

elevenatomniOO structurei.e. an icosahedronwith onevertex missingas illustrated

in Figure2.1 andthesamenumberof valenceelectrons. As expectedall the 11 atom

niOO systemshave24 occupied molecularorbitalsconsistingof 11 non-elusterand 13

clusterbondingmolecularorbitals. Thecalculatedstructuresfor all sevenniOO anions

agreewith the generalisedstructureillustratedin Figure2.1.

In all the nido systemsstudiedin the presentwork the interatomicdistances

were in good agreementwith experimentallyobtaineddataand previously reported

calculatedstructures. For the four carboraneanions the presentlycalculatedC-B

bonddistancesrangefrom 1.600to 1.822Aand theB-B distancesrangefrom 1.681

to 1.922 A. The latter are within the usual range of B-B bond distancesfor

carboranes.M Similar valuesareobservedin the following X-ray diffraction studies.

In nido-[7,8-C2B9H12rtheC-B distancesarein therange1.606(3)-1.726(3)A andthe

B-B distancesrangefrom 1.754(3)-1.849(3)A.13 Similar rangesare observedin

metallacarboranes.In �n�i�d�o�-�[�8�,�8�-�(�P�M�~�P�h�)�2�-�8�,�7�-�P�t�C�~�1�1�1 the B-B distancesrange

from 1.702(11)-1.933(11)A and the C-B rangewas from 1.570(11)-1.680(10)A.IOt
In thearachnocompound[9,9-(PPh3h-9,5,6-PtC2B,HllltheC-B distancesrangefrom

1.599(12)-1.810(16)A.Ull For [7,8-C2B9HIl ]1- and �[�7�,�9�-�~�B�~�l�l�f�· the interatomic

distances,heatsof formation (asdiscussedabove)andchargeson theatomsarevery

similar to thosereportedby Dewarand McKee.M

ThephosphaboraneanionshadB-B bonddistancesrangingfrom 1.661-1.895

A which arewithin the usualrangeof B-B bonddistancesfor heteroboranes.103 The

P-B bonddistancesfrom theopenfaceto the lower faceof thephosphaboraneanions

werein the range2.008-2.031A. In nido-7-MePBIOH12 (90) the P-B bonddistances

were 1.996(5)and 2.001(6) A and the B-B distanceswere in the range 1.740(7)­

1.905(7) A.63 In �c�l�o�s�o�-�2�-�M�~�N�-�I�-�P�B�I�l�H�l�O (108) the P-B distancesrange from

2.0287(20)-2.0488(21)A and the B-B distanceswerein the range1.776(4)-1.849(4)

A.fA TheS-B distancesin [7-SBIOHIO]2- werein therange1.868-2.086A. In theniOO

compound �[�8�,�8�-�(�P�P�h�3�)�2�-�J�.�L�-�8�;�9�-�(�S�2�C�H�)�-�8�,�7�-�R�h�S�~�H�9�] the S-B distanceswere in the
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range 1.920(3)-2.072(3)A.I04 In �n�i�d�o�-�[�8�,�8�,�8�-�(�P�M�~�P�h�)�1�"�8�,�7�-�R�h�S�~�l�o�l the S-B

distanceswere in the range 1.914(3)-2.061(2)A.2 Theseobservationsstrongly

support the suggestionthat the MNDO calculationsgive good descriptionsof the

molecularstructuresand hence,imply goodelectronicstructures.

2.2.1LocalisedMolecularOrbitalstmctureof dicarboraneanions[7,8-C2B,HII]2-,

[7,9-C2B,HII]2-, [1,7.C2B,HII]2- and [4,7.C2B,HII]2-, the phosphaboraneanions

[7,8-P2B,H,]2-and [7,9.P2B,H,]2- andthe thiaboraneanion [7.8B.0II.o12-

A localisedorbital calculationgives a readily interpreteddescriptionof the

molecule. Thesewill be given in detail for eachof the following sevenstructuresin

Table 2.2. For all four �[�C�2�~�H�l�l�]�2�- structuresthe MNDO localised calculation

produceselevennon-clustertwo-centrebondingmolecularorbitalsconsistingof nine

B-H and two C-H interactions. Thereare also thirteenclusterbondingorbitals as

expectedfor an elevenatom niOO system. Thesecomprisefive two-centrebonding

orbitalsandeithereight three-eentreorbitals {[7,8-C2B,H1I]2- and �[�4�,�7�-�C�2�~�H�l�l�j�2�-�} or

seventhree-centreandonefour-eentreorbitals{[7 �,�9�-�C�2�~�H�l�l�]�2�- and [1,�7�-�~�B�J�l�l�l�]�2�-�}�,

Table 2.2. The five two-centrecluster bonding orbitals for all the �[�C�2�~�1�I�]�2�­

compoundsexcept the 4,7- isomer are located on the top OPen face of the nido

dianions, Table 2.2. For [4,7-C2B9Hll ]2- one of the two-centrecluster bonding

orbitals is locatedbetweenatomsB(3)-C(4). It is clear that the overall picturesof

localisedbondingfor the carboraneisomersare remarkablysimilar.

For both �[�P�~�9�H�9�]�2�. structuresthereareelevennon-elustermolecularorbitals

consistingof nineB-H two-centreorbitalsandtwo orbitalscontaining"lonepairs" of

electronsin two sporbitals,oneon eachof thephosphorusatoms. Therearethirteen

clusterbondinglocalisedorbitalsasexpectedfor an elevenatom nido system. For

eachisomerthesecompriseof five two-eentrebondingorbitalsall in the upperface

and eight otherorbitals of threecentresfor [7 �,�8�-�P�2�B�~�9�]�2�. or seventhree- and one

four-centreorbitals for [7�,�9�-�P�2�B�9�~�]�2�- as listed in Table2.2.
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Table2.2 Localiseddescriptionortbeclusterbondingorbitalsin [7,8-C1B,IIu]2- [7,9-C1B,IIu]2-, [1,7-<;B,IIu]2-and[4,7-C1B,Hu]2-, [7,8­

P1B,II,]%-, [7,9-P1B,H,]2- and[7-8B.0II.o12-.

Centres [7,8-C28,HII]l- [7,9-C28,H1I]%- [1,7-C;zB,HII]2- [4,7-C2B,Hu]1- [7,8-P2B,H,]2- [7,9-P2B,H,]%- [7-8B.0II.o12-

2 C7-C8 C7-88 C7-88 C7-88 P7-P8 P7-88 S7-88

2 C7-811 C7-8ll C7-8l1 C7-81l P7-8ll P7-811 S7-811

2 C8-89 88-C9 88-89 88-89 P8-89 88-P9 88-89

2 89-810 C9-8l0 89-810 89-810 P9-810 89-810

2 810-811 810-811 810-811 810-811 810-811 810-811 810-811

2 83-C4

3 81-82-83 81-82-83 81-82-83 81-82-83 81-82-83 81-82-83

3 CI-82-B6

3 81-83-84 CI-83-84 81-83-84 81-83-84

3 81-84-85 81-C4-85 81-84-85
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Centres [7�,�8�-�~�B�,�H�I�I�]�z�- [7,9-Cz.B,ll••]1- [1,�7�-�~�B�,�H�I�I�]�2�- [4,7_CzB,HII]1- [7,8-PzB,H,]1- [7,9-PzB,H,]2- [7-8810111011-

3 BI-B5-86 BI-B5-86 BI-B5-86 BI-B5-86

3 B2-B3-C7 B2-B3-C7 B2-B3-C7 B2-83-C7 B2-B3-P7 B2-B3-P7 B2-B3-87

3 B2-86-Bl1 B2-B6-Bl1 B2-86-Bl1 82-86-Bl1 82-86-Bl1 82-86-Bl1 B2-86-811

3 B3-B4-C8 B3-B4-B8 B3-B4-B8 B3-B4-P8 83-B4-B8 B3-B4-B8

3 B4-B5-B9 B4-85-C9 B4-85-89 C4-85-B9 B4-85-89 B4-85-P9 B4-B5-B9

3 85-86-810 85-86-BI0 85-86-810 85-B6-810 85-86-BI0 85-86-810 B5-B6-810

3 85-89-810

4 81-82-85-86 81-82-85-86

4 CI-B4-85-86



A localised orbital calculation of [7-SBloHlO]2- shows eleven non-eluster

orbitalsconsistingof ten B-H two-eentrebondingorbitalsand onesulphursp "lone

pair" orbital. Therearealso thirteenclusterbondinglocalisedorbitals, describedin

Table 2.2. Thesecomprise seven three-eentreboron localised(B-B-B) orbitals

locatedin the body of the dianion, threetwo-eentreboron localisedorbitals (B-B),

threesulphurboron localisedorbitals of which one is three-eentre(B-B-S) and the

othertwo aretwo-eentre(S-B). As with thephosphaboranesall two-eentrelocalised

orbitalsare locatedon the openfaceof the dianion.

2.2.2Chargedistributionin thenido anions[7,8-C2B,HIIJ2-, [7,9-C2B,HII]2-, [1,7­

C2B,HII]2-, �[�4�,�7�-�~�B�,�H�I�I�]�2�-�, [7,8-P2B,H,]2-,(7,9-P2B,H,]2. and �(�7�-�S�B�l�o�H�l�~

For the sevennido anionsthe chargeson the atomsare given in Table2.3.

Using argumentsbasedon the calculatedchargedistribution and molecularorbital

composition,onecan makepredictionsaboutthe reactivity of the sevennido anions

towardselectrophilessuchas [MLJ2+. On the basisof the chargedistribution, all

sevennido anionswould beexpectedto reactat theopenfacewith electrophilessince

there is a grossnegativeelectrondensity in the open face. If the chargeson the

hydrogenatomsarealsoincludedthenthechargesbasedon atoms7-11 rangefrom ­

0.73 for [7,9-C2BJfIl]2., -0.76 for [7-SBIOHIO]2., -0.78 for �[�7�,�8�-�~�B�g�H�l�1�]�2�-�, "().84 for

[7,9-P2B9H9]2., -0.85 for [7,8-P2BgH9f-, -0.88 for [1,7-C2B9H11]2-, to -0.94for [1,7­

C2BgH11]2-. Moreover this reactivity at the open face is reinforced becauseof the

steric factors involved. The strongestinteraction between the dianion and an

incoming electrophile would be expectedto be with the two highest occupied

molecularorbitals i.e. the homo and shomosince theseare largely locatedon the

samefaceanddirectedaway from that face, seesection2.2.3below. Thedetailsof

their interactionand their consequencefor determiningthe final conformationof a

PtP2 or RhP2H unit abovethe heteroboranefacearediscussedin the next section.

(Note [7,9-P2B9Hu ]2- is unknownand thereare no reportedcomplexesof it).
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Table2.3 MNDO calculatedgroundstatechargedistributionof [7,8-CJl,llIl]2-, [7,9-C1B,H1I]2-, [1,7-<;8,1111]2-,[4,7-<;8,1111]2-,[7,8­
P18,H1I]2-, [7,9-p1B,Hnf and[7-S8IoHl.:I2-.

Atom [7,8-<;8,1111]1- [7,9-<;8,1111]1- [1,7.C28,Hn]2- [4,7-<;8,1111]2- [7,8-P28,H,]2- [7,9-P28,H,]2- [7-S8I oHuJ2-
No. X H X H X H X H X H X H X H

1 -0.16 (-0.02) -0.17 (-0.02) -0.03 (+0.01) -0.21 (-0.02) -0.15 (-0.01) -0.15 (-0.01) -0.16(-0.02)

2 -0.19 (-0.05) -0.16(-0.04) -0.21 (-0.04) -0.13 (-0.04) -0.20 (-0.02) -0.18 (-0.03) -0.28 (-0.03)

3 -0.20 (-0.05) -0.21 (-0.04) -0.21 (-0.04) -0.27 (-0.04) -0.22 (-0.01) -0.19 (-0.02) -0.23 (-0.03)

4 -0.18 (-0.05) -0.21 (-0.04) -0.14 (-0.06) -0.01 (-0.01) -0.20 (-0.02) -0.19 (-0.02) -0.10(-0.04)

5 -0.12 (-0.04) -0.15 (-0.04) -0.14 (-0.06) -0.09 (-0.05) -0.12 (-0.04) -0.18 (-0.03) -0.11 (-0.06)

6 -0.12 (-0.04) -0.15 (-0.04) -0.14 (-0.06) -0.15 (-0.04) -0.12 (-0.04) -0.13 (-0.03) -0.13 (-0.05)

7 +0.01 (-0.08) +0.07 (-0.03) +0.03 (-0.03) +0.02 (-0.03) -0.04 +0.06 +0.34

8 +0.01 (-0.08) -0.20(-0.07) -0.11 (-0.11) -0.02 (-0.14) -0.04 -0.34 (-0.04) -0.26 (-0.07)

9 -0.17 (-0.02) +0.07 (-0.03) -0.13 (-0.09) -0.21 (-0.09) -0.21 (-0.06) +0.06 -0.14 (-0.08)

10 -0.17 (-0.09) -0.19 (-0.08) -0.13 (-0.09) -0.15 (-0.08) -0.15 (-0.08) -0.23 (-0.06) -0.14 (-0.08)

11 -0.17(-0.02) -0.19 (-0.08) -0.11 (-0.11) -0.14 (-0.10) -0.21 (-0.06) -0.23 (-0.06) -0.26(-0.07)



Generallythechargeson theboronatomsaresignificantlymorenegativethan

thoseon theheteroatoms. In theopenfaceof thecarboraneanionsthecarbonatoms

arepositivelychargedwhile in thebodyof thecagetheyarenegativelycharged.The

phosphorusatomsin phosphaboraneanionsareessentiallyneutral. Thesulphuratom

in [7-SBloHlol2-hasa large(+0.34)positivecharge. All thehydrogenatomswith the

exceptionof thehydrogenattachedto C(I) in �[�1�,�7�-�C�;�~�H�l�l�1�2�- arenegativelycharged.

Thegreatestchargeis on thehydrogenatomsattachedto atoms7-11 in theopenface.

The overall consequenceof theseobservationsis that thereis a concentrationof the

negativechargeon the B-H units in theopenfacesof thedianions.

2.2.3 Possible interactionsof nido anions with metal units [Pt(PR3h12+ and

[Rh(PR3)2H12+

The homo.sand shomo.sfor the four carboraneanions, the two phospha­

boraneanionsand the thiaboraneanion all haveconsiderablePx characterand are

capableof bondingwith thelumoof [Pt(PR3hl2+or [Rh(PR3)2H]2+. Thehomo.s and

shomo.sfor thesevenniOO dianionsareillustratedin Figures2.3-2.9. Thedifference

in energybetweenthehomoandshomofor eachanionis given in thelegends. In the

following diagrams forthe homo.sand shomo.s,the circles representthe relative

percentageof Px character,i. e. drawnproportionalto theorbital coefficientsquared

and pointing away from the openfaceviewedalong the x axis. The shadedcircles

havetheoppositesign to the non-shadedcircles. While it is possiblefor the metal

unit lumo to interact with either homo or shomo, the extentof interactionwill be

determinedby thecompatibilityof theenergiesof the lumo andhomoor shomoand

the " of theseorbitalslocatedon theopenface. Since,in general,in any particular

dianionthehomoandshomohavesimilarpercentagesof orbitalslocatedon theopen

face, the compatibility in energiesbetweenthe metal-unitlumo and the homo or

shomois the dominatingfactor and the lumo-homointeractionis more significant.

This determinestheconformationof themetalunit abovethefaceof theheteroborane

ligand. However, if the differencebetweenthe energy levels for the homo and

shomois small it is possiblethat the lumo of the metal could interactstronglywith

both the homoand shomoand no clearconformationalpreferencecanbe predicted.

5'



,0,,@
I ,

I I
( .

\ I

�'�e�~�'�·
A B

Figure2.3 (8) homo, (b) shomo,of [7,8-C2B,HnJ2-(AE=O.2SeV).
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Figure2.4 (8) homo, (b) shomo,of [7,9-C2B,HnJ2-(AE=I.IS eV).
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Figure2.5 (8) homo, (b) shomoof [1,7-C2B,HnJ2-(AE=O.66eV).
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Figure 2.6 <a) homo, (b) shomoof [4,7-C2B,HlI]2- <AE=O.77 eV).
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From datapresentedlater in this thesisconcerningsolution phasestudies,it

is clearthat in general,anionswith relativeenergydifferencesof < 30 kJ mol-l (0.3

eV) betweenthehomoandshomoform moleculese.g. �[�P�t�(�P�~�)�2�C�2�~�H�l�1�] or [M(PR3)­

�A�~�~�H�9�] (M = Pt or Pd)53(As atomsmay beconsideredsimilar to P atoms)which

showlow barriersto rotationof the �~ unit abovethe top faceof theheteroborane

cluster {see discussionon �[�3�,�3�-�(�P�M�~�P�h�)�2�-�3�,�1�,�2�-�P�t�C�;�~�H�l�1�] in chapter 4}. For

moleculeswith energy gaps > 0.3 eV, rotation barriers are higher e.g. [2,2­

�(�P�M�~�P�h�)�2�-�2�,�1�,�8�-�C�2�~�H�l�1�] (as discussedin chapter4). An exceptionto the above

generalisationis seenin complexesof the [7-SBl oHlO]2- anion (SeandTe atomsmay

beconsideredsimilar to S). From thecalculationsonewould expectlow barriersto

rotation for �[�P�t�(�P�R�3�)�~�B�l�O�H�l�O�] (X = Seor Te) moleculeshowever the Se and Te

complexesshowthebarrierto rotation is high andit is unclearasto why this should

be the case. It should be recalled however that free energy of rotation, AG* is

measuredin solutionwhereasthemocalculationsarebasedon independentmolecules

in the gasphase.

X-ray crystal structureresultssupportthe previousdiscussionof the relative

importanceof lumo-homointeractionse.g. for �[�4�,�7�-�c�;�~�l�l�]�2�- the energydifference

betweenthe homoandshomois 0.77eV which would suggestthat the lumo only of

[Pt(pR3)2]2+ would bondmainly with thehomoandthusresultin only oneconformer.

In chapter4 thecrystalstructureof �[�2�,�2�-�(�P�M�~�P�h�h�-�2�, 1�,�8�-�P�t�C�;�~�H�l�1�] containsjustone

conformerwith the expectedorientation,Figure2.10 (a). For the [7 �,�8�-�C�2�~�H�l�l�]�2�-
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isomer, the energydifferencebetweenthe homoand shomois only 0.25 eV which

would suggestthat the lumo of [Pt(PR3)212+ could bond with eitherthe homoor the

shomoandthusresult in two possibleconformationsof thePtLz unit abovethe �C�2�~

face. In chapter4 the crystal structureof �[�3�,�3�-�(�P�M�~�P�h�)�2�-�3�,�1�,�2�-�C�2�~�l�I�] is shown

to contain two different conformers in the unit cell consistentwith the small

differencein energybetweenthe homoand shomo.
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Figure 2.10 (a> proposed eonfonnation for [2,2-(PRJ2-2,1,8-PtC2B,H1I) (b>

proposedconfonnationfor �[�2�,�2�-�(�P�~�)�2�-�2�,�1�, 7-PtC28,H1I] (e) possibleconfonnation

for [2,2-(L)2-2-H-2,1,7-RhC:2B,HII](d) onealternativeeonfonnationfor [2,2-(L)r

2-H-2,1,7-RhC
2
B,HII] (e) possible conronnation for [2,2-(PR3>z-2-H-2,1,8­

RhCzB,HII] (f) onealternativeconfonnationfor [2,2-(PR,)z-2-H-2,1,8-RhCzB,H••).
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Figure 2.10 (b), (c) and (d) show some other examplesof the possible

conformationsof metalgroupsML.s abovethe faceof the [7�,�9�-�<�;�~�H�I�I�]�2�- carborane

ligand as in �c�l�o�s�o�-�[�2�,�2�-�(�P�~�)�2�-�2�, 1,�7�-�P�t�<�;�~�l�1�] and closo-[2,2-(L)2-2-H-2, 1,7­

�R�h�C�2�~�H�l�1�]�. Figure2.10(a), (e) and (t) areexamplesof thepossibleconformations

of metal groupsML.. abovethe face of the [4,7-<;BcJllI]2- carboraneligand as in

closo-[2,2-(PR3)2-2, 1,8-PtC28,H11] and closo-[2,2-(PR3)2-2, 1�,�8�-�R�h�C�2�~�H�I�I�]�. The

energydifferencebetweenthehomoandshomois 1.15eV for the7,9anionand0.77

eV for the 4,7 anion which would suggestthat the metalswould only bond signifi­

cantlywith thehomo. For the �[�P�t�(�P�R�~�2�1 complexonly oneconformationis expected

(and found) which is illustratedin Figure2.10 (a) for [2,2-(PR3)2-2,1,8-PtC2B9H1J
andFigure2.10(b) for �[�2�,�2�-�(�P�R�3�h�-�2�,�1�,�7�-�P�t�C�2�~�H�I�I�]�. For the [Rh(PR3hH] complex

there are severalpossibleconformers,e.g. Figure 2.10 (c), (d) for [2,2-(L)2-2-H­

2,1,�7�-�R�h�C�2�~�H�I�I�] and (e) and (t) for [2,2-(PR3)2-2-H-2,1�,�8�-�R�h�C�2�~�H�I�1�]�.

2.3 SUMMARY AND CONCLUSION

Analysisof the structuresand bondingin the nido heteroboraneanions[7,8­

�C�2�~�H�I�I�]�2�-�, [7,9-<;BJll1]2-, �[�1�,�7�-�C�2�~�H�I�1�]�2�-�, �[�4�,�7�-�C�2�~�H�I�1�]�2�-�, [7,8-P2B9H9]2-, [7,9­

�P�2�~�H�9�]�2�- and [7-SBlOHIO]2- was undertakenwith MNDO calculations. (MNDO

calculationscannotbe performedon As or Te containingsystemsbut the bondingin

P andS containingsystemsshouldbe similar). In all the nido systemsstudiedin the

presentwork the calculatedbond lengthswere in good agreementwith the related

dataobtainedexperimentally. This observationstronglysupportsthe suggestionthat

the calculationsgive good descriptionsof the molecular structuresand hencethe

electronicstructures.

Thecalculatedheatsof formation for the sevennido anionsweredetermined,

Table2.1. The 7,9-heteroboranesystemswerealwaysmorestablethan the related

7,8 systemsand thosewith the heteroatomsin the open face of the moleculewere

alwaysmorestablethancompoundswith theheteroatomin thebodyof the molecule.

The MNDO calculationsshowedthat, as expected,there were thirteen i.e.

n+2, cluster molecularorbitals in eachanion. Theseconsistedof five two-centre
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orbitalsandeithereight three-centreorbitals,asin the [7 �,�8�-�~�~�H�l�l�]�2�-�, [7 �,�8�-�P�2�~�H�9�1�2�­

and [7-SBIOHIO]2- anions,or seventhree-centreorbitals and one four-eentreorbital

which was the casefor the �[�7�,�9�-�~�~�H�I�I�]�2�. and �[�7�,�9�-�P�2�~�H�9�:�f�· anions.

On the basis of the chargedistribution, all seven niOO anions would be

expectedto reactat the openface with [MLJ2+ electrophilessincethereis a gross

negativeelectrondensityin the openfaceand it is not stericallycongested.

The natureof the homo or shomoand the energydifferencebetweenthem

havesignificancein determiningtheconfigurationsof metalunitssuchasPt(PR3)2 and

Rh(PR3)2Habovethe heteroatomfaces to which they are attachedin twelve atom

closocomplexes. Theorientationof the Pt(pR3)2 or Rh(PR3hHmetalunit above the

top faceof the moleculemay bepredictedfor all sevenanionssimilar to theexample

of �[�7�,�9�-�~�~�l�l�]�2�- illustratedin Figure2.10. In the following chapters�P�t�(�p�M�~�P�h�)�2�­

andRhl..:J-complexesof �[�~�B�~�l�l�]�2�-�, �[�A�~�B�9�H�9�]�2�. and [TeBl oHIO]2- arediscussed.The

MNDO calculationsdiscussedheremay beusedto comparethepredictedconforma­

tions with actualconformationsfrom crystal structureanalysis.
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CHAFfER THREE

MICROWAVE HEATING EFFECTSAND THEIR APPLICATION TO

SYNTHETIC METALLABORANE CHEMISTRY



3.1 THE INTERACTION OF MICROWAVES WITH MATTER

The microwaveregionof the electromagneticspectrum(seeFigure3.1) lies

betweeninfra-redand radio frequenciesand correspondsto frequenciesof 30 GHz

to 300MHz (wavelengthsof 1 cm to 1 m respectively). Thefrequenciesbetween30

GHz and 1.2 GHz areextensivelyusedfor RADAR transmissionsandthe remaining

frequenciesare used for telecommunications.In order not to interfere with these

uses,domesticandindustrialmicrowaveheatersarerequiredto operateateither2.45

GHz (12.2cm) or 900MHz (33.3cm) (unlesstheapparatusis shieldedin sucha way

thatno radiationlossesoccur). Domesticmicrowaveovensgenerallyoperateat 2.45

GHz.

;X-Ray U.V. I.R. : Microwave Radio

Dieletric heatingfrequencies

/

3xlO·O 3xlOS 3xlO' Frequency(Hz)

2.45 GHz
Figure3.1 The electromagneticspectnImindicatingthe microwavefrequencies

andthe frequencieswhich areusedfor dielectricheating.

A material can be heatedby applying energy to it in the form of high

frequencyelectromagneticwaves. Theorigin of the heatingeffect producedby the

high frequencyelectromagneticwavesarisesfrom the ability of an electric field to

exert a force on chargedparticles. The microwaveheatingeffect dependson the



frequencyaswell as thepowerapplied. The theoryof microwaveheatinghasbeen

developedby many people and has been summarisedrecently by Mingos and

Baghurst.105

3.1.1Dielectric properties

Two parametersdefinethedielectricpropertiesof materials. Thefirst e', the

dielectricconstantdescribestheability of the moleculeto bepolarisedby theelectric

field. The seconde", the dielectric loss measuresthe efficiency with which the

energyof theelectromagneticradiationcanbeconvertedinto heat. The ratio of the

dielectric lossand thedielectricconstantdefinethe (dielectric) loss tangent= e'/e"

= tan0, which is theability of a materialto convertelectromagneticenergyinto heat

energy at a given frequencyand temperature. The dielectric propertiesof some

commonsolventsaregiven in Table3.1. The high dielectric lossesof the alcohols

areparticularly noteworthy.

Table3.1 Dielectric propertiesof commonsolvents.

OperatingFrequency OperatingFrequency

3xl08 Hz 3xl0' Hz

Solvent E' E" E' E"

Water 77.5 1.2 76.7 12.0

Heptane· 1.97 • 1.97 2xl<r'---

Methanol 30.9 2.5 23.9 15.3

Ethanol 22.3 6.0 6.5 1.6

n-Propanol 16.0 6.7 3.7 2.5

n-Butanol 11.5 6.3 3.5 1.6

• At an operatingfrequencyof 3XI010 Hz e" = 3XHt3



3.2 MICROWAVE HEATING OF LIQUIDS

The rateof rise in temperatureof a liquid or solid due to the applicationof

an electric field of microwaveradiationis determinedby thedielectricloss, specific

heatcapacityandemissivityof thesampleaswell asthestrengthof theappliedfield.

Thesephysicalpropertiesof theliquid or solid areall temperaturedependent,making

thecompletetheoretical analysisofdielectricheatingmathematicallyverycomplex.106

The dielectricconstantand dielectric lossvalueshavebeenestablishedfor a

numberof materialsat roomtemperature.Thelargestcollectionof datais dueto von

Hippelalthoughmuch of this dataappliesto foodstuffsand is of limited use to the

chemist.107.108

Severalworkershavereportedthe temperaturesreachedby liquids andsolids

when placed in conventionalmicrowave ovens for a given time. Some of the

availabledatafor liquids (1 minuteI 560WI 2.45 GHz) aregiven in Table3.2.l()5

Table3.2 The temperatureof several solvents after heating from room

temperaturefor oneminuteat 560 W, 2.45GHz.

SOLVENT T/oC (after1 minute) b.p. °C

Water 81 100

Methanol 65 65

Ethanol 78 78

Dichloromethane 40 40

Chloroform 49 61

D.M.F. 131 153

Ether 32 35

CCl. 28 77

Hexane 25 68
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3.3 APPLICATIONS OF MICROWAVE DIELECTRIC HEATING EFFECTS

IN CHEMICAL SYNTHESES UTILISING THE DIELECTRIC LOSS

PROPERTIESOF SOLVENTS·

In generalanyorganicor inorganicsolventwith a low molecularweightand

a high dipole momentwill coupleeffectively with microwavesat 2.45 GHz. The

solventsthathavebeenmostcommonlyusedfor sYntheticreactionsarewater,ethanol

and methanol. Other solvents such as dichloromethane, acetonitrile and

dimethylformamidecoupleeffectively to microwavesbut havebeenlesscommonly

used. Non-polarsolventssuchasbenzene,petroleumethersandcarbontetrachloride

have negligible dielectric loss and therefore do not couple efficiently with

microwaves.

3.3.1Low pressureconditions

Microwaveheatingprovidesanalternativeto conventionaloil bathandheating

mantletechniques.Severalauthorshaveusedmicrowavesin organicsynthesis.109-111

By substitutinga high boiling solventfor a low boiling oneit hasbeenpossibleto

speedup severalsyntheses.112 The reactionsare usually performedin Erlenmeyer

flasks inside a microwaveoven and the microwavepower is adjustedso that the

solvent doesnot boil. 113 Hence,no precautionsare necessaryto contain organic

vapours. An exampleof the useof this techniqueis given below. On substituting

chlorobenzene(b.p. 131°C)for benzenethefollowing reactionwasheldat 110°Cfor

5 minutes(65 - 70% yield). Previouslythe reactiontook severalhours.

"'-"
COCl

+

HAr
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3.3.2A MicrowaveHeatedReflux Apparatus

Recently, the modification of a microwave heatingsystem was described

which enablesa chemistto heat solutionsusing microwavedielectric loss heating

effects safely at reflux.1l4 This procedureinvolves modifying a conventional

microwaveoven as illustrated in Figure 3.2. The conventionalchemical reflux

systemcannotbe introducedinto a microwavecavity becausethe circulating water

would absorbmicrowavesvery stronglyandheatup rapidly. An air condenserwould

not beeffectivein returningthe flammablesolventssafely to the flask. Onesolution

would be to usea coolantwhich doesnot absorbmicrowavesstrongly e.g. a non­

polarorganicor inorganicsolventwith a low dielectricloss. An alternativestrategy

is to locate the water cooled reflux condenseroutsidethe microwavecavity. The

condenseris connectedto the reactionvesselby meansof a port which ensuresthat

microwavelossesare kept to a safe limit and the volatile solventsdo not posea

hazard.

Microwaveoven

�J�Y�f�F�~ �~ __ " :-DKAn

:::±=====l="==-::1'�C�=�=�;�=�=�~�~�=�=�=�=�=�=�=�~�.�t�"�"�_

Figure 3.2 The microwave oven modified to allow studies under refluxing

conditions.114
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In the modification illustratedin Figure3.2, the solution is containedwithin

a roundbottomflask which is connectedvia a lengthof glasstubing passingthrough

a coppertube (a "choke") bolted to the sideof a conventionalmicrowaveoven. To

preventleakagethechokeshouldhavea diameterequalto onehalf a wavelengthi.e.

6 cm, and shouldbe at leastonewavelengthlong. Theapparatuscanbeconfirmed

safeby using a hand-heldmicrowaveleakagedetectorcapableof measuringpower

levelsgreaterthan 1 mWcm-2• 115 The endof the glasstubeis connectedto a water­

cooledcondenserlocatedcompletelyoutsidethe oven. This allows the solutionsto

heat up when the microwavesourceis switchedon and to reflux safely without a

build up of pressureor releaseof volatile solvents into the atmosphere. The

atmospherein the round bottom flask canbe controlledby meansof a Teflon tube

inlet passingthrough a choke in the side of the microwavecavity. This tube is

connectedon theoutsideto an inert gassupplyandon the insideto theroundbottom

flask.

Thereflux apparatusis mosteffectivewhenusedfor puresolventsor mixtures

of solvents with high dielectric loss factors, i. e. generally solventswith a high

dielectricconstant. The two main advantagesof the reflux techniqueover the high

pressuretechniquedescribedlaterare, firstly thereareno high pressuresinvolved so

it is safer, and secondlyit provides "gentler" reaction conditions leading to less

decomposition.

3.3.3Solid CO2-cooledApparatus

Dueto thelackof a dipolemomentin carbondioxide, solid �C�~ is transparent

to microwaves. It hasbeenobservedthat little or no sublimationof solid CO2 occurs

after 4 min in a microwaveoven at the highestsetting.116 As a result of this an

extremelysimpleapparatushasbeendeveloped,consistingof a 250ml beaker(asthe

reactionvessel)anda 150 ml beakerwith a 2 cm flangedlip placedasa coverover

the largebeakerto actasa "cold finger". Over 100 reactionswereconductedon a

2-4 gramscaleon iron sandwichcomplexes[Fe(7l-Cp)(71-Arene)]usingthisapparatus,

with no problems of solvent escapeeven when using volatile solvents such as

benzene.116
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3.4 HIGH PRESSURECONDITIONS

The effectivecouplingbetweenmicrowavesandpolar inorganicandorganic

solventscan be used to acceleratethe rate of reactionwith reactantsin a suitable

closedvesseli. e. onewhich is transparentto microwavesand can sustainthe high

pressuresproduced. The temperaturesand pressuresgeneratedin such a vessel

dependon thelevelof theinput microwavepower,timeof microwaveirradiation,the

dielectriclossof the reactingsolution,thevolatility of the solvent,thevolumeof the

containeroccupiedby the solventand whethergasesare generated inthe reaction.

The presenceof ions in solutionwhich is often thecasewhen studyingreactionsof

transitionmetalsalts,canhavea profoundeffecton thepressuregeneratedinsidethe

reactionvessel. Howeverwhile thepresenceof ions leadsto greatercouplingwhen

at relatively low concentrations,high concentrationsof ions reducethe heatingrate

as the solution then reflectsa large proportionof the availablemicrowaveenergy.

Recentstudiesshowthat initial concentrationskeptto around0.1 M providethemost

effective heating rate.117 A detailed descriptionof the microwave high pressure

reactionvesselis given below.

3.4.1 A High PressureReactionVessel

A thick-walledpyrex reactionvesselcanbeadmittedinto a microwavecavity

througha suitablydesignedport. Pressuremeasurementandcontrol is performedby

externalcircuitry. Theglassvesselallowsvisualexaminationof thereactionmixture.

The designof the pyrex reactionsystemis illustratedin Figure3.3. A port

in theform of a copper"choke" asdescribedin section3.3.2hasbeenattachedto the

roof of the microwaveoven, Figure 3.4.118 The pyrex vesselused in the studies

describedin this thesishada 34 mm outerdiameteranda wall thicknessof 3.5 mm

andwas25 cm long.119 Thepyrex tubewascoveredin a protectivesheathmadefrom

transparentpolyolefin heat-shrink.l20 In the eventof the vessel failing the sheath

would preventfragmentationof theglasstube. Theglassvesselis attachedto a series

of Swagelockl21 fittings via a "Viton"l22 sealed stainless-steelinsert 27mm in

diameter.123
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Stainlesssteeltubing

Stainlesssteelinsert

PressureIndicator

Pressurecontroller

Aluminium Locking
Ring Teflon supportring

�~ Heatshrink

..--- Pyrex vessel

Figure3.3 Schematicdiagramof the high pressurereactionvessel.
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achievedby using a hand-heldinfra-red pyrometerwhich is directedat the sample

reaction.125

The effect of solventvolumeon pressurebuild up hasbeeninvestigated.117

It appearsthat the optimumvolumefor efficient heatingis between20 and 30 cm3•

Thus when the volumeis smalleronly a small fraction of the availablemicrowave

energyis absorbedby thesample. For largervolumesthereis insufficientmicrowave

energyavailableto heatthe largevolumeof solvent.

The microwaveheatingmethoddescribedabovehasconsiderableadvantages

in termsof convenience,speedof heatingandreactionvisibility. Thepressureof the

reactionvesselcanbe monitoredandcontrolledand the reactiontime canbe varied

to optimise the yield of the reaction. With the glassvessel, the reaction can be

viewed to ascertainwhen it has reachedcompletion. The pressurelimitations

associatedwith theglassreactionvesselsetan upperlimit of approximately10 - 12

atm for its safeoperation. This resultsin superheatingof the reactionsolutionby at

least40° anda reactiontime decreaseby a factor of ca 1()2.

In summary,theapparatusprovidesaconvenientandinexpensivewayof using

microwavedielectric heatingeffects to acceleratea wide range of inorganic and

organometallicsynthetic reactionswhich commonly require days of refluxing to

achievereasonableyields.117 This techniqueis particularlysuitablefor synthesising

compoundswhich are thermodynamicallyrobust but are the end products of

kinetically slow reactions.

3.4.2Applications

(I) SamplePreparationfor ChemicalAnalysis

The use of microwave energy and closed vessel containers in sample

preparationprior to chemicalanalysishasmanyadvantagesoverclassicaltechniques.

It was oneof the earliest(1974) reportedusesof microwaveheatingteehniques}26

Firstly, the samplepreparationtime is reducedin a typical examplefrom 2 hoursto

10 minutes.In Secondly,the use of closed vesselsreducesthe extent of sample
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contaminationdue to contactwith the atmosphereand preventslossesof volatile

elementssuch as mercury.128 Finally, fully automatedmulti-samplepreparation

systemsare available which require only the minimum of supervision by the

operator.129

Microwaveclosedvesseltechniqueshavebeensuccessfullyappliedto a wide

rangeof elementaldeterminationsin mineralogicaI130,131andbiologicalsamples.132-134

(ii) Organicsyntheses

Early work in this area (1986-88) was performed by Gedye109,I35,I36 and

Giguere,110,131and reviewed by Abramoviteh.ll1 Organic reaction rates were

acceleratedby up to 1()2 timeswhenthe syntheseswereperformedin sealedvessels.

Both groupssuggestedthat the rateof heatingof the solventdependedqualitatively

upontheroomtemperaturedielectricconstant,E' , whereasMingosandBaghursthave

suggested thatthe dielectric loss, E", is the more reliableparameter.lOS Gedyehas

also shown that the rate of accelerationrelative to conventionalsynthesesdepends

upon containervolume, the ratio of reactionvolume to containervolume and the

solvent boiling point.135 Lower boiling point solventsgive reactionswhere the

greatestratesof accelerationwereobserved.An exampleof anesterification reaction

is given in Table3.3.135

Table3.3 Esterificationof benzoicacid with a selectionof alcohols.135

Alcohol b.p. E' Microwave/yield Thennal/yield Rate

Ratio

n-Butanol 118° 17.8 7.5min/79% Ih/82% 8

Propanol 97° 20.1 18min/86% 7.5h/89% 25

Methanol 65° 32.6 5min/76% 8h/74% 96
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(iii) Organometallicand InorganicSyntheses

Therhodiumandiridium dimers[M2CI2(diolefin)21(M =Rh or Ir) arewidely

used as starting materials for organometallicsynthesesand are conventionally

synthesisedfrom [MCI3.xH20] and the olefin in aqueousalcohol.138-140 Good yields

areobtainedafter manyhoursof refluxing (4-36hours). Using microwaveradiation

of 2.45 GHz and a power level of 500 W, these dimers can be conveniently

synthesisedfrom the samereagentsin goodyields in lessthanoneminute.141 Some

of the compoundsthat can be synthesisedin this manner, their yields, reaction

mixturesand reactiontimesare summarisedin Table3.4.

A wide rangeof inorganicco-ordinationcompoundshavebeenrapidly and

convenientlysynthesisedusing microwave dielectric loss heating effects.l42 For

exampleusing microwaveradiationof 2.45GHz anda powerlevel of 500 - 600 W,

the 2,2',2"-terpyridinecomplexesof Pt and Au (Table3.4) havebeensuccessfully

preparedin reactiontimesof 1 minute.

Table3.4 Inorganicandorganometalliccompoundssynthesisedby

microwavetechniques.

Product Solvent Microwave! Thennall Rate

yield yield

[Rh(CsHIJCI)2 EtOH/H2O 50sec/91% 18h/94% 1296

[Ir(CsHIJCI]2 EtOH/H2O 45sec/72% 24h/72% 1920

[AuCI(tpy)]C1.3H2O H2O 6Osec/37% 24h/37% 1440

[PtCI(tpy)]CI.3H2O H2O flJsec/47% 24h/47% 1440

Recently it was describedhow the high dielectric loss tangentsof metal

powdershavebeenusedto facilitate the synthesesof a wide rangeof compoundsby

directcombinationof metalsandgaseS.143 Thereactionsof metalpowders,which are

volumetrically heatedby microwaveradiation, with gaseshasled to the convenient
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and rapid synthesesof a wide rangeof metalchlorides,oxochlorides,bromidesand

nitridesof transitionmetals.143

3.5 SUPERHEATINGOF SOLVENTS

When reactionsareperformedin closedvesselstherewill be an increasein

pressurewhich mayleadto superheatingof solvents.Thosesolventswhich havehigh

dielectric loss tangentsand low boiling pointsare heatedmost rapidly and generate

high pressuresmostquickly.117 High boiling alcoholsand low polarity solventsonly

generatehigh pressureson prolongedheatingif at all. It hasbeensuggestedthat the

useof high boiling alcoholsandlow polarity solventsmay lead to overheatingof the

magnetronanda reductionin its operatinglifetime.129

In Table 3.5 the temperaturereachedfor a range of common solvents,

following microwaveheatingfor 10minutesata constantpressureof 10atmis shown

along with their boiling points. In general,thesesuperheatingconditionswill result

in an increasein temperaturesof between40-70 °C abovethe normalboiling point

of the solvents. This can be expectedto lead directly to an accelerationin the

reactiontimescomparedwith conventionalreflux conditions.

It hasbeennoted that large accelerationsin reactionrates(up to 1()3 times)

need not necessarily be due to any specific molecular microwave absorption

effect.142,144 Ratherthey maybe dueto the macroscopicdielectriclossheatingeffects

taking placein a �~ container. Efficient microwaveheatingleadsto a "pressure

cooker" effect in the sealedcontainerdue to the volatility of the solvents. As the

pressureincreasesinside the vesseltheboiling temperatureof the solventincreases.

As microwaveexposurecontinues,boththepressureandtemperatureinsidethevessel

increasevery rapidly. The relativeimportanceof microwaveinducedsuperheating,

andsuperheatingdueto the increasein reactionpressurehasnot beenestablished.14'
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Table 3.5 Temperaturereachedafter 10 min of microwaveheatingto • 10

atm.II?

Solvent T/oC b.p. °C

Methanol 106 65

Ethanol 117 78

Acetonitrile 142 82

DMF 205 153

CH2Cl2 110 40

3.6 CONCLUSION

Microwavedielectric loss heatingtechniquesmay be routinely employedfor

the synthesisof inorganic and organometalliccompounds.114 Provided suitable

modifications (as describedin sections3.4 and 3.4.1) are made to commercial

microwaveovens the techniqueis safe. Somemicrowave heated(low-pressure)

reactionscarriedout at reflux andatmosphericpressurecanbeacceleratedby 6 - 40

times their conventional reflux reaction rates.l29 Theseobservationshave been

accountedfor by a specific modelof microwavesuperheating.145

In sealedvesselreactionswhich generallyoccurat high pressure,microwave

dielectric heatingtechniqueshavethe ability to reducethe reactiontime by a factor

of up to 1()3. Thusa reactionoccurringby conventional24 hour reflux cannow be

achievedin lessthana minuteprovidedthat the reactionmixturecoupleseffectively

with microwavesand that the reactants,intermediatesand productsareall stableto

the high temperaturesand pressuresdevelopedwithin the sealedvesse1.141
,142

Both low andhigh pressurereactiontechniquesareof interestto the research

chemist. However,asnotedby Gedye,large scalereactionsusing sealedvesselsin
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a microwaveovenarenot feasiblebecauseof problemsassociatedwith thegeneration

of the large amount of microwave power neededto processlarger volumes.135

Instead,techniquesare being devisedwhich involve pumping the reactantsfrom a

reservoir through a reactioncoil inside a microwaveoven through to a collection

vessel.146

This chapterinitially reviewedthe relatively new areaof the applicationof

microwaveheatingeffects to syntheticchemistry. Subsequentlythe modifications

required to enablethe adaptationof a conventionalmicrowaveoven for chemical

reactionswere describedin detail. In the following threechaptersthe microwave

apparatus described in section 3.4.1 will be used in the syntheses of

metallaheteroboranecomplexes.
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CHAFfER FOUR

SYNTHESISAND CHARACTERISATION OF SOME PLATINUM

DERIVATIVES OF C1B,Hllt As1B,H, AND TeBloHl.



4.1 RESULTSAND DISCUSSION

The work describedbelow is concernedwith the synthesisof platinum

derivativesof �~�~�l�h �A�~�~�9 and TeB1oHIO ligands. Reactionswerecarriedout

undernormal (thermal)conditionsandin thehigh-pressuremicrowaveapparatus(as

describedin section 3.4.1). The products synthesisedwere three new platina­

carboranes,�c�l�o�s�o�-�[�3�,�3�-�(�P�M�~�P�h�)�2�-�3�, 1�,�2�-�P�t�C�~�H�l�l�] (157), �c�l�o�s�o�-�[�2�,�2�-�(�P�M�~�P�h�)�2�-

2,1�,�8�-�P�t�C�2�~�H�l�l�] (158) and �c�l�o�s�o�-�[�8�-�P�h�-�2�,�2�-�(�p�M�~�P�h�)�2�-�2�, 1,8-PtC2BJ11o] (159), and

the previously known compounds,the platinaarsenaborane,closo-[3 �,�3�-�(�P�M�~�P�h�)�2�­

3,1�,�2�-�P�t�A�~�~�9�] (70) and the platinatelluraborane, �c�l�o�s�o�-�[�2�,�2�-�(�P�M�~�P�h�)�2�-�2�, 1­

PtTeBlOHlO] (160).

All reactionswerecarriedout using 1:1 molar ratio of heteroboraneto metal

complexin thepresenceof a ten fold excessof triethylamine. In eachcasethemajor

reactionproductswere purified by preparativetic followed by crystallisationfrom

CH2Cl2-hexanesolutions.

All thesecompoundswere fully characterisedby spectroscopicmethodsand

thestructuresof (157)and(158)wereestablishedby X-ray crystallographicanalyses.

This chapter also describesthe first reported rearrangementof a non-earbon­

substitutedmetallacarboraneat relatively low temperatures(S 130°C).

4.1.1 Synt.heses

Reactionbetweennido-[7�,�8�-�~�~�H�I�2�J and�c�i�s�-�[�P�t�(�p�M�~�P�h�)�2�C�I�2�1 in a refluxing

ethanol solution in the presenceof excess triethylamine produced cioso-[3,3­

�(�P�M�~�P�h�)�2�-�3�, 1�,�2�-�P�t�C�2�~�H�l�1�] (157) and �c�l�o�s�o�-�[�2�,�2�-�(�P�M�~�P�h�)�2�-�2�, 1�,�8�-�P�t�C�2�~�H�l�l�] (158)

in 26 and4% Yields respectively,(seeTable4.1). When the reactionwassubjected

to microwaveirradiationtheyieldsof productschangeddramaticallywith (158)being

the major productand (157) the minor one, the yields were 19 and4% respectively.

Although therewereotherproductsformed in the reaction(vide tic) thesewere not

isolatedsince they were formed in too small quantities(ca. 1-2mg) for a complete

characterisation.Theseproductsmay bedifferent isomersof �M�C�2�~ asdiscussedin
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section4.1.5. No rearrangementoccurredon subjectingan ethanolicsolutionof the

anion �n�i�d�o�-�[�7�,�8�-�C�2�~�H�I�2�r and excesstriethylamineto microwaveirradiation. On

subjecting �c�l�o�s�o�-�[�3�,�3�-�(�P�M�~�P�h�)�2�-�3�,�1�,�2�-�P�t�C�l�3�9�H�l�l�] (157) in ethanol to microwave

irradiationfor 10 minutesit rearrangedto (158) (90% yield). Takenwith theresults

discussedabovethis suggeststhat the formationof (158) is via the rearrangementof

(157) which happensreadily underthe conditionsof microwaveirradiation.

Reaction between �C�s�[�7�-�P�h�-�n�i�d�o�-�7�,�8�-�~�~�1�1�] and �c�i�s�-�[�p�t�(�p�M�~�P�h�)�2�C�I�J in

ethanol solution at reflux for six days in the presenceof excesstriethylamine

produced�c�l�o�s�o�-�[�8�-�P�h�-�2�,�2�-�(�P�M�~�P�h�)�2�-�2�, 1�,�8�-�P�t�~�B�9�H�l�o�l (159) in 65% yield. (This

compound was subsequentlyprepared in Oxford by microwave heating and

characterisedby spectroscopicandcrystallographictechniques.I29,14') No yield was

reported in data from Oxford. Section4.3.7 describesthe synthesisof (159) by

microwaveinducedheating(procedure2) to enablecomparisonsto bemadebetween

microwaveinducedand thermal(procedure1) heating,Table4.1. It is interesting,

thataswell asthe2,1,8isomerthe3,1,11isomerwasalsoisolatedandcharacterised

but noneof the 3,1,2isomerwas isolatedfrom eitherproceduredescribedin section

4.3.7. Theanion �[�7�-�P�h�-�n�i�d�o�-�7�,�8�-�C�~�9�H�l�l�J like �n�i�d�o�-�[�7�,�8�-�C�2�~�H�I�J�- doesnot undergo

any rearrangementwhensubjectedto microwaveirradiationin ethanolsolutionin the

presenceof excesstriethylamine.

The compounds�c�l�o�s�o�-�[�3�,�3�-�(�P�M�~�P�h�)�2�-�3�,�1�,�2�-�P�t�A�~�~�H�9�] (70) and closo-[2,2­

�(�P�M�~�P�h�)�2�-�2�, I-PtTeBIOHIO] (160)hadbeenpreviouslysynthesisedin moderateyields,

45 and 49% respectively,in refluxing thf solution. To comparethe reactivity of

anionsusedin this study,both �[�A�~�B�9�H�I�O�J and [7-TeB1oHllJ wereseparatelyreacted

with �c�i�s�-�[�P�t�(�P�M�~�P�h�)�2�C�I�2�] in ethanolsolution in thepresenceof excesstriethylamine

under both conventionaland microwave conditions, Table 4.1. The effect of

changing the solvent from thf to ethanol was very significant and led to an

improvementin the yields of both (70) and (160). In the caseof the microwave

preparationof (70) it appeared{from tlc evidenceandoverallyield of (70)} thatsome

decompositionoccurred.
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Table4.1 Comparisonof yields from microwaveandthermallyheatedreactions

for thesynthesesof platinaheteroboranesin ethanolsolution.

Compound/isomer Thermal Microwave- AG*/kJ mol-I

% Yield % Yield

(157) 3,1�,�2�-�P�t�C�2�~�H�I�I 26.4b 4.4 :s30

(158) 2,1,8-PtC2B,HII 3.5b 19.4 57.8±1.2

(159) 8-Ph-2,1,8-PtC2B,HIO 64.7b 82.3 ---c

(70) 3,1�,�2�-�P�t�A�~�B�,�H�9 85.2d•e 74.6 :s30

(160) 2,I-PtTeB1oHI0 34.Qd·f 84.9 62

- 650W for 30 minutes. b Six days at reflux. C Data not available.l29
d Stir at

ambienttemperaturefor 18 hours. e Original yield was 44.6% in thf.22
f Original

yield was49.0% in thf.4

4.1.2 InfraredSpectra

An importantfeatureof theIR spectraof thecompounds(70) and(157)-(160)

was the presenceof strongabsorptionsdue to terminal B-H stretchingbandsin the

region 2600-2400em-I, Table 4.2. Other important featureswere bandsdue to

phosphineligandsarising from C-H stretchingin the region 3100-2800em-l , P-C

stretchingin the region 795-650em-I, P-Phstretchingin the regions1600-1425and

1110-960em-I, and P-Me stretchingin the region960-835em-I.
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Table4.2 B-H stretchingfrequenciesfor compounds(70), (157), (158), (159)and

(160).

Compound J1(B-H)/cm·1

(70) �3�,�1�,�2�-�P�t�A�~�~�H�, 2530(vs),2505(vs,sh),2495(vs,sh)

(157) 3,1,2-PtC2B9Hll 2565(s),2530(vs,sh),2518(vs),2490(s,sh),

2460(m,sh)

(158) 2,1,8-PtC2B9Hll 2555(vs), 2518(vs),2497(s,sh),2458(s)

(159) 8-Ph-2,1,8-PtC2B9HIO 2550(vs), 2535(vs),2518(vs),2500(vs),

2480(s,sh)

(160) 2,I-PtTeBIOHIO 2540(vw),2525(vs),2495(vs),2475(vw)

4.1.3NMR Spectroscopy

4.1.3.1F1uxionality in Platinacarboranescloso-[3,3-(PMezPh)z-3,1,2-PtCzB,H1J

(157) andcloso-[2,2-(PMezPh)z-2,1,8-PtCzB,Hu] (158)

Dynamicbehaviouris frequentlyobservedin polyhedralboroncompoundsand

often resultsin simpler NMR spectrathan thoserequiredby static structures.4 For

example,the IH NMR spectrumof thefree [B3H8l ion at room temperature,consists

of a symmetricalten lined patternat ca. +0.3 ppm with J(llB-IH) = 33Hz.39 The

correspondingllB spectrumhasa symmetricalnonetat ca. -30.0ppm. Thesedata

indicatethatall hydrogensandall boronatomsof the �[�~�H�8�l ion areequivalent. This

is possibleonly if a rapid internalexchangeis taking place. Otherexamplesof such

dynamic behaviourinclude the scramblingof all boron positionswith retentionof

individual exoB-H bondse.g. in [BllHll]2-,148exchangeof externalphosphineligands

e.g. in �[�(�P�P�h�~�2�C�u�B�3�H�8�]�' 149 and exchangeof internal groupse.g. in �[�M�~�A�I�~�H�8�]�' 150

°d ° I ° uH 151as well as exchangeamongbn glng protonson y e.g. In AJ6 10·
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In metalderivativesof boranes,carboranesandotherheteroboranesadditional

varietiesof fluxional processesassociatedwith metal-to-boranebondingand/ormetal

bound exopolyhedralligands have been observed.4 A non-dissociative(mutual)

rotation of the boranecageand metal unit aboutan axis passingthrough the metal

coordinationplanewas observedin the two platinacarboranes(157) and (158) (see

section4.1.3.2). This kind of rotationeffectwasreportedfor thetwelvevertexcloso

compound�[�2�,�2�-�(�P�M�~�P�h�)�2�-�2�,�l�-�P�t�T�e�B�l�o�H�l�o�l (160).4,152 It was observedthat the two

P-methyl IH NMR resonancesfirst broadenwith increasingtemperatureand then

coalesceandfinally mergeinto a singlecentredpeakwhena CD3C6Dssolutionof the

complexis heatedfrom 305to 355K, Figure4.1. Siteexchangevia phosphineligand

or boraneliganddissociationwasprecludedbecausetheP-methylcoupling3Je9Spt-1H)

andboranecouplings2Je95Pt-1H) and3J(l95Pt-1H) wereall retainedatall temperatures.

355 K

32SK

335K

320K

330K

-- 305K

B 1.50 1.40 1.30 1.20 1.10
1

6( H)/p.p.m.

Figure4.1 (A) An illustrationof onepossibleconfonnationof the ligandsabout

PI: in a staticstmctureof �[�2�,�2�-�(�P�M�~�P�h�)�1�-�2�,�I�-�P�t�T�e�B�l�o�H�l�o�l (160) showingtwo Me

groupenvironments. (B) 400-MHz 18 NMR spectrain the MezPhPregion of

(160) in CD3CJ>ssolutionat temperaturesfrom 305 to 3S5 K.I51
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Dynamic NMR can be usedto determinethe free energyof activation 4G*

from the fluxional exchangeprocessprovidedthevalueof 4G* is between21 - lOS

kJ mole-1•
1S3 The value of 40* can be calculatedfrom the Eyring equation (1)

providedthe valueof the rateconstant"Kc" is known.

K.,T.e-AOt/RT

Kc= -----------
h

(1)

K.,= Boltzmann'sConstant,h = Planck'sConstant,R = GasConstant,

T = AbsoluteTemperature

Whence,

4G* = 4.57T (10.32 + log T/Kc) (2)

Thevalueof Ke canbedeterminedby variabletemperatureNMR experiments.Two

methodsi.e. an analysisof the coalescencephenomenonor total line shapeanalysis

arecommonlyusedfor this pUrpose.I54,155 Thesimplestandthemorerapidprocedure

is thatof thecoalescenceanalysiswhich underoptimumconditionsyieldssubstantially

the samevalueof 4G* as doesthe more laboriouscompleteline shapeanalysis.156

It basically involves the calculation of the rate of exchange/rotation"Kc" at the

coalescencetemperatureTc, usingeitherof the approximateequations(3) or (4).157

ICc= T4,,/(2)'Ia (for uncoupledAB case) (3)

Ke= T(4'?+6.P)'Ia/(2)'Ia (for the coupledAB system) (4)

4" = line separationor changein chemicalshift (in units of Hz) betweensignal A

and B without exchange.

J =couplingconstantbetweennuclei A and B.

Graphicalmethodsareavailablewhich areparticularlysuitablefor theevaluationof

certain spectral parameters,l58since the intrinsic widths of the lines and the

temperaturedependenceof the splitting without chemicalexchangeare taken into

accountmore satisfactorily.155,159

It is important to note that 4G* containsthe temperaturedependententropy

term T4S and is, therefore,not a good term for comparison. The bestquantitiesto



use for comparisonare the Arrheniusactivationenergy"E." or AH (AH == E.-RT)

which do not havethe temPeraturedePendenttermTAS. However,theE. valuesare

mostly indeterminableand at bestuncertain. For instance,the reportedE. values,

calculatedby NMR spectroscopy,for dimethylformamiderange from 7 - 28 kcal

mole-I while the valuesfound for AG* by thepeakcoalescencemethoddiffer by less

than 1 kcal mole-I from the averageof 21.5 kcal mole-I.153 Thus, if accurate

measurementsare not available, it is better to use the AO* valuesrather than the

physically accuratebut numericallydoubtful E. or AH valueswith the temPerature

dePendenceof AO* ignored.159 This procedureis not problematicin thecomparison

of similar typesof compoundslike (157) and (158).

4.1.3.2NMR Spectroscopyof closo-[3,3-(PMe2Ph)2-3,1,2-PtC2B,HII] (157)

All theNMR spectradiscussedin this sectionwerekindly recordedby Dr. J.

D. Kennedy,Universityof Leeds,England. Multinuclear11B, llB{lH}, 31p, 135ptand

IH NMR spectroscopy was used to characterise �c�l�o�s�o�-�[�3�,�3�-�(�P�M�~�P�h�)�2�-�3�,�1�,�2�­

PtC2B9Hll ] (157), Table 4.3. There were six signals with an intensity pattern

1:1:2:2:1:2 in the 11B{1H} spectrumof (157). The shieldingpatterns(liB) can be

tracedto thoseof �c�l�o�s�o�-�~�B�l�o�H�1�2 (161), Figure4.2, demonstratingtheapproximation

to true closo nature,and therearealsosimilaritieswith �[�~�~�H�I�2�J (162) (albeit with

massivedownfield shifts for B8 {adjacent} and BI0 {antipodal} to platinum).I60

Thereis alsoa closerelationshipto �[�3�-�C�p�·�-�3�,�1�,�2�,�-�I�r�C�2�~�H�l�l�] (163) showinga general

closo {3, 1,2-MC2B9H1I} bondingpattern.161 The greatestdifferencesfrom both the

C2B1oH12 and the �3�,�1�,�2�-�I�r�~�B�9�H�l�l compoundsarein the 8 and4,7positions,adjacent

to the metal. The IH NMR shielding (Figure 4.3), when plotted againstthe liB

shielding,falls into establishedcloso patternswith a gradientof 11:1. Thesomewhat

highershieldingof IH(4,7) and somewhatlower shieldingof IH (6), ascomparedto

the generaltrend, are also found for {ArM}C 2B1oHI2 where {ArM} = CpRh, CpIr

and Cp·Ru.The much lower shieldingof IH(10), antipodalto the3rd row transition

elementPt, hasprecedentin the previouslyexamined�M�A�~�B�l�o closo systems.53
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Table4.3 IH andliB NMR datafor closo-[3,3-(PMe2Ph)2-3,1,2-PtC2B,HII] (157)

CDCI3 solutionat 294-297K unlessotherwiseindicated.

Assignment �~�(�I�I�B�)�/�p�p�m IJ(19SPt_IIB) �~�e�H�)�/�p�p�m DJe9SPt-IH)

8 +5.7 260 +3.66 +39 fJ)

10 -9.2 --- +4.15 -28 (4J)

9,12 -9.9 --- +2.28 -38 fJ)

5,11 -14.5 --- +1.91 (-) s20fJ)

6 -20.8 --- +2.05 ---

4,7 -20.8 170 +0.88 +60

1,2 (CH) --- +2.98 ---

3 (Pt) --- + 1.72 (PMe's)a +32.6 �~�J�)

Additional Data:

ae95pt) -371 (Goodfellowscale)

af1p) -13.1 IJe9Spt-3Ip) 3445Hzat -54°C CDCl3 and -12.6 IJe
9Spt_3Ip) 3450Hzat

-90°C CD2C12

Low temperaturespectraof P-methylgroups aeH)/ppm Width athalfheight

CD2Cl2 solution -70°C a + 1.63 wan 6.6Hz

-90°C 8 +1.62 Wan 8.0Hz

-110°C a+1.62 Will 13.0Hz

CD3C6Ds solution -82°C 8 + 1.28 Will 7.5Hz

-94°C a +1.30 Will 8.5Hz

If broadeningis due to incipient peakseparationat -110°C, thereis an upperlimit

to 4G* of ca. 30 kJ motl
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Figure4.2 "Stick" diagramsof thechemicalshiftsandrelative intensitiesof the

liB NMR spectraof (A) C2B,HI2- (162), (B) �c�l�o�s�o�-�[�3�,�3�-�(�P�M�~�P�h�)�2�-�3�,�1�,�2�-�P�t�C�2�B�,�H�1�I�1

(157), (C) closo-C2B1oHl2 (161) and (D) closo-[3-Cp·-3,1,2,-IrC2B,H1I1 (163)"'·
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Figure 4.3 Plot of �~�(�l�B�) versus�~�e�H�) for �c�l�o�s�o�-�[�3�,�3�-�(�P�M�~�P�h�)�2�-�3�,�1�,�2�-�P�t�C�2�B�,�H�n�]

(157).

Molecular Fluxionaliry

From the X-ray determined crystalstructureof closo-[3,3-(PMt2Ph)2-3,1,2­

�P�t�C�2�~�H�l�l�] (157) (section4.1.4.1)thereare two molecules,A and B presentin the

unit cell, Figure4.4 (vide infra) which havesignificantly differentconformationsof

the �P�t�(�p�M�~�P�h�)�2�- unit abovethe �C�2�~ face. Clearly the staticform A (Figure4.4) is

excludedbothon thebasisof 31p NMR (i.e. thereis only one31p resonancedown to­

90°C)andon thebasisof IH NMR (thereis only oneIH resonancedownto -110°C).

Furthermoretheobservationofonly onePMeresonancealsoprecludesthestaticform

B. Although this could in principle arisebecauseof accidentalcoincidenceof IH

chemicalshifts, it is unlikely, particularlyasboth CD2C12andthe highly anisotropic

solventCD3C6Dseachonly showoneP-methylresonance.
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A B

Figure4.4 A view of the Pt(PMe2Ph)2unit abovethe �C�2�~ face for moleculesA

andB of closo-[3,3-(PMe2Ph)2-3,1,2-PtC2B,Hn](157)

The upperlimit on 40* for the rotationalprocessis estimatedat

< ca. 30 kJ motl , and is possiblysomewhatlessthan this if the broadeningat

-110°C (supercooledCD2Cl2 solution) arisesfrom solution effects rather than any

incipient fluxionality. This meansthat theenergydifferencebetweenA andB or any

otherrotameris 30 kJ mol-I at a maximum. This is very smallandof thesameorder

of magnitudeas crystal packing forces. It is thereforepossiblefor the solid state

structureto showany rotamer,as in this caseof moleculesA andB (Figure4.4) i.e.

they aretwo snapshotsof the rotationprocess.
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4.1.3.3NMR Spectraof closo-[2,2-(PMe1Ph)1-2,1,8-PtC1B,HII] (158)

The NMR parameters(for llB, 31p and IH nuclei) for �c�l�o�s�o�-�[�2�,�2�-�(�P�M�~�P�h�)�2�­

2,1�,�8�-�P�t�C�2�~�H�l�l�] (158) are given in Table 4.4. The llB{1H} spectrumof (158)

consistedof nine different resonancesin the region a/ppm-7.6 to -24.2 with unit

intensityratio Figure4.5. ThemeasuredNMR featureswereentirelyconsistentwith

the X-ray structureof (158) describedin section4.1.4.2.

, : i ' , , , i ' , , , i ; , , , I ' , , , i ' U, , i ' , cUi' , , , i ' i , , i ' , , , i ' , , , i ' , , , i ' , iii' ••
20 II 10 I a -I -II -II -20 -25 -so -15 -40,,".

Figure 4.5 IIB(top trace) and IIB{lH}{lower trace) NMR spectraof closo-[2,2­

(PMe1Ph)1-2,1,8-PtC1B,HII] (158).



Table4.4 IH andliB NMR datafor �c�l�o�s�o�-�[�2�,�2�-�(�P�M�~�P�h�)�2�-�2�,�1�,�8�-�P�t�C�2�B�,�H�l�I�] (IS8)

CDCI3 solutionat 294-297K unlessotherwiseindicated.

Relative �~�(�I�I�B�)�/�p�p�m �~�e�H�)�/�p�p�m

Intensity

1 -7.6 +2.53

1 -9.4 +1.73

1 -9.9- +2.24

1 -12.1 +4.11

1 -15.7 +1.38

1 -20.5 +1.87

1 -21.8 +2.24

1 -22.8 +1.41

1 -24.2 +1.58

AG* = 57.8±1.2 kJ mol-I at 272K

-16.3 IJe9Spt_31P) 3299±5Hz

-16.5 IJe9Spt_31P) 3284±5Hz

IJe1p_3Ip) 36Hz

IJe1p_31p) 36Hz

-53°C �~�e�H�) (pMe) 1.72 N9.1

1.53 N9.9

1.69 N9.6

1.47 N9.9

Je9SPt-1H) 22.4Hzb

Je9SPt-1H) 33.2Hzb

Je9SPt-1H) 23.5HzC

Je9SPt-1H) 23.5HzC

• IJ(195Pt_ll B) 260 Hz

, signalscoalesceat 21°C with �~�= 1.66

C signalscoalesceat 21°C with �~�= 1.63
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4.1.4CrystalandMolecularStructures

4.1.4.1CrystalandMolecularStructureof closo-[3,3-(PMe2Ph)2-3,1,2-PtC2B,Hu]

(157)

In order to elucidatethe structuralfeaturesof the platinacarborane(157), it

wasdecidedto undertakea singlecrystalX-ray analysisof thecompound. Crystals

suitablefor study were grown by the so-calledlayering techniqueby which hexane

slowly diffusedinto a CH2Cl2solutionof theplatinacarborane.Thecollectionof the

data and the structuresolution were carried out by ProfessorGeorgeFerguson,

University of Guelph,Canada,as statedin the experimentalsection4.3.1. Crystal

dataand relevantstructuresolutiondataaregiven in experimentalsection4.3.5.

Thesuccessfulsolutionandrefinementof themolecularstructureshowedthat

compound(157) had a closo twelve vertex �P�t�C�2�~ geometrybasedon a distorted

dodecahedronwith platinumandbothcarbonatomsadjacentto oneanother,Figures

4.6 and 4.7. There were two independentmoleculesin the asymmetricunit cell

which differed primarily in the platinum-carboranecagebond lengthsand in the

orientationof theplatinumphosphineunit over the �~�B�3 faceto which it wasbonded,

Figure 4.8. Importantbond distancesand anglesare given in Tables4.5 and 4.6

respectively. To comparethe many platinacarboranecompoundsthat have been

characterisedcrystallographicallya selectionof twelve atom closo platinacarborane

bond distancesaregiven in Tables4.7 and4.8.

ThePt-Cbonddistancesin �c�l�o�s�o�-�[�3�,�3�-�(�P�M�~�P�h�)�2�-�3�, 1,2-PtCP9Hu](157)differ

(by 0.213 A) in molecule A, whereasin moleculeB thesedistancesare slightly

(0.045A) but not significantlydifferent. PreviouslyreportedPt-Cbonddistancesfor

12 atomcloso structuresvary from 2.326(10)A in �c�l�o�s�o�-�[�I�-�P�h�-�3�,�3�-�(�P�M�~�P�h�)�2�-�3�,�1�,�2�­

PtC2B9H1ol (164) to 2.622(8) A in �c�l�o�s�o�-�[�I�-�P�h�-�3�,�3�-�(�p�M�~�P�h�)�2�-�3�, 1, �I�I�-�P�t�~�B�9�H�l�o�l

(165), with many intermediatevalues some of which are given in Table 4.7.147

Molecule A has similar Pt-C bond distancesto �c�l�o�s�o�-�[�I�-�P�h�-�3�,�3�-�(�P�M�~�P�h�)�2�-�3�, 1,2­

�P�t�C�2�~�H�l�O�] (164), and moleculeB hassimilar Pt-C bonddistancesto thosein closo­

[3,3-(Et3P)2-3,1�,�2�-�P�t�C�2�~�H�l�1�] (166).162 In termsof the metal-to-clusterinteraction,

thetwo Pt-C interactionsin moleculeB {2.529(6)and2.574(6)} andonein molecule

A {2.515(6)} may be describedas weakly bonding, whereas the second Pt-C

interactionin A is much stronger{2.302(7)}}60
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Figure 4.6 An ORTEP view of closo-[3,3-(PMe1Ph)1-3,1,2-PtC1B,HIIJ (157)

moleculeA, with atomnumberingscheme.
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Figure 4.7 An ORTEP view of closo-[3,3-(PMe2Ph)2-3,1,2-PtC2B,HII] (157)

moleculeB, with atomnumberingscheme.



CIA

B7B
C2B

Figure4.8 A view of theorientationof thePt(PMe2Ph)2unit abovethe �~�~ face

of closo-[3,3-(PMe2Ph)z-3,1,2-PtC2B,Hll] (157) for both moleculesA andB.
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Table4.5Importantbonddistances(A) for closo-[3,3-(PMe2Ph)2-3,1,2-PtC2B,HII]

(157).

Pt(3A)-P(IA) 2.2875(16) Pt(3B)-P(IB) 2.2599(16)

Pt(3A)-P(2A) 2.2353(16) Pt(3B)-P(2B) 2.2705(15)

Pt(3A)-C(IA) 2.515(6) Pt(3B)-C(IB) 2.529(6)

Pt(3A)-C(2A) 2.302(7) Pt(3B)-C(2B) 2.574(6)

Pt(3A)-B(4A) 2.307(7) Pt(3B)-B(4B) 2.264(7)

Pt(3A)-B(7A) 2.265(7) Pt(3B)-B(7B) 2.260(7)

Pt(3A)-B(IIA) 2.284(8) Pt(3B)-B(IIB) 2.266(7)

C(IA)-C(2A) 1.571(11) C(IB)-C(2B) 1.496(10)

C(IA)-B(4A) 1.667(9) C(IB)-B(4B) 1.748(10)

C(IA)-B(5A) 1.683(11) C(IB)-B(5B) 1.662(10)

C(IA)-B(6A) 1.687(11) C(IB)-B(6B) 1.728(11)

C(2A)-B(6A) 1.781(11) C(2B)-B(6B) 1.688(11)

C(2A)-B(10A) 1.731(12) C(2B)-B( lOB) 1.637(11)

C(2A)-B(11A) 1.737(12) C(2B)-B(11B) 1.712(10)

B(4A)-B(5A) 1.826(11) B(4B)-B(5B) 1.795(10)

B(4A)-B(7A) 1.826(10) B(4B)-B(7B) 1.783(10)

B(4A)-B(8A) 1.765(11) B(4B)-B(8B) 1.785(10)

B(5A)-B(6A) 1.733(14) B(5B)-B(6B) 1.773(13)

B(5A)-B(8A) 1.752(12) B(5B)-B(8B) 1.768(11)

B(5A)-B(9A) 1.758(12) B(5B)-B(9B) 1.790(11)

B(6A)-B(9A) 1.747(13) B(6B)-B(9B) 1.729(13)

B(6A)-B(10A) 1.795(15) B(6B)-B(10B) 1.716(14)

B(7A)-B(8A) 1.762(12) B(7B)-B(8B) 1.767(11)

B(7A)-B(11A) 1.789(11) B(7B)-B(11B) 1.804(12)

B(7A)-B(12A) 1.758(11) B(7B)-B(12B) 1.747(11)

B(8A)-B(9A) 1.805(12) B(8B)-B(9B) 1.769(12)

B(8A)-B(12A) 1.755(13) B(8B)-B(12B) 1.753(13)

B(9A)-B(10A) 1.750(14) B(9B)-B( lOB) 1.748(14)

B(9A)-B(12A) 1.742(13) B(9B)-B(12B) 1.756(11)
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B(IOA)-B(IIA)

B(IOA)-B(12A)

B(IIA)-B(12A)

1.738(12)

1.737(15)

1.753(13)

B(10B)-B(IIB)

B(1OB)-B(12B)

B(IIB)-B(12B)

1.781(12)

1.793(15)

1.809(12)

�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�~�=�~

Table 4.6 Importantbondangles(0) for closo-[3,3-(PMe2Ph)2-3,I,2-PtC2B,HII]

(157).

P(1A)-Pt(3A)-P(2A) 93.11(6) P(1B)-Pt(3B)-P(2B) 92.33(6)

P(1A)-Pt(3A)-C(2A) 98.47(16) P(1B)-Pt(3B)-C(2B) 115.21(16)

P(1A)-Pt(3A)-B(4A) 153.24(18) P(IB)-Pt(3B)-B(4B) 164.70(19)

P(IA)-Pt(3A)-B(IIA) 111.28(22) P(IB)-Pt(3B)-B(11B) 97.21(19)

P(2A)-Pt(3A)-C(2A) 163.01(20) P(2B)-Pt(3B)-C(2B) 130.48(16)

P(2A)-Pt(3A)-B(4A) 95.56(19) P(2B)-Pt(3B)-B(4B) 96.50(19)

P(2A)-Pt(3A)-B(IIA) 140.44(23) P(2B)-Pt(3B)-B(11B) 169.62(19)

C(1A)-Pt(3A)-C(2A) 37.7(3) C(1B)-Pt(3B)-C(2B) 34.09(22)

C(1A)-Pt(3A)-B(4A) 40.16(23) C(IB)-Pt(3B)-B(4B) 42.33(24)

C(2A)-Pt(3A)-B(11A) 44.5(3) C(2B)-Pt(3B)-B(IIB) 40.8(3)

B(4A)-Pt(3A)-B(7A) 47.1(3) B(4B)-Pt(3B)-B(7B) 46.4(3)

B(7A)-Pt(3A)-B(11A) 46.3(3) B(7B)-Pt(3B)-B(11B) 47.0(3)

Pt(3A)-C(1A)-C(2A) 63.8(3) Pt(3B)-C(1B)-C(2B) 74.6(3)

Pt(3A)-C(IA)-B(4A) 63.2(3) Pt(3B)-C(1B)-B(4B) 60.7(3)

C(2A)-C(IA)-B(4A) 106.9(5) C(2B)-C(IB)-B(4B) 112.7(5)

C(2A)-C(IA)-B(6A) 66.2(5) C(2B)-C(lB)-B(6B) 62.7(5)

B(4A)-C(IA)-B(5A) 66.0(5) B(4B)-C(IB)-B(5B) 63.5(4)

B(5A)-C(IA)-B(6A) 61.9(5) B(5B)-C(1B)-B(6B) 63.0(5)

Pt(3A)-C(2A)-C(lA) 78.5(4) Pt(3B)-C(2B)-C(1B) 71.3(3)

Pt(3A)-C(2A)-B(11A) 67.2(3) Pt(3B)-C(2B)-B(11B) 59.9(3)

C(IA)-C(2A)-B(6A) 60.1(5) C(1B)-C(2B)-B(6B) 65.4(5)

C(IA)-C(2A)-B(11A) 116.8(5) C(IB)-C(2B)-B(IIB) 110.2(5)

B(6A)-C(2A)-B(10A) 61.5(5) B(6B)-C(2B)-B(lOB) 62.1(5)



B(10A)-C(2A)-B(IIA) 60.2(5) B(10B)-C(2B)-B(IIB) 64.2(5)

Pt(3A)-B(4A)-C(IA) 76.7(3) Pt(3B)-B(4B)-C(IB) 77.0(3)

Pt(3A)-B(4A)-B(7A) 65.3(3) Pt(3B)-B(4B)-B(7B) 66.7(3)

C(IA)-B(4A)-B(5A) 57.4(4) C(IB)-B(4B)-B(5B) 55.9(4)

C(IA)-B(4A)-B(7A) 109.2(5) C(IB)-B(4B)-B(7B) 106.7(5)

B(5A)-B(4A)-B(8A) 58.4(4) B(5B)-B(4B)-B(8B) 59.2(4)

B(7A)-B(4A)-B(8A) 58.7(4) B(7B)-B(4B)-B(8B) 59.4(4)

C(IA)-B(5A)-B(4A) 56.6(4) C(IB)-B(5B)-B(4B) 60.6(4)

C(IA)-B(5A)-B(6A) 59.2(5) C(IB)-B(5B)-B(6B) 60.3(5)

B(6A)-B(5A)-B(9A) 60.1(5) B(6B)-B(5B)-B(9B) 58.1(5)

B(8A)-B(5A)-B(9A) 61.9(5) B(8B)-B(5B)-B(9B) 59.6(5)

C(IA)-B(6A)-C(2A) 53.8(4) C(IB)-B(6B)-C(2B) 51.9(4)

C(IA)-B(6A)-B(5A) 58.9(5) C(1B)-B(6B)-B(5B) 56.7(4)

C(2A)-B(6A)-B(10A) 57.9(5) C(2B)-B(6B)-B(lOB) 57.5(5)

B(5A)-B(6A)-B(9A) 60.7(5) B(5B)-B(6B)-B(9B) 61.5(5)

B(9A)-B(6A)-B( lOA) 59.2(5) B(9B)-B(6B)-B( lOB) 61.0(6)

Pt(3A)-B(7A)-B(4A) 67.7(3) Pt(3B)-B(7B)-B(4B) 66.9(3)

Pt(3A)-B(7A)-B(llA) 67.4(4) Pt(3B)-B(7B)-B(11B) 66.7(3)

B(4A)-B(7A)-B(8A) 58.9(4) B(4B)-B(7B)-B(8B) 60.4(4)

B(4A)-B(7A)-B(IIA) 104.0(5) B(4B)-B(7B)-B(IIB) 100.7(5)

B(8A)-B(7A)-B(12A) 59.8(5) B(8B)-B(7B)-B(12B) 59.8(5)

B(IIA)-B(7A)-B(12A) 59.2(5) B(11B)-B(7B)-B(12B) 61.2(5)

B(4A)-B(8A)-B(5A) 62.6(4) B(4B)-B(8B)-B(5B) 60.7(4)

B(4A)-B(8A)-B(7A) 62.4(4) B(4B)-B(8B)-B(7B) 60.2(4)

B(5A)-B(8A)-B(9A) 59.2(5) B(5B)-B(8B)-B(9B) 60.8(5)

B(7A)-B(8A)-B(12A) 60.0(5) B(7B)-B(8B)-8(12B) 59.5(5)

B(9A)-B(8A)-B(12A) 58.6(5) B(9B)-8(8B)-8(12B) 59.8(5)

B(5A)-B(9A)-B(6A) 59.2(5) B(5B)-8(9B)-B(6B) 60.5(5)

B(5A)-B(9A)-B(8A) 58.9(5) B(5B)-B(9B)-B(88) 59.6(4)

B(6A)-B(9A)-B(10A) 61.8(6) B(6B)-B(98)-B( lOB) 59.1(6)

B(8A)-B(9A)-B( 12A) 59.3(5) B(8B)-B(98)-B(12B) 59.7(5)

B(10A)-B(9A)-B(12A) 59.7(6) B(1OB)-B(9B)-B(12B) 61.6(6)
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C(2A)-B(1OA)-B(6A)

C(2A)-B(10A)-B(11A)

B(6A)-B(10A)-B(9A)

B(9A)-B(1OA)-B(12A)

B(IIA)-B(10A)-B(12A)

Pt(3A)-B(11A)-C(2A)

Pt(3A)-B(IIA)-B(7A)

C(2A)-B(11A)-B(7A)

C(2A)-B(IIA)-B(10A)

B(7A)-B(1IA)-B(12A)

B(10A)-B(IIA)-B(12A)

B(7A)-B(12A)-B(8A)

B(7A)-B(12A)-B(IIA)

B(8A)-B(12A)-B(9A)

B(9A)-B(12A)-B(lOA)

B(10A)-B(12A)-B(11A)

60.6(5)

60.1(5)

59.0(5)

59.9(6)

60.6(5)

68.3(3)

66.3(3)

102.3(5)

59.7(5)

59.5(5)

59.7(5)

60.2(5)

61.3(5)

62.2(5)

60.4(6)

59.7(5)

C(2B)-B(1OB)-B(6B)

C(2B)-B(10B)-B(11B)

B(6B)-B(10B)-B(9B)

B(9B)-B(10B)-B(12B)

B(11B)-B(10B)-B(12B)

Pt(3B)-B(11B)-C(2B)

Pt(3B)-B(11B)-B(7B)

C(2B)-B(1IB)-B(7B)

C(2B)-B(IIB)-B(10B)

B(7B)-B(IIB)-B(12B)

B(10B)-B(11B)-B(12B)

B(7B)-B(12B)-B(8B)

B(7B)-B(12B)-B(11B)

B(8B)-B(12B)-B(9B)

B(9B)-B(12B)-B(lOB)

B(10B)-B(12B)-B(11B)

60.4(5)

59.9(4)

59.9(5)

59.5(5)

60.8(5)

79.3(3)

66.3(3)

108.8(5)

55.9(4)

57.9(5)

59.9(5)

60.6(5)

60.9(5)

60.5(5)

59.0(5)

59.3(5)

�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�~�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=

ReportedPt-Pbonddistancesin 12 atom closoplatinacarboranesrangefrom

2.249(2)Ain �[�1�,�1�-�(�P�M�~�P�h�)�2�-�2�,�4�-�M�~�-�1�,�2�,�4�-�P�t�~�B�9�~�] (167)163to 2.3035(9)Ain [8­

�P�h�-�2�,�2�-�(�P�M�~�P�h�)�2�-�2�, 1�,�8�-�P�t�C�2�~�H�l�o�l (168),129.147Table 4.7. The Pt-P distanceof

2.2353(16)A in moleculeA of (157) is the shortestPt-Pdistancereportedfor a 12

atom closo carborane,Table 4.7. There are significant differencesin the Pt-P

distancesin moleculeA (0.0522A) and moleculeB (0.0106A). In both molecules

thePt-Pvectorwhich is "trans" to a PtCB faceis longerthan thePt-Pvector"trans"

to a PtB:z face, but this is not unusualsincein the majority of compoundscontaining

the PtP2unit the platinum-phosphorusbondsare not equal.l64

In molecule A the Pt-B distancesvary from 2.265(7)-2.307(7)A and in

moleculeB thePt-B bonddistancesarewithin the range2.260(7)-2.266(7)A. While

the Pt-B(7) and Pt-B(11) distancesare similar in moleculesA and B the Pt-B(4)

distancesdiffer significantlybeing2.307(7)and2.264(7)Arespectively.All thePt-B

valuesfor both moleculesA andB canbeconsideredtypical for Pt-B interactionsand

fall within thewide rangereportedfor numerousplatinaboranes,I03andaresimilar to
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Table4.7 Bond distancesfor a selectionof 12 atomcloso platinacarboranes.

No. Compoundstructure Pt-C/A
0 0

Pt-P/A Pt-B/A

157 �[�3�,�3�-�(�P�M�~�P�h�)�r�3�, 1,2-PtCAHll ] (A) 2.515(6), 2.302(7) 2.2353(16),2.2875(16) 2.265(7)-2.307(7)

�-�~�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�- ----------------------------- ----------------------------------
(B) 2.529(6), 2.574(6) 2.2599(16),2.2705(15) 2.260(7)-2.266(7)

158 �[�2�,�2�-�(�P�M�~�P�h�)�2�-�2�, 1�,�8�-�P�t�C�~�9�H�l�l�] 2.570(3) 2.2891(6),2.2972(6) 2.215(3)-2.2273(3)

164 �[�1�-�P�h�-�3�,�3�-�(�P�M�~�P�h�)�2�-�3�, 1,2-PtC2B}1lO]147 2.596(10),2.326(10) 2.288(3),2.250(3) 2.239(12)-2.313(12)

165 �[�1�-�P�h�-�3�,�3�-�(�P�M�~�P�h�)�2�-�3�, 1,II-PtC2B}1lO]129,147 2.622(8) 2.296(2),2.299(2) 2.211(9)-2.275(8)

166 [3,3-(Et3P)2-3,1�,�2�-�P�t�C�2�~�H�l�l�]�l�6�2 2.530(7),2.613(7) 2.2750(18),2.2843(18) 2.264(8)-2.283(8)

167 [1, �1�-�(�P�M�~�P�h�)�2�-�2�,�4�-�M�~�-�1 �,�2�,�4�-�P�t�~�~�H�9�r�6�3 2.452(8),2.442(7) 2.249(2),2.303(2) 2.255(9)-2.270(9)

168 �[�8�-�P�h�-�2�,�2�-�(�p�M�~�P�h�)�2�-�2�, 1,8-PtC2B}110] 129.147 2.581· 2.290(1),2.3035(9) 2.211(4)-2.281(4)

169 �[�3�,�3�-�(�P�M�~�P�h�)�2�-�1�, I1-Ph2-3,1, �I�1�-�P�t�~�B�9�H�9�r�4�7 2.610(5) 2.2864(14),2.2909(14) 2.219(6)-2.293(6)

171 [3-(dppe)-3,1�,�2�-�P�t�C�2�~�H�I�J�I�6�6 2.502(3),2.505(3) 2.266(3),2.259(3) 2.251(3)-2.279(3)

dppe= [1 ,2-bis(diphenylphosphino)ethane]

·No standarddeviationgiven
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Table4.8 Bond distancesfor a selectionof 12 atomcloso platinacarboranes

0

B-C/A
0

No. Compoundstructure B-B/A C-e/A

157 �[�3�,�3�-�(�P�M�~�P�h�)�2�-�3�, 1,2-PtCAHll l (A) 1.733(14)-1.826(11) 1.667(9)-1.781(11) 1.571(11)

---------------------------- ---------------------------- ------------------------------*-
(B) 1.716(14)-1.809(12) 1.637(11)-1.748(10) 1.496(10)

158 �[�2�,�2�-�(�P�M�~�P�h�)�2�-�2�, 1,8-PtCAHlll 1.726(5)-1.881(5) 1.644(4)-1.746(4) •

164 �[�1�-�P�h�-�3�,�3�-�(�P�M�~�P�h�)�2�-�3�, 1,2-PtC2Bj1lOl147
b b

1.594(14)

165 �[�1�-�P�h�-�3�,�3�-�(�P�M�~�P�h�)�2�-�3�, 1,II-PtC2Bj1lOl129.147 1.76(1)-1.88(1) 1.67(1)-1.74(1) •

166 [3,3-(Et3P)2-3,1�,�2�-�P�t�C�2�~�l�l�r�6�2 1.751(11)-1.826(12) 1.659(11)-1.757(11) 1.529(10)

167 [1, �1�-�(�P�M�~�P�h�)�2�-�2�,�4�-�M�~�-�1 �,�2�,�4�-�P�t�e�;�~�H�9�l�1�6�3 1.72(2)-1.89(1) 1.64(1)-1.71(1) •

168 �[�8�-�P�h�-�2�,�2�-�(�P�M�~�P�h�)�2�-�2�, 1,8-PtC2Bj1lOl129,147 1.742(6)-1.878(6) 1.645(6)-1.755(5) •

169 �[�3�,�3�-�(�P�M�~�P�h�)�2�-�1�, II-Ph2-3, I, �I�1�-�P�t�~�B�9�H�9�l�1�4�7
b b b

171 �[�3�-�(�d�p�p�e�)�-�3�,�1�,�2�-�P�t�C�2�~�l�J�l�~ 1.74(3)-1.85(3) 1.63(3)-1.79(3) 1.53(3)

dppe= [1 ,2-bis(diphenylphosphino)ethane]

• Not applicable,b Datanot available



other 12 atomclosocarboranePt-B distanceswhich rangefrom 2.211(4)A in [8-Ph­

�2�,�2�-�(�P�M�~�P�h�)�2�-�2�,�1�,�8�-�P�t�C�2�B�9�H�l�o�] (168) to 2.293(6) A in �[�3�,�3�-�(�P�M�~�P�h�)�2�-�1�,�1�1�-�P�h�2�­

�3�,�1�,�1�1�-�P�t�C�2�B�9�~�] (169), Table4.7.147

TheB-B distancesfor moleculeA rangefrom 1.733(14)-1.826(11)Aandfrom

1.716(14)-1.809(12)A for molecule B which are not unusually large for

metallaheteroboranes,Table4.8, e.g. theB-B distancesin �[�8�-�P�h�-�2�,�2�-�(�p�M�~�P�h�)�2�-�2�, 1,8­

�P�t�C�2�~�H�l�O�] (168) rangefrom 1.742(6)-1.878(6)A.
The C-C bond distancesof 1.571(11)and 1.496(10)A for moleculesA and

B respectivelyaresimilar to the distanceof 1.542(3)A in the carboraneanion [7,8­

�C�2�~�H�l�l�l (170),13andtheotherplatinacarboranecompoundsin Table4.8,which have

beenreportedto rangefrom 1.529(10)A in �[�3�,�3�-�(�E�~�P�)�2�-�3�,�1�,�2�-�P�t�C�A�H�l�a�l (166) to

1.594(14)A in �[�1�-�P�h�-�3�,�3�-�(�p�M�~�P�h�)�2�-�3�,�1�,�2�-�P�t�C�2�~�H�I�O�]�(�I�6�4�)�. In moleculeB theC-e

distanceof 1.496(10)A is shorterthanan Sp3_Sp3singlebond that is commonlyheld

to be - 1.54 A.I 65

The C-B bonddistancesrangefrom 1.667(9)-1.781(11)A in moleculeA and

from 1.637(11)-1.748(I0)A in moleculeB. Thesebonddistancesaresimilar to those

in �[�3�-�(�d�p�p�e�)�-�3�-�P�t�-�l�,�2�-�C�2�~�H�l�l�] (171) {dppe = 1,2-bis(diphenylphosphino)ethane}

which rangefrom 1.63(3)-1.79(3)A.I66

4.1.4.2CrystalandMolecularStmctureofcloso-[2,2-(PMe2Ph)2-2,1,8-PtC2B,HII]

(158)

For completestructuralcharacterisationof the platinacarborane(158), it was

decided to undertakea single crystal X-ray analysisof the compound. Crystals

suitablefor studyweregrown by slow diffusion of a layer of hexaneinto a CH2C12

solutionof the platinacarborane.Thecollectionof thedataandthestructuresolution

werecarriedout by ProfessorGeorgeFergusonand Dr. JohnGallagher,University

of Guelph, Canada,as statedin the experimentalsection4.3.1. Crystal dataand

relevantstructuresolutiondataaregiven in experimentalsection4.3.6.

The analysisshowedthat compound(158) had a closo twelve vertex �P�t�C�2�~

geometrybasedon a distorteddodecahedronwith platinum and one of the carbon
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atomsadjacentto oneanother,Figure4.9. It shouldbe notedthatbecausetheX-ray

datawas of suchgood quality (R=0.018,R.,=0.023)the boron and carbonatoms

could be easilydistinguishedwithin the cageand thereforethe structurewas solved

unambiguouslyas the 2,1,8 isomer. Unlike �c�l�o�s�o�-�[�3�,�3�-�(�P�M�~�P�h�)�T�3�,�1�,�2�-�P�t�C�2�~�I�J

(157) therewas only one moleculein the unit cell. The structureis an isomerof

(157) in which a carbonanda boron atomare interchanged. Possiblemechanisms

of this interchangewill bediscussedin section4.1.5. Importantbonddistancesand

anglesare given in Table 4.9 and 4.10 respectively. Tables 4.7 and 4.8 in the

previoussection4.1.4.1containa selectionof 12 atom closo platinacarboranesand

shouldbe consultedin conjunctionwith the following discussion. It is noteworthy

that the valueof aG* was found to be 57.8+1.2 kJ mol-1which is greaterthan the

crystal packing forces of - 30 kJ mot1henceonly the most stableconformeri. e.

Figure4.10would be expectedto be presentfrom a frontier mo analysisasdiscussed

in chapter2.162,167,168

ThePt-Cbonddistanceof 2.570(3)A in (158) is similar to 2.581(4)A in [8­

�P�h�-�2�,�2�-�(�P�M�~�P�h�)�2�-�2�,�1�,�8�-�P�t�C�2�~�l�o�l (159) and is at the higher end of the range

{2.302(7)-2.622(8)A} of Pt-C bonddistances,Table4.7.129

ThePt-Pdistancesof2.2891(6)and2.2972(6)Aaresignificantlydifferentbut

aresimilar to the Pt-Pdistancesof 2.2864(14)and2.2909(14)A in �[�3�,�3�-�(�P�M�~�P�h�)�2�­

�1�,�I�I�-�P�h�r�3�,�1�,�I�I�-�P�t�C�2�~�9�] (169), Table4.7.147

The Pt-B distancesof 2.215(3),2.223(3),2.233(3)and2.273(3)A for boron

atoms (7), (11), (3) and (6) respectivelyare very similar to the corresponding

distances in [8-Ph-2,2-(pMl1Ph)2-2,�1�,�8�-�P�t�~�B�9�H�l�O�] (159) of 2.211(9), 2.212(7),

2.237(8)and2.275(8)A, Table4.7.129

TheB-B bonddistancesrangefrom 1.726(5)-1.881(5)A which is quite usual

for metallaheteroboranes,Table4.8.105

The C-B bonddistancesarein the range1.644(4)-1.746(4)A which arevery

similar to those in �[�8�-�P�h�-�2�,�2�-�(�p�M�~�P�h�)�2�-�2�, 1�,�8�-�P�t�C�2�~�H�l�o�l (168) which range from

1.645(6)-1.755(5)A, Table4.8.147

lOS



Figure4.9 An ORTEPview of closo-[2,2-(PMe2Ph)2-2,1,8-PtC2B,HIIJ (158) with

atomnumberingscheme.
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B11

Figure4.10A view of theorientationoftbePt(PMe2Ph)2unit abovetbe�C�2�~ face

of closo-[2,2-(PMe2Ph)2-2,1,8-PtC2B,HII] (158).
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Table4.9Importantbonddistances(A) for closo-[2,2-(PMezPh)2-2, I ,8-PtC2B,H••]

(158).

Pt(2)-P(I) 2.2891(6) Pt(2)-P(2) 2.2972(6)

Pt(2)-C(I) 2.570(3) Pt(2)-B(3) 2.233(3)

Pt(2)-B(6) 2.273(3) Pt(2)-B(7) 2.215(3)

Pt(2)-B(11) 2.223(3) P(I)-C(3) 1.817(3)

P(I)-C(4) 1.807(3) P(I)-C(II) 1.819(3)

P(2)-C(5) 1.821(3) P(2)-C(6) 1.814(3)

P(2)-C(21) 1.822(2) C(I)-B(3) 1.674(4)

C(I)-B(4) 1.644(4) C(I)-B(5) 1.662(4)

C(I)-B(6) 1.678(5) B(3)-B(4) 1.840(4)

B(3)-B(7) 1.873(4) B(3)-C(8) 1.746(4)

B(4)-B(5) 1.726(5) B(4)-C(8) 1.722(4)

B(4)-B(9) 1.755(5) B(5)-B(6) 1.820(5)

B(5)-B(9) 1.749(5) B(5)-B(10) 1.770(6)

B(6)-B(10) 1.781(5) B(6)-B(II) 1.881(5)

B(7)-C(8) 1.707(4) B(7)-B(II) 1.796(4)

B(7)-B(12) 1.766(4) C(8)-B(9) 1.725(4)

C(8)-B(12) 1.702(4) B(9)-B(10) 1.774(5)

B(9)-B(12) 1.759(5) B(10)-B(11) 1.755(5)

B(10)-B(12) 1.749(5) B(11)-B(12) 1.758(4)
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Table4.10Importantbondangles(0) for closo-[2,2-(PMezPh)z-1,1,8-PtCzB,HII]

(IS8).

P(I)-Pt(2)-P(2) 97.426(23) P(I)-Pt(2)-C(I) 121.07(6)

P(1)-Pt(2)-B(3) 160.51(8) P(1)-Pt(2)-B(6) 93.60(8)

P(1)-Pt(2)-B(7) 142.74(8) P(I)-Pt(2)-B(II) 101.05(8)

P(2)-Pt(2)-C(I) 116.59(7) P(2)-Pt(2)-B(3) 91.04(8)

P(2)-Pt(2)-B(6) 155.50(9) P(2)-Pt(2)-B(7) 103.27(7)

P(2)-Pt(2)-B(II) 147.03(8) C(I)-Pt(2)-B(3) 40.02(10)

C(1)-Pt(2)-B(6) 39.95(11) C(I)-Pt(2)-B(7) 76.05(9)

B(3)-Pt(2)-B(7) 49.81(10) B(6)-Pt(2)-B(11) 49.46(12)

B(7)-Pt(2)-B(II) 47.73(11) Pt(2)-P(I)-C(3) 115.60(12)

Pt(2)-P(I)-C(4) 116.82(12) Pt(2)-P(I)-C(II) 113.29(8)

C(3)-P(I)-C(4) 102.44(18) C(3)-P(I)-C(II) 100.90(14)

C(4)-P(I)-C(II) 105.97(16) Pt(2)-P(2)-C(5) 120.20(9)

Pt(2)-P(2)-C(6) 112.72(9) Pt(2)-P(2)-C(21) 115.36(8)

C(5)-P(2)-C(6) 100.33(13) C(5)-P(2)-C(21) 102.40(12)

C(6)-P(2)-C(21) 103.55(12) P(2)-C(I)-B(3) 59.06(12)

Pt(2)-C(1)-B(6) 60.42(12) B(3)-C(I)-B(4) 67.38(18)

B(3)-C(I)-B(6) 105.08(19) B(4)-C(I)-B(5) 62.97(20)

B(5)-C(I)-B(6) 66.04(20) Pt(2)-B(3)-C(1) 80.93(14)

Pt(2)-B(3)-B(7) 64.60(12) C(I)-B(3)-B(4) 55.54(16)

C(1)-B(3)-B(7) 113.08(20) B(7)-B(3)-C(8) 56.14(15)

C(I)-B(4)-B(3) 57.09(16) C(I)-B(4)-B(5) 59.02(19)

B(3)-B(4)-C(8) 58.59(16) B(5)-B(4)-C(8) 105.10(24)

B(5)-B(4)-B(9) 60.32(21) C(8)-B(4)-B(9) 59.46(18)

C(I)-B(5)-B(4) 58.01(19) C(I)-B(5)-B(6) 57.41(17)

B(4)-B(5)-B(9) 60.65(20) B(4)-B(5)-B(10) 107.69(23)

B(6)-B(5)-B(10) 59.48(20) B(9)-B(5)-B(10) 60.52(21)

Pt(2)-B(6)-C(1) 79.62(15) Pt(2)-B(6)-B(11) 63.90(12)

C(I)-B(6)-B(5) 56.54(19) C(I)-B(6)-B(11) 112.57(20)

B(5)-B(6)-B(10) 58.86(20) B(10)-B(6)-B(II) 57.19(18)
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Pt(2)-B(7)-B(3)

B(3)-B(7)-C(8)

C(8)-B(7)-B(12)

B(3)-C(8)-B(4)

B(4)-C(8)-B(9)

B(7)-C(8)-B(12)

B(4)-B(9)-B(5)

B(5)-B(9)-B(10)

B(10)-B(9)-B(12)

B(5)-B(10)-B(9)

B(6)-B(10)-B(II)

B(II)-B(10)-B(12)

Pt(2)-B(II)-B(7)

B(6)-B(II)-B(10)

B(10)-B(II)-B(12)

B(7)-B(12)-B(II)

C(8)-B(12)-B(10)

B(10)-B(12)-B(II)

65.59(12)

58.17(15)

58.69(17)

64.09(17)

61.22(19)

62.39(17)

59.03(21)

60.31(21)

59.36(20)

59.16(20)

64.27(18)

60.21(19)

65.88(12)

58.54(18)

59.73(19)

61.28(17)

103.62(23)

60.07(19)

Pt(2)-B(7)-B(II)

B(3)-B(7)-B(11)

B(II)-B(7)-B(12)

B(3)-C(8)-B(7)

B(4)-C(8)-B(12)

B(9)-C(8)-B(12)

B(4)-B(9)-C(8)

C(8)-B(9)-B(12)

B(5)-B(10)-B(6)

B(5)-B(10)-B(12)

B(9)-B(10)-B(l2)

Pt(2)-B(II)-B(6)

B(6)-B(II)-B(7)

B(7)-B(II)-B(12)

B(7)-B(l2)-'C(8)

C(8)-B(12)-B(9)

B(9)-B(12)-B(10)

66.38(13)

103.21(19)

59.14(17)

65.69(16)

113.68(22)

61.75(19)

59.32(18)

58.50(18)

61.66(19)

108.98(24)

59.90(20)

66.64(13)

103.43(19)

59.59(17)

·58.92(16)

59.74(19)

60.74(20)

=== = = = = = == = == = = ====== �=�.�,�=�:�~�~�.�:�:�=�=�'�= = =..-= ==== ===
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4.1.5Rearrangementsof Carboranes

Polyhedralisomerisationof dicarbacarboranescan be a thermodynamically

favourableprocess. The 1,2 -. 1,7 -. 1,12isomerisationof cioso-C2B1oHl2 (Figure

4.11),andits C-substitutedanaloguesatelevatedtemperatures(ca. 470°Cand700°C

respectivelyfor the parentcompounds)hasbeenknown for many years,l69but the

precisemechanism(s)by which suchrearrangementprocessesoccurcontinueto be

the subjectof speculation.170-113 A recent study has claimed to presentthe first

calculationsof true transitionstatesin the rearrangementpathwaysfor �~�B�l�o�H�I�2�' 174

In thestudythepotentialenergysurfacesof [B12H1J2-andC2B1oHl2 wereinvestigated

by ab initio calculationsat the minimum basis set level, and numerousreaction

pathwayswerecharacterised.In contrastto mostpreviousdiscussions,but in accord

with orbital symmetryconsiderations,all thetransitionstateswerefound to havelow

symmetry; the threecarboraneisomersof icosahedral[B12H1J2- interconvertvia a

complex seriesof higherenergyminima. The results illustratehow thesesystems

adaptto thelackof low-energyorbital-symmetry-allowedpathwaysandshowthat the

topologyof thepotentialenergysurfacechangessignificantly from theboraneto the

carborane.174

Figure4.11 The 1,2(a)-. 1,7(b)-. 1,12(c) isomerisationof closo-C2B1oHl2.
I
"

lsomerisation has also been observed in metal derivatives of

carboranes.147,175,176 The formation of six isomeric cobaltacarboraneshas been

reported in thermalrearrangementof [3-Cp-l �,�2�-�M�~�-�3�, 1�,�2�-�C�~�~�H�,�] (172)between
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400and6OO°C.I77,178 An addedcomplicationin thesereactionsis thepresenceof C­

substituents}76 Indeed, Lewis and Welch recently claimed that severemolecular

deformation in essentially icosahedralrhodacarboranescould be induced by the

presenceof "bulky" (phenyl) substituentson the carbonatoms,and suggestedthat

transition metal derivatives of phenylcarboranesmight undergo relatively facile

rearrangementprocesses.l79 The presentwork describesthe first non-substituted

carbon-containingmetallacarborane�c�l�o�s�o�-�[�3�,�3�-�(�P�M�~�P�h�)�2�-�3�, 1�,�2�-�P�t�~�~�H�l�l�] (157) to

�~�n�d�e�r�g�o rearrangementat a relatively low temperature« 130°C).

4.1.5.1CageNumberingSchemes

The cagenumberingsystemusedfor closo-[2 �,�2�-�(�P�M�~�P�h�)�2�- 2,1,8-PtC2B9H1.l
(158) is consistentwith the numberingsystemfavoured by IUPAC, Figure 4.12

(A).I80 The recommendednumbering system for 3,1,2 �M�C�2�~ compoundsis

illustratedin Figure4.12(B).I80 Howeverin a seriesof paperson rearrangementsof

�M�C�2�~ isomers, the numbering system used was based on 1,2-dicarba-3­

metalladodeca-boranesi.e. 3,1,2 �M�C�2�~ isomersas in Figure4.12 (B), but with the

isomerslabelledwith the metalatom retainedin position 3, Figure4.13.147,177,178

"

A 9

7

B
10

- 4

Figure 4.12 (A), Numberingsystemfor �c�l�o�s�o�-�[�2�,�2�-�(�P�M�~�P�h�)�2�-�2�,�1�,�8�-�P�t�C�2�B�,�H�I�J

(158), (B) Numberingsystemfor 1,2-dicarba-3-metalladodecaborane"·
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{3},1,2

{3},1,11

{3},S,6

{3},1,7

{3},1,12

{3},S,11

{3},1,6

{3},I,IO

{3},S,IO

Figure 4.13 The numberingsystem of 9 possibleisomersof MC2B, basedon

Figure4.12 (B), i.e. with M in position3.
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Sincea lot of work has beenpublishedon theserearrangementsusing this

"old" numberingsystem,it will be usedfor the remainderof this section. If one

considersthe MC2B9 cagethereare II possibleisomersof which 9 are shown in

Figure4.13. The other two isomersare the {3}, 1,9 and {3}, 1,5 which are mirror

imagesof the {3},1,11 and {3},1,6 isomersrespectively. According to the "old"

numberingsystemthe{3},1,9 isomeris equivalentto the2,1,8platinacarborane(158)

isomer.

4.1.5.2RearrangementMechanisms

Five different mechanismshavebeenadvancedto explain the observedcage

rearrangements}·1 The original and most generally acceptedone is Lipscomb's

diamond-square-diamond(DSD) process.l82 In this mechanism(Figure 4.14), the

edgecommonto two triangularfaceswhich arebeingrearrangedbreaks,anda new

edgeis formed perpendicularto it. Note that the transitionstatein this mechanism

is commonly drawn to involve the breakageof six edgesof the thirty originally

present.DSD rearrangements,singleandmultiple, concertedandstepwisehavebeen

proposed to rationalise the fluxionality of boranes, carboranes and

metallaboranes.103,174

M

Figure 4.14 The diamond-SQuare-diamond(DSD) process illustrating the

rearrangementof the {3}, 1,2 to {3},1, 7 isomer.112
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Scheme1 Using the singlestepDSD mechanism,the foUowing interconversions

arepossiblefor MC;zB,.I77

Class

I

n

ill

1,2 �~ 1,6�~ .s,6

�~�t n
1,7�~ I,ll �~ .s,11

1,10�~ .s,10

1,12

Note, accordingto the singleDSD mechanismthe 9 isomersdrawn in Figure4.13

can be groupedinto three classes,scheme1. No interclasscrossing is possible

betweenthesix membersof thefirst class,thetwo membersof thesecondclass,and

theonly memberof thethird. TheDSD mechanismaloneis inadequatein explaining

the thermal rearrangementof 1,2-earboraneto 1,12-earborane.Furthermore,the

mechanismcannotbeusedto explaintheresultsof thecobaltcarboranestudiesof [3­

Cp-l �,�2�-�M�~�-�3�, 1�,�2�-�C�o�C�2�~�H�9�] (172),rn andno singlestepusingtheDSD mechanism

can convert �c�l�o�s�o�-�[�3�,�3�-�(�P�M�~�P�h�)�r�3�, 1�,�2�-�P�t�C�2�~�H�l�l�] (157) to �c�l�o�s�o�-�[�2�,�2�-�(�P�M�~�P�h�)�2�­

2,1,8-PtC2B9Hu] (158). This restriction applies only to the single DSD

rearrangement.

A secondmechanismbasedon a cuboctahedralintermediatebut modified by

the assumptionthat the triangular facesof this intermediatecan rotate is shown in

Figure 4.15. According to this mechanism,six edgesare broken in forming the

intermediateand a further six edgesare broken in rotating the triangle. This

"modified DSD" mechanismcanexplain the formationof 1,12-earboranefrom 1,7­

carboraneand was originally proposedby Lipscombandco-workersto accountfor

the composition of the isomer mixture formed in the rearrangementof boron­

halogenated1,2-carboranes.183 However, this mechanismcannotconvert (157) to

(158) in a singlestep.

liS



�~
�.

c'·.
== ,.... �.�~ ..:>s....

c

--
�~

�.
" '"

.' -""

1
", .

......�~ )
cC/

--

Figure 4.15 Two 1200 counterclockwiserotationsof the triangles (drawn with

heavy lines) in the cuboctahedralintermediates,leads 1,2-carboraneto 1,12­

carborane,probablythrough1,7-carboraneasan intermediate.1u

A third mechanismhasbeensuggestedby Grafsteinand Dvorakl84 and also

by zakharkinandKalinin.I" This involvesa pentagonalpyramidalrotationwhereby

two icosahedralhalvesrotatein oppositedirectionsasin Figure4.16. In performing

this rotation ten edgesof the icosahedronhaveto be broken.

Figure4.16The mostsimple way to generate1,7-carboranefrom 1,2-carborane

is to rotatetheupperpentagonclockwise.A secondclockwiserotationgives1,12­

carborane.

This "pentagonalrotation" would allow the following interconversionsof Mc;B9,

scheme2.
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Scheme2 Interconversionsallowedby the "pentagonalrotation" mechanism.

In contrastto the DSD scheme,this schemeallows interconversionsbetweenall

elevenisomers. In the presentwork (157) could rearrangeto (158) througha two

stagemechanismas shownin Figure4.17.

Figure4.17Thefonnationof (158) from (157) throughtwo pentagonalrotations.

The fourth mechanisminvolves the rotation of triangular faces in the

icosahedronin which nine edgesarebrokenas shownin Figure4.18.

Figure4.18Clockwiserotationof thebold facetriangle1200 gives1,7-carborane,

which canundergoa second1200 clockwiserotationto give the 1,I2-carborane.
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This mechanismwasproposedby zakharkinandKalininl85 aswell asMuettertiesand

Knoth.l16 Gimarc et al in a study of isomerisationmechanismsof �~�B�l�o�H�l�2 found

supportfor triangularface rotation as the mechanismthat can bestaccountfor the

observedisomerisationsof 1,2-, 1,7- and �1�,�1�2�-�~�B�l�o�H�I�2�.�1�7�1 Wu andJones,in their

experimentson 1,2-earboranesuggestthat triangular face rotation is the major

contributor in the mechanismfor rearrangements.181 The triangular face rotation

mechanismis capableof providing routesfor all elevenMC2B, isomers,scheme3.

Scheme3 Interconversionsallowedby the"triangularfacerotation" mechanism.

In the presentwork (157) could rearrangeto (158) as shownin Figure4.19.

Figure4.19Rotationof the bold-facetrianglein (157) generates(158).
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The fifth mechanismfor rearrangementof icosahedralmoleculesdiffers

fundamentallyfrom theothers. It wasproposedby WongandLipscombandinvolves

the breakingof five edges{(4,8), (4,9), (4,5), (1,3) and (1,2)} in theopeningof the

icosahedralcloso cageto give a niOO structurewhich is a fragmentof a 13 vertex

polyhedron.sl This processbreaksthreeedges. The closureof the polyhedronin

otherdirectionsleadsto the formationof different isomericproductsas illustratedin

Figure4.20.

8

Figure4.20Rearrangementthroughthepseudo13 atomnido intennediate.II

EdvensonandGaineshavestudiedthe movementof loa labelledsitesin 1,2­

C2BloH12 at 350°C and havecomparedthe results to the movementpredictedby

variousisomerisationmechanisms.l12 Themechanismthatappearsto give theclosest

agreementinvolves a 12-vertex niOO intermediate. According to Edvensonand

Gainesa numberof previouslyconsideredmechanisms,including simpleexchange

betweentwo boronsites,triangularfacerotationin an icosahedron,diamond-square­

diamondtwist androtationof pentagonalpyramidscanall beconsideredasextensions

of the nido (distorted)intermediatemechanism. Thus, particularaspectsof eachof

the previous mechanismsmay become therate controlling steps in the "true"

mechanismof the processe.g. shownin Figure4.17.

It is not too surprisingthat theprecisemechanismby which 1,2-earborane,or

�c�l�o�s�o�-�[�3�-�C�p�-�l�.�,�2�-�M�~�-�3�, 1�,�2�-�C�o�C�2�~�H�9�] (172), or �c�l�o�s�o�-�[�3�,�3�-�(�P�M�~�P�h�)�2�-�3�, 1,2­

�P�t�C�2�~�H�l�l�] (157) may rearrangecannotbe completelyresolvedon the basisof the

presentevidence. Indeed it is possiblethat different mechanismsmay dominate
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different rearrangementsdependingon the isomerinvolved. A variety of combined

processes,majorand minor, may alsoexist for any singleisomerisationstep.

In thecaseof theconversionof �c�l�o�s�o�-�[�3�,�3�-�(�P�M�~�P�h�)�2�-�3�,�1�,�2�-�P�t�~�B�,�H�l�l�] (157)

to �c�l�o�s�o�-�[�2�,�2�-�(�P�M�~�P�h�)�2�-�2�,�1�,�8�-�P�t�~�B�~�1�l�] (158) it is clear that no single stepDSD

mechanismcan convert�c�l�o�s�o�-�[�3�,�3�-�(�P�M�~�P�h�)�2�-�3�, 1�,�2�-�P�t�C�2�~�1�l�] (157) to closo-[2,2­

�(�P�M�~�P�h�)�2�-�2�, 1�,�8�-�P�t�C�2�~�H�l�l�] (158)andthe"modifiedDSD" mechanismcannotconvert

(157) to (158) in a single step. However, using the pentagonalpyramidalrotation

(157) could rearrangeto (158) througha two stagemechanismas shownin Figure

4.17andit is alsoplausibleto suggestthat themechanismfor theconversionof (157)

to (158) could be the triangularface rotationasdescribedin Figure4.19. Either or

both of thesecould be operativethrougha distortednido intermediateof the type

suggestedby Edvensonand Gaines.172

4.2 SUMMARY AND CONCLUSION

Where previously the direct reactionbetweensimple starting materialshas

been kinetically slow ego in the presentcasesix daysfor the reactionof nido-[7,8­

C2B9HI2l and�c�i�s�-�[�P�t�(�P�M�~�P�h�)�2�C�I�J�, themicrowavetechnique(asdescribedin chapter

3) speedsup theprocessto 30 minutes. This leadsnot only to a considerablesaving

in time but also to a markedimprovementin the overall reaction yield in certain

reactions,Table4.1.

In thepresentstudyisomericproducts�c�l�o�s�o�-�[�3�,�3�-�(�P�M�~�P�h�)�2�-�3�, 1,2-PtCAHll]

(157)and�c�l�o�s�o�-�[�2�,�2�-�(�P�M�~�P�h�)�2�-�2�,�1�,�8�-�P�t�C�J�3�~�1�l�] (158) from �n�i�d�o�-�[�7�,�8�-�~�~�H�l�:�l�l and

�c�i�s�-�[�p�t�(�p�M�~�P�h�)�2�C�I�J andtherearrangementproduct�c�l�o�s�o�-�[�8�-�P�h�-�2�,�2�-�(�p�M�~�P�h�)�2�-�2�, 1,8­

�P�t�C�2�~�H�I�O�] (159), from nido-[7-Ph-7�,�8�-�~�~�H�l�l�l and �c�i�s�-�[�P�t�(�P�M�~�P�h�)�:�z�C�I�J were

formed from reactionsperformedundermicrowaveirradiation. Experimentscarried

out on theparentcarboranestarting materials(sections4.3.10and4.3.11)showthat

these materials do not isomerise under the conditions used for the microwave

syntheses.As a result it is likely that the2,1,8isomersareformed by isomerisation

of the 3,1,2 isomersunder the vigorousconditionsof the microwaveexperiments.

This was confirmed by subjecting�c�l�o�s�o�-�[�3�,�3�-�(�P�M�~�P�h�)�2�-�3�,�1�,�2�-�P�t�~�B�,�H�l�l�] (157) in
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ethanolto microwaveirradiationfor 10 minutesby which time it rearrangedto (158)

in 90% yield. Since the temperaturein the ethanol solution at 10 attn did not

exceeded130°C, theserearrangementsoccurredat a much lower temperaturethan

thosereportedfor correspondingcobaltcompounds[3-Cp-3,1�,�2�-�C�o�C�z�~�I�I�]�' [3-Cp­

1�,�2�-�M�~�-�3�, 1�,�2�-�C�O�C�2�~�~�] and [3-Cp-,,-1�,�2�-�(�C�H�~�3�-�3�, 1�,�2�-�C�o�C�2�~�9�]�.�I�7�7�.�I�7�I

Three new platinacarboranes,�c�l�o�s�o�-�[�3�,�3�-�(�P�M�~�P�h�)�2�-�3�, 1�,�2�-�P�t�C�2�~�1�1�] (157),

�c�l�o�s�o�-�[�2�,�2�-�(�P�M�~�P�h�)�2�-�2�, 1�,�8�-�P�t�~�~�H�l�l�] (158) and �c�l�o�s�o�-�[�8�-�P�h�-�2�,�2�-�(�p�M�~�h�)�2�-�2�, 1,8­

�P�t�C�2�~�H�I�O�] (159), and the previously known platinaarsenaborane,cioso-[3,3­

�(�P�M�~�P�h�)�2�-�3�, 1�,�2�-�P�t�A�~�~�H�9�] (70)andplatinatelluraborane,�c�l�o�s�o�-�[�2�,�2�-�(�P�M�~�P�h�)�2�-�2�, 1­

PtTeBIOHIO] (160) werepreparedby heatingin ethanol�c�i�s�-�[�p�t�(�p�M�~�P�h�)�2�C�I�2�l and the

appropriateheteroboraneanionin thepresenceof triethylamineby both conventional

reflux and by microwave irradiation. The results are summarisedin Table 4.1.

Compounds(70), (157), (158),(159) and (160) werecharacterisedby IR andNMR

spectroscopyand compounds(157) and (158) were studied by X-ray diffraction

methods.

IR spectraof the compounds(70), (157), (158), (159) and (160) contained

characteristicbandsdueto B-H stretchingbondsandbandsdueto phosphineligands.

No M-H bandor B-H-B or M-H-B bridging bandswereobservedin any case.

An importantfeatureof the NMR spectraof both (157) and (158) were that

bothcompoundswerefluxional. Thevalueof 4G* for thefluxional processinvolving

the rotation of the �P�t�(�P�M�~�P�h�)�2 unit for (157) was found to be < 30 kJ motl. The

valueof �~�G�* for the fluxional processinvolving the �P�t�(�P�M�~�P�h�)�2 unit for (158) was

found to be 57.8±1.2 kJ mol-I.

SinglecrystalX-ray analysesof (157)and(158) showedthatboth compounds

hada closo twelvevertex�P�t�C�2�~ geometrybasedon a distorteddodecahedron.From

the X-ray determinedcrystal structureof (157) (section 4.1.4.1) there were two

moleculespresentin the unit cell which differed primarily in the platinum-earborane

cagebond lengthsand in the orientationof the platinum phosphineunit abovethe

�C�2�~ faces. The small �~�G�* for the rotationalprocessin (157) is of the sameorder

of magnitudeas crystal packingforces. With this low barrierany rotamercould in

principlebeobservedin the solid state. Thecompound�c�l�o�s�o�-�[�2�,�2�-�(�P�M�~�P�h�)�2�-�2�, 1,8­

�P�t�C�2�~�H�l�l�] (158) is only the third platina-earboranewith non-directlybondedcarbons
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in adjacentrings to be fully characterised. Compounds(157) and (158) providea

useful insight into the mechanismof the thermal rearrangementof icosahedral

metallacarboranesanda detaileddiscussionof possiblemechanismsbasedon datafor

rearrangementsof carboranesis presented.

4.3 EXPERIMENTAL

4.3.1 GeneralMethodology

All reactionswere carriedout underan inert atmospherebut productswere

isolatedand manipulatedin air. All solventsweredistilled anddried prior to useby

standardproceduresaccordingto Perrinetal. l87 Thin layerchromatography(tIc) and

preparativethin layer chromatography(PIc) were carried out using commercially

preparedMerck silica gel 60 (Art. 5553)on aluminiumfoil (tIc) andMerck silica gel

PF2S4 on glassplates(PIc) preparedin U.C.C.

Elemental analyses were performed at the Microanalytical Laboratory,

University College,Cork. InfraredspectrawererecordedasKBr discsin the range

4000-625 cm-I on a Perkin Elmer 682 spectrometer. Relative intensities are

designatedas vs, very strong; s, strong; m, medium;w, weak; vw, very weak; sh,

shoulder; br, broad. Most NMR spectrawere recorded by Mr. D. O'Leary,

University College, Cork at 6.3 Tesla using a lEOL FT GSX-270 series NMR

spectrometer.AdditionalllB, 31p and IH NMR spectrawererecordedby Dr. J. D.

Kennedy,University of Leedson a BRUKER AM 400 instrument. Some31p NMR

wererecordedon a BRUKER AM 250 instrumentat Oxford University, Englandby

Mr. D. Baghurst. Chemicalshifts (6) areexpressedin partsper million (ppm) and

are relative to internal SiMe. {eH) and (13C)}, H3PO. (external)(,IP) and �B�F�3�.�0�E�~

(external)(llB); positivevaluesrepresentshifts to high frequency("low field") of the

standards.

SinglecrystalX-ray analyseswereperformedby ProfessorGeorgeFerguson

andDr. JohnGallagher,Universityof Guelph,Canada,usingan Enraf-NoniusCAD­

4 diffractometer. Accuratecell dimensionsand crystal orientation matriceswere
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determinedby a leastsquaresprocedureusing graphitemonochromatised(Mo-KJ

radiation(X =0.7093A) following a proceduredescribedelsewherein detail.188 The

structureswere solved via standardheavy atom proceduresand refined with full

matrix leastsquaresanalysisusing either the SHELX-76189 programsystemor the

NRCVAX I90 suite of programs,initially with isotropic and later with anisotropic

thermalparametersfor all non-hydrogenatoms.

All the microwave initiated reactions were performed in a modified (as

describedin section3.4.1) Ariston model MW 950 TW domesticmicrowaveoven

which hasa maximumpowersettingof 650W. Thepressuremeasuringsystemwas

basedon a Druck Ltd., PDCR 810-07990-35 bar pressuretransducer.111 This and

the associatedpressureindicatorwerepurchasedfrom RS components.191

4.3.2General

Theanions[7 �,�8�-�A�~�B�~�l�o�l�-�,�5 [7-TeBloHlll,35 [7,8-C2B9HI:zl-,192and[7-Ph-7,8­

�~�~�H�l�1�l�, 192werepreparedaccordingto literaturemethods.Thecompounds�~�B�l�o�H�l�2

and I-Ph-l,2-C2BioHll were gifts from Dr. B. Stfbr, Academyof Sciencesof the

CzechRepublic,Ref nearPrague,The CzechRepublic. �C�i�s�-�[�P�t�(�p�M�~�h�)�2�C�I�:�z�l was

preparedas describedin the literature.l93 Triethylaminewas usedas supplied by

Aldrich ChemicalCompanyLtd., England.

Procedure1 (MicrowaveIrradiation)

Samplesof EltN[7�,�8�-�A�~�B�~�I�O�] (67) (0.10 g, 0.258 mmol), ethanol (20ml),

triethylamine(O.26g,2.58mmol)and�c�i�s�-�[�p�t�(�p�M�~�P�h�)�:�z�C�I�2�1 (0.14g,O.258mmol)were

introducedinto theglassmicrowave(asdescribedin section3.4.1)reactionvessel.111

The pressure-controlline was attachedto the vesselwhich was then locatedin the

microwaveoven, Figure3.4. A hold pressureof 10 atm with a 0.5 atm hysteresis
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was set on the controller. The solution was subjectedto microwave irradiation

(650W) for 30 minutes.

The ethanolwas removedunderreducedpressure(rotatory film evaporator,

35°C). The reaction mixture was dissolved in CH2Cl2 and was subjected to

preparativetic using CH2Cl2 - hexane(3:2) eluting solvent. The singlemajor band

was extractedinto CH2Cl2 and recrystallisedfrom CH2Cl2 - hexane(3:2) as red

crystalsof �c�l�o�s�o�-�[�3�,�3�-�(�P�M�~�P�h�)�2�-�3�, 1�,�2�-�P�t�A�S�P�9�~�] (70) (0.14g,74.6%). (Found:C,

26.3; H, 4.7. �C�I�J�1�3�1�A�~�~�2�P�t requiresC, 26.4;H, 4.3%). IR andNMR datawere

as statedin the literature.22

Procedure2

Triethylamine (0.26g, 2.58mmol) was added to a solution of EtaN[7,8­

�A�~�B�9�H�l�O�] (67) (0.109, 0.258mmol)in ethanol(IOml). The solution was stirred at

room temperaturefor CD. 10 minutes. A suspensionof �c�i�s�-�[�P�t�(�P�M�~�P�h�)�2�C�l�i�J (0.14g,

0.258mmol) in ethanol (10ml) was added. The mixture was stirred for 18h at

ambienttemperature.Theethanolwasremovedunderreducedpressure(rotatoryfilm

evaporator,35°C) and the reactionmixture was dissolvedin CH2Cl2 and subjected

to preparativetic {CH2CI2- hexane(3:2)}. Thesinglemajorbandwasextractedinto

CH2Cl2 and recrystallisedfrom CH2Cl2 - hexane(3:2) as red crystalsof closo-[3,3­

�(�P�M�~�P�h�)�2�-�3�,�1�,�2�-�P�t�A�~�~�H�9�] (70) (0.16g, 85.2%). IR andNMR datawere identical

to thosereportedin procedure1.

4.3.4Reactionbetweencis-[Pt(pMe2Ph)2C1JandCs[7,8-C2B,H12]

Procedure1 (Microwave Irradiation)

The reactants Cs[7�,�8�-�~�~�H�1�2�] (0.109, O.376mmol), ethanol (20ml),

triethylamine(0.38g,3.76mmol)and�c�i�s�-�[�P�t�(�P�M�~�P�h�)�2�C�l�i�J (0.204g,0.376mmol)were

introducedinto the glassreactionvesselasdescribedin section4.3.3. The solution

was subjectedto microwaveirradiation (650W) for 30 minutes. The dark yellow

solution was filtered and the ethanolwas removedunderreducedpressure(rotatory

124



film evaporator,35°C). The reaction mixture was dissolvedin CH2Cl2 and was

subjectedto preparativetIc {CH2CI2- hexane(3:2)}, affording two major products:

(a) a very paleyellow band(Rf = 0.65) and (b) a dark yellow band(Rf == 0.3).

(a) The pale yellow bandwas extractedinto CH2Cl2and recrystallisedfrom

CH2Cl2- hexane(3:2)ascolourlesscrystalsof �c�l�o�s�o�-�[�2�,�2�-�(�P�M�~�P�h�)�2�-�2�, 1�,�8�-�P�t�C�2�~�l�l�]

(158) (0.044g,19.4%). (Found: C, 36.2; H, 5.9. �C�1�8�H�3�3�~�P�2�P�t requiresC, 35.8;

H 5.5%). IR: Jlmax(KBr) 3030(w), 2960(vw), 2900(vw), 2555(vs)(BH), 2518(vs)

(BH), 2497(s,sh)(BH), 2458(s) (BH), 1476(m), 1426(s), 1410(vs), 1397(m,sh),

1318(vw), 1300(w), 1291(w), 1279(s),1175(w), 1152(w), 1138(w), 1110(w,sh),

1099(s), 1069(s), 1040(m),1018(s),996(vw), 973(s),942(vs),900(vs),898(vs,sh),

865(vw), 839(m),760(m),740(vs),732(vs,sh),710(s),688(vs),638(w)em-I. NMR

dataIIB{1H} (CDCI3, 298K) {orderedas: �~ ppm (multiplicity, intensity, IJ(IIB-1H»} ­

7.6 (s,IB, 154 ± 5 Hz), -9.4 (s,IB, 129 ± 5 Hz), -9.9 (s,IB, 129 ± 5 Hz), ­

12.1(s,IB,158 ± 5 Hz), -15.7(s,IB, 138 ± 5 Hz), -20.5 (s,IB, 167 ± 5 Hz), -21.8

(s,IB, 172 ± 5 Hz), -22.8 (s,IB, 173 ± 5 Hz), -24.2 (s,IB, 143 ± 5 Hz). 3lp

(CDCl3 221K) {orderedas: �~ ppm (multiplicity, intensity, IJe
9Spt_3Ip»} -16.3 (s,IP,

3299 ± 5 Hz) -16.5 (s,IP, 3284 ± 5 Hz). 4G*=57.8+1.2 kJ mol-I

(b) The dark yellow bandwasextractedinto CH2Cl2and recrystallisedfrom

CH2C12 - hexane(3:2) as orangecrystalsof �c�l�o�s�o�-�[�3�,�3�-�(�P�M�~�P�h�)�2�-�3�, �1�,�2�-�P�t�~�B�9�H�I�I�]

(157) (O.Olg, 4.4%). (Found: C, 35.9; H, 5.8. �C�I�8�H�3�3�~�P�2�P�t requiresC, 35.8; H

5.5%). IR: Jlmax(KBr) 3055(vw),3020(w),2930(vw,sh),2900(m),2835(w),2565(s)

(BH), 2530(vs,sh)(BH), 2518(vs)(BH), 2490(s,sh)(BH), 2460(m,sh)(BH), 1465(w),

1458(w),1424(s),1408(m),1300(w), 1289(w),1278(m),1098(s),1062(m),1020(m),

992(w),973(m),940(s),903(vs),835(m),745(s),732(s),711(m),691(m),680(w,sh)

em-I. NMR dataIIB{IH} (CDCI3, 298K) {orderedas: �~ ppm (multiplicity, intensity)}

-20.8(s,3B),-14.5(s,2B),-9.9(s,2B),-9.2(s,IB), +5.7(s,IB). 3
lp (CDCI) {ordered

as:appm (multiplicity, intensity,IJe9Spt_31p»} -13.1 (s,2P,3445 ± 5 Hz) at219K,­

12.6(s,2P,3450 ± 5 Hz) at 183K. 4G*S 30 kJ mol-I

125



Procedure2

To a solutionof Cs[7�,�8�-�C�2�~�H�l�J (0.109,0.376mmol)in ethanol(20ml) was

added triethylamine (0.38g, 3.76mmol) and �c�i�s�-�[�p�t�(�p�M�~�P�h�)�2�C�I�J (0.204g,

0.376mmol). Themixturewasheatedat reflux for 6 days. Thedarkyellow solution

was filtered and the ethanol was removedunder reducedpressure(rotatory film

evaporator,35°C).Thereactionmixturewasdissolvedin CH2Cl2 andwassubjected

to preparativedc {CH2CI2- hexane(3:2)} affording two major products:(a) a very

paleyellow band(Rf = 0.65)and (b) a dark yellow band(Rf = 0.3).

(a) The paleyellow bandwasextractedinto CH2Cl2and recrystallisedfrom

CH2Cl2 - hexane(3:2)ascolourlesscrystalsof �c�l�o�s�o�-�[�2�,�2�-�(�P�M�~�P�h�)�2�-�2�,�1�,�8�-�P�t�C�2�~�H�I�.�J

(158) (0.OO8g, 3.5%). IR and NMR data were identical to those reported in

procedure1.

(b) Thedark yellow bandwasextractedinto CH2Cl2 and recrystallisedfrom

CH2Cl2 - hexane(3:2) as orangecrystalsof �c�l�o�s�o�-�[�3�,�3�-�(�P�M�~�P�h�)�2�-�3�,�1�,�2�-�P�t�~�B�9�H�l�l�]

(157) (O.06g, 26.4%). IR and NMR data were identical to those reported in

procedure1.

4.3.5X-ray analysisof closo-[3,3-(PMe2Ph)2-3,1,2-PtC2B,HII] (157)

CrystalData: ClsH33BJ>2Pt,M = 1207.56,monoclinic,P211c, a = 12.7387(5),b =

21.7062(12),C == 17.9793(11)A, fJ = 99.105(4)°,U = 4908.8(4)A3, Z = 8, Dc

= 1.634g cm-3, A(Mo-KJ = 0.7093A, ,,(Mo-KJ = 5.91 mm-I , F(OOO) =2352,

T = 294 K, R :I: 0.030,Rw =0.029for 6762observedreflections. Thereare two

moleculesin the asymmetricunit which differ primarily in the platinum-carborane

cagebond lengths.

4.3.6X-ray analysisof closo-[2,2-(PMe2Ph)2-2,1,8-PtC2B,HII] (158)

Crystal Data: �C�l�8�H�3�3�~�P�2�P�t�, M = 603.78, triclinic, Pl, a = 9.3892(5), b ­

10.0918(5), C = 14.1517(6)A, a = 81.045(4),fJ = 72.233(4),l = 76.766(4)°,U

= 1237.7(1)A3, Z = 2, Dc = 1.62g cm-3, A(Mo-KJ = 0.7093A, ,,(Mo-I{J = 5.9

mm-l, F(OOO) = 584, T = 294 K, R = 0.018, Rw == 0.023 for 6431 observed

reflections.
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4.3.7Reactionbetweencis-[Pt(PMe2PhhCIJandCs[7-Ph-7,8-C2B,HII]

Procedure1 (MicrowaveIrradiation)

The reactants�C�s�[�7�-�P�h�-�7�,�8�-�C�2�~�1�l�] (0.06g, 0.175mmol), ethanol (20ml),

triethylamine (0.177g, 1.75mmol) and �c�i�s�-�[�P�t�(�p�M�~�P�h�)�2�C�l�i�i (0.095g, 0.175mmol)

were introducedinto the glass microwavereactionvesselas describedin section

4.3.3. Thesolutionwassubjectedto microwaveirradiation(650W) for 30 minutes.

The dark yellow solution was filtered and the ethanolwas removedunderreduced

pressure(rotatory film evaporator,35°C). The reactionmixture was dissolvedin

CH2C12and was subjectedto preparativetic {CH2C12- hexane(3:2)} affording one

major product. The product was extractedinto CH2C12 and recrystallisedfrom

CH2Cl2 - hexane (3:2) as yellow crystals of �c�l�o�s�o�-�[�8�-�P�h�-�2�,�2�-�(�p�M�~�P�h�)�2�-�2�, 1,8­

�P�t�C�2�~�H�I�0�] (159) (0.098g, 82.3%). IR and NMR data were as stated in the

literature.129

Procedure1

To a solutionof �c�i�s�-�[�p�t�(�P�M�~�P�h�)�2�C�I�J (0.095g,0.175mmol)in ethanolwas

added �C�s�[�7�-�P�h�-�7�,�8�"�C�2�~�H�l�l�] (O.06g, 0.175mmol) and triethylamine (0.177g,

1.75mmol). Thesolutionwasheatedat reflux for 6 days. The solutionwascooled

and filtered. The ethanol was removed under reduced pressure(rotatory film

evaporator,35°C). The mixture was dissolved in CH2Cl2 and was subjectedto

preparativetic {CH2C12 - hexane(3:2)} affording one major product. The product

wasextractedinto CH2Cl2 and recrystallisedfrom CH2Cl2 - hexane(3:2) as yellow

crystalsof cioso-[8-Ph-2,2-(PMe?h)2-2, 1�,�8�-�P�t�C�~�9�H�l�o�l (159) (0.077g,64.7%). IR

and NMR dataanalyseswereas statedin the literature.l29
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4.3.8Reactionbetweencis-[Pt(PMe2Ph)2C1JandCs[7,8-TeBloHlI]

Procedure1

A sample of Cs[7-TeB1oHll] (0.127g, 0.34mmol), ethanol (20ml),

triethylamine(0.474g,3.4mmol)and�c�i�s�-�[�P�t�(�p�M�~�P�h�)�2�C�I�2�1 (0.182g,0.34mmol)were

introduced intothe glassmicrowavereactionvesselas describedin section4.3.3.

The solution was subjectedto microwaveirradiation (650W) for 30 minutes. The

ethanolwasremovedunderreducedpressure(rotatoryfilm evaporator,3S0C). The

reaction mixturewas dissolved in CH2Cl2 and was subjectedto preparativetic

{CH2CI2- hexane(3:2)} affordingonemajorproduct. Theproductwasextractedinto

CH2Cl2and recrystallisedfrom CH2Cl2- hexane(3:2) as red crystalsof closo-[2,2­

�(�P�M�~�P�h�)�2�-�2�,�I�-�P�t�T�e�B�l�o�H�l�o�] (160) (0.207g, 84.9%). IR andNMR data wereasstated

in the literature.4

Procedure2

To a solution of �c�i�s�-�[�P�t�(�p�M�~�P�h�)�2�C�I�2�1 (0.182g, 0.34mmol) in ethanol was

added Cs[7-TeB1oHlll (0.127g,0.34mmol)andtriethylamine(0.474g,3.4mmol). The

solutionwasstirredfor 18hatambienttemperature.Theethanolwasremovedunder

reducedpressure(rotatory film evaporator,35°C). The mixture was dissolvedin

CH2Cl2 and subjectedto preparativetIc {CH2CI2 - hexane(3:2)}. The singlemajor

bandwasextractedinto CH2Cl2andrecrystallisedfrom CH2Cl2 - hexane(3:2) asred

crystals of �c�l�o�s�o�-�[�2�,�2�-�(�P�M�~�P�h�)�2�-�2�,�I�-�P�t�T�e�B�l�c�J�I�l�o�l (160) (0.083g, 34.0%). IR and

NMR datawereas statedin the literature.4

4.3.9MicrowaveIrradiationof [7,8-C2B,H12r

The compoundCs[7�,�8�-�C�2�~�H�1�2�] (0.109, 0.376mmol), ethanol (20ml) and

triethylamine(0.38g,3.76mmol)were introducedinto the glassmicrowavereaction

vessel as describedin section 4.3.3. The solution was subjectedto microwave
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irradiation(650W)for 30minutes. Theethanolandtriethylaminewasremovedunder

reducedpressure(rotatory film evaporator,35°C). No rearrangementreaction

occurredwith �C�s�[�7�,�8�-�C�2�~�H�t�:�J�. IR andNMR datawereasstatedin theliteraturefor

�[�7�,�8�-�~�B�9�H�r�J�-�.�1�9�2

4.3.10MicrowaveIrradiationof [7-Ph-7,8-C2B,Hllr

Thecompound�C�s�[�7�-�P�h�-�7�,�8�-�C�;�~�H�l�l�] (O.06g,0.175mmol),ethanol(20ml)and

triethylamine(0.177g, 1.75mmol)were introducedinto the glassreactionvesselas

describedin section4.3.3. The solution was subjectedto microwaveirradiation

(650W) for 30 minutes. Theethanoland triethylaminewas removedunderreduced

pressure(rotatoryfilm evaporator,35°C). Theproductwhich wasrecoveredhadnot

reactedas confirmedby IR and llB spectroscopicanalyses.

4.3.11Microwave Irradiation of closo-[3,3-(PMe2Ph)2-3,1,2-PtC2B,Hll] (157)

A sampleof �c�l�o�s�o�-�[�3�,�3�-�(�P�M�~�P�h�)�2�-�3�, 1�,�2�-�P�t�~�B�~�1�l�] (0.02g,0.033mmol)was

introducedinto the glassreactionvesselasdescribedin section4.3.3. The solution

was subjectedto microwaveirradiation (650W) for 10 minutes. The ethanolwas

removedunder reducedpressure(rotatory film evaporator,35°C). The reaction

mixture was dissolvedin CH2Cl2 and was subjectedto preparativetic {CH2CI2 ­

hexane(3:2)}, affordingonemajorproduct.Thepaleyellow bandwasextractedinto

CH2Cl2 and recrystallisedfrom CH2Cl2 - hexane(3:2) ascolourlesscrystalsof closo­

�[�2�,�2�-�(�P�M�~�P�h�)�2�-�2�, 1�,�8�-�P�t�C�2�~�H�l�l�] (158) (0.018g,90.0%). IR data and R, position

were identical to thosereportedin section4.3.4
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4.3.12Iodinationof As2B.oH.o

To asolutionof �1�,�2�-�A�~�B�l�o�H�1�0�(�1�.�0�0�g�, 3.73mmol)in CH2Cl2(15ml) wasadded

AICl 3 (0.40g,3.00mmol)andiodine(1.20g,4.73mmol). Thesolutionwasstirredfor

16h at ambient temperature. The initial purple colour of the solution gradually

changedto orangeanda creamsolid precipitated. The mixturewasfiltered and the

cream solid was recrystallisedfrom thf/di-n-butylether(5:1) to yield colourless

crystals of �A�~�B�.�o�H�8�1�2 (0.50g, 25.7%). IR: J'mu(KBr) 256O(s) (BH), 1255(w),

1095(w),890(m),830(m),805(m),795(s)(BI), 755(w),745(w), 735(w)and705(m)

em-I. The liB NMR dataconsistedof threebadly resolvedpeaksin a 2:3:5 intensity

ratio. Thelow resolutionmassspectrumshoweda cut-offat m/z 522 corresponding

to the liB 1075�A�~�l�H�8�1�2�7�1�2 + parention.

4.3.13X-ray analysisof closo-As2B.oHsI2

Crystal Data: �A�~�B�1�o�H�s�I�2�' M = 519.8, monoclinic, I21a, a = 14.262(3), b =
8.128(2),C = 21.575(4)A, (j = 92.65(2),U = 2498A3, Z = 8, Dc = 2.76g cm-3,

A(Mo-KJ = 0.71073A, l£(Mo-KJ = 101.8cm-1, F(OOO) = 1840,T = 294 K, R

= 0.036for 2066observedreflections.
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CHAPTERFIVE

SYNTHESISAND CHARACTERISATION OF METAL-HALIDE COMPLEXES

OF C2B,H1l AND As2B,H, AND THEIR REACTIONS WITH Ag[BFJ



5.1 INTRODUCTION

This chapteris concernedwith the synthesisand characterisationof metal­

halide complexesof �C�2�~�H�l�l and �A�~�~�H�, and their reactionswith Ag[BF4l. The

topic of metal-halidecontainingmetallaheteroboraneswas reviewedrecently.3 The

presentworkconcernsthesynthesisandcharacterisationof �c�l�o�s�o�-�[�3�-�P�P�h�3�-�3�-�I�-�4�-�S�M�~�­

3,1,2-PdC2BJ1IO] (173) and closo-[3,3-(PMePhJ2-3-Cl-3,1,2-RhCAHlll (174) and

their further reaction with Ag[BF4] leading to the formation of cationic metalla­

carboranes.A brief introductionto relatedreactionsin theliteratureis necessaryand

accordinglysection5.1.1 reportsknown cationic metallaboranesand metallahetero­

boranesand section 5.1.2 discussesthe reaction of Ag[BF4] with metal-halide

complexes.

5.1.1 CationicMetallaboranesandMetallaheteroboranes

Virtually all the metallaboranesand metallaheteroboraneswhich have been

describedin the literatureareeitherneutralor anionic.25,39,103,194-196 Until 1993very

few cationic compoundswere known. Typical of previously reportedcompounds

werenido-[Fe(CO)3BSH9]+ (175)197andcloso-[I-(17s-Cp)-7-CsHsN-l,2,4-CoC2BsH9]+

(176)198which were ratherunstable. The former was unstableabove-30°C and the

latter decomposedin polar solvents in a few hours at room temperature. The

preparationof compounds(175) and (176) involved either the protonationof the

boranecageor the removal of a hydride ion from a I'-B-H-M fragment.I" An

alternativeapproachto cationic compoundswas reportedwith the electrochemical

oxidation of �c�o�m�m�o�-�[�3�,�3�'�-�F�e�{�3�,�1�,�2�-�F�e�C�2�~�I�O�(�S�E�t�2�)�h�]�.�1�9�9 However, the Fe(III)

complexcation,isolatedastheperchloratesalt, defiedall attemptsat purificationand

work on this complexceased. Recently,Hawthorneet ale reportedthe synthesisof

commo-[3,3'-Co{4-(4-(CsH4N)C02Me)-3,1�,�2�-�C�o�C�2�~�H�l�O�h�]�[�C�I�] from the reaction

betweenCoCl2 and �n�i�d�o�-�[�9�-�(�4�-�(�C�s�H�4�N�)�C�0�2�M�e�)�-�7�,�8�-�~�B�~�l�J�- in thf.200 Since the

chloridecomplexwas relatively unstable,anothersalt was preparedwith the nido­

[7 �,�8�-�C�2�~�H�I�2�J anion. Both compoundswerecharacterisedby spectroscopicmethods
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but no crystallographicstudieswere reported. Oneof the conclusionsof the study

wasthat the "instability of thecobaltacarboranecationwasdueto thepresenceof the

positivecharge".200

More recently a seriesof fifteen cationic palladatelluraboraneshave been

synthesised.3•197 Thesewerecloso-[2-(L)-2-(PPh3)-2,I-PdTe&oH9(PPh3)][BF.] {L =­

CO (177), Bu'NC (178), cyclohexylNC (179), R-(+)-I-phenylethylamine(180),

C.HaS (181), CJI.oS (182), CH3CN (183), C.HaO (184), PhNCS (185),

PhNHC(OMe)S(186)}, �c�l�o�s�o�-�[�2�,�2�-�(�P�M�~�P�h�)�2�-�2�,�I�-�P�d�T�e�&�o�H�9�(�P�P�h�3�)�]�[�B�F�.�] (187),

[2,2'-p-N3-{2-(PPh3)-2,I-PdTeBIOH9(PPh3)h][BF4](188),closo-[2-(H20)-(PPh3)-2,1­

PdTeB.oH9][Z]{where Z = BF4- (189)andSbF6- (190)} and �c�l�o�s�o�-�[�2�,�2�-�(�P�M�~�)�2�-�2�,�1�­

PdTeB.oH9(PPh3)][I] (191). All thecompoundswerecharacterisedby spectroscopic

methodsandthestructuresof (177).toluene,(188), �(�1�8�9�)�.�0�.�8�9�C�~�C�I�2 and(191)were

establishedby X-ray crystallographicanalysis.3

The first stable cationic metallacarboranethat has been structurally

characterisedis closo-[3-(,,2,,,2-1�,�5�-�C�a�H�.�2�)�-�4�-�S�M�~�-�3�, 1�,�2�-�P�d�C�2�~�H�l�O�]�[�B�F�.�] (192).201

A crystallographicstudy of (192) revealeda molecularconformationsubstantially

influencedby H...F inter-ioncontacts.ComparativeEHMO calculationsoncloso-[3­

�(�"�2�,�,�,�2�-�C�a�H�.�~�-�4�-�S�M�~�-�3�,�1�,�2�-�R�h�C�2�~�H�I�O�]�(�1�9�3�) and(192) imply thatthemajorityof the

additionalpositivechargein (192) is not localisedon the Pendantsulphuratom but

rather is delocalisedover the twelve clusterverticesand the atomsdirectly bonded

to them.

5.1.2Reactionof metal-halidebondswith silver tetranuoroborate

The importanceof the reaction of Ag[BF4) with M-X (M=Pd, X=I and

M=Rh, X=CI) lies in the potential to producecationic metallaheteroboranesby

removing the X- ligand as Ag[X). Specifically, it was hopedto producecationic

pallada-and rhoda-carboranesfrom the reaction betweenAg[BF4] and the neutral

species�c�l�o�s�o�-�[�3�-�P�P�h�3�-�3�-�1�-�4�-�S�M�~�-�3�, 1,2-PdCJ3cJHIO] (173) andcloso-[3,3-(PMePh,)2-

3-CI-3,1�,�2�-�R�h�C�2�~�H�l�l�] (174).
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5.2 RESULTSAND DISCUSSION

This chapteris concernedwith thesynthesesandcharacterisationof threenew

metal-halidecomplexesnamely, �c�l�o�s�o�-�[�3�-�P�P�h�3�-�3�-�I�-�4�-�S�M�~�-�3�, 1�,�2�-�P�d�C�2�~�l�O�] (173),

closo-[3,3-(PMePh2)2-3-CI-3, 1�,�2�-�R�h�C�2�~�H�l�l�] (174) and �c�l�o�s�o�-�[�3�,�3�-�(�p�M�e�P�~�)�2�-�3�-�C�I�­

3,1�,�2�-�R�h�A�~�~�H�9�] (194) and thepreparationof two new cationiccomplexesformed

from the reactionof (173) and(174) with Ag[BF4] in thepresenceof a slight excess

ofBu'NCi. e. �c�l�o�s�o�-�[�3�-�P�P�h�3�-�3�-�B�u�'�N�C�-�4�-�S�M�~�-�3�, 1�,�2�-�P�d�~�B�~�l�O�]�[�B�F 4] (195)andcloso­

[3,3-(pMePhJ2-3-Bu'NC-3,1�,�2�-�R�h�C�2�~�H�l�l�] [BF4] (196). All the compoundswere

characterisedby spectroscopicmethods. SinglecrystalX-ray diffraction analysesof

(173) and (174) were carried out to confirm the exact natureof the cluster and

exoclusterligand bonding.

5.2.1 Syntheses

(8) Synthesisof closo-[3-PPh3-3-I-4-SMe2-3,1,2-PdC2B,Hlo] (173)

The reaction between�T�l�[�9�-�S�M�~�-�7�,�8�-�C�2�~�H�l�o�] and [Pd(PPh3)2I21 in CH2Cl2

solution heatedat reflux for 2.5h afforded the greencomplex �c�l�o�s�o�-�[�3�-�P�P�~�-�3�-�I�-�4�­

�S�M�~�-�3�, 1�,�2�-�P�d�C�2�~�H�l�O�] (173) in 81% yield. If the reaction time was allowed to

exceed 2.5h, the yield of (173) was reduced due to decomposition. The

decompositionproductscould beclearly seenon the baselineof the pic plate.

(b) Synthesesof closo-[3,3-(PMePh2)2-3-CI-3,1,2-RhCJJ,ull](174)andcloso-[3,3­

(PMePh2)2-3-CI-3,1,2-RhAs2B,H,] (194)

Thesecompoundswere preparedin a similar manner. The rhodacarborane

(174) was synthesisedfrom the reactionbetweenexcessPMePh2 with closo-[3-{112
­

SC(H)NPh}-3-PPh3-3,1,2-RhC2B9HII ] (197) {seechapter6 section6.4.7for synthesis

of (197)} in refluxing CH2Cl2solutionfor 48h. Theproductwaspurified by pIc and

recrystallisedfrom CH2Clihexaneto giveorangecrystalsof (174) in 80% yield. The

isolationof (174) was unexpected. It �h�a�~ beenanticipatedthat a compoundsuchas

closO-[{112-SC(H)NPh}-3-PMePh2-3,1,2-RhC2B9HII]would have been the product.

However, the completeSC(H)NPh ligand had been replacedby PMePh2 and C1

133



ligands. The formationof theRh-CI bond(from CH2Cl:J suggestedthat the reaction

may be photolytically initiated. To test this hypothesisit wasdecidedto repeatthe

reaction in the presenceof extra light (60 Watt light bulb 8 cm from the reaction

flask), and in the dark (by covering the reactionflask with aluminium foil). The

additionof chlorineto metalsfrom CH2Cl2 maybe photoinducedandhasbeen known

for manyyears. Howeverthis typeof reactioncanoccurevenin thedark.202,203 The

resultsare tabulatedin Table5.1.

TableS.1 Comparisonof yields from thesynthesisof closo-[3,3-(PMePhJ2-3-CI­

3,1,2-RhC1B,HlIl (174) in the presenceandabsenceof light.

Reactionconditions Yield

Normal reactionconditions 79.6%

60 Watt light sourcepresentfor durationof experiment 96.2%

Reactionflask coveredin aluminiumfoil 67.9%

Clearly, whenthereactionwasperformedin thepresenceof light therewasa marked

increasein theyield of (174),andwhenthereactionwascarriedout in thedarkthere

wasa decreasein the yield. This suggeststhat the photolytic reactionis significant

in the synthesisof (174).

The rhodaarsenaborane�c�l�o�s�o�-�[�3�,�3�-�(�P�M�e�P�h�2�h�-�3�-�C�I�-�3�,�1�,�2�-�R�h�A�~�~�H�9�] (194)

was synthesisedby the reactionof an excessof PMePh2 with closo-[3-{1J2-SC(H)N­

�P�h�}�-�3�-�P�P�h�3�-�3�,�1�,�2�-�R�h�A�~�~�~�] (198) in refluxing CH2Cl2 in the presenceof light

similar to the synthesisof (174). The yield of the orangecompound(194) was

62.9%.

(c) Synthesesof closo-[3-PPh3-3-Bu'NC-4-SMe1-3,1,2-PdC1B,Hlo][BFJ (195) and

closo-[3,3-(PMePh1}z-3-Bu'NC-3,1,2-RhC1B,HII][BFJ (196)

Thetwo cationicmetallacarboranes(195)and(196)weresynthesisedfrom the

reactionbetweeneither (173) or (174) in tolueneandoneequivalentof Ag[BF.l at
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ambienttemperaturefor 5 min. A slight excessof Bu'NC wasadded.The products

werefiltered from the mixtureandpurified by recrystallisationfrom CH2Cl2/hexane.

Thepink compound(195)wasisolatedin 72% yield andtheyellow compound(196)

wasisolatedin 46% yield, thesecompoundswerenot stablein solutionfor morethan

8 hours. This tendencyto decomposemadepurification of (195) and (196) rather

difficult.

5.2.2InfraredSpectra

An importantfeatureof theinfraredspectraof all thecompounds(173), (174),

(194), (195)and(196)wasthepresenceof terminalB-H stretchingbandsin therange

2580-2480cm-I • No B-H-B, M-H-B or M-H (M=Rh or M=Pd) bands were

observed. The two cationic metallacarboranes(195) and (196) had strong, broad

absorptionbandsassociatedwith the [BF4Janionat between1082-1040cm-1for both

(195) and (196).14 The isocyanide(NC) absorptionsin compounds(195) and (196)

appearedat "max 2182(s)and2178(s)cm-1respectively. Theseare typical of terminal

metal-isocyanideabsorptionswhich have been interpreted to contain a strong (1­

elementand weak ...-element in the M-C bond.3 Rhodium-chloridestretching

vibrationswereexpectedin the range240-310cm-1.204 Howeverin thepresentwork

infrared spectracould only be obtainedin the region 625-4000cm-1and thereforeit

was not possibleto determinethe Rh-CI stretchingfrequencyfor compounds(174)

and (194). Other important featureswere bandsdue to phosphineligands arising

from C-H stretchingin the region 3100-2800cm-1, P-C stretchingin the region795­

650 cm-1, P-Ph stretchingin the regions 1600-1425and 1110-960cm-I , and P-Me

stretchingin the region 960-835cm-1.

5.2.3NMR Spectroscopy

All the NMR spectradiscussedin this sectionwerekindly recordedby Dr. J.

D. Kennedy,University of Leeds,England. Multinuclear liB, IIB{lH}, 31p and IH

NMR spectroscopywas usedto characterisethe compounds(173), (174), (195) and

(196).
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5.2.3.1NMR Spectroscopyof �c�l�o�s�o�-�[�3�-�P�P�h�3�-�3�-�I�-�4�-�S�M�~�-�3�,�1�,�2�-�P�d�C�2�B�,�H�u�J (173)

The measuredNMR parametersfor the palladacarborane(173) are given in

Table5.2. The llB and llB{1H} NMR spectraof (173) areillustratedin Figure5.1.

The llB{ IH} NMR spectrum displayed eight resonancesof relative intensity

1: 1:1:1: 1:1:2:1,consistentwith afully asymmetriccarbametallaboranecage(with one

coincidence). On retentionof proton coupling, all resonancesin the llB spectrum

appearas doublets(1IBH 135-144±5Hz), exceptfor one singlet signal at ca. 11.0

ppm which may be assignedto B(4), the sulphurbearingboron atom. In the IH

NMR spectrum themethyl protonsgive rise to two singlets(2.47 and 2.91 ppm).

This confirms the magneticinequivalenceof the two methyl groupsof the �S�M�~

function at ambienttemperature. No bridging hydrogenresonanceswere observed

in the IH NMR spectraof (173) which was consistentwith the closo natureof the

compound.

Table5.2 IH andliB datafor closo-[3-PPh3-3-I-4-SMer3,1,2-PdC2B,H.ol(173).

Intensity �~�(�I�I�B�)�/�p�p�m �~�(�l�H�)�/�p�p�m

1 +2.3 +3.61

1 -2.8 +2.65

1 -10.8 +1.79

1 B(4) ca -11.0 �S�M�~ +2.47, +2.91

1 -11.5 +2.73

1 -14.8 +1.20

1 -21.1 +2.06

1 -21.1 +1.03

1 -23.1 +1.02

CH +3.07, +3.60

�~�3�I�P�) +41.7at 219K
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Figure5.I IIB(toptrace)andIlB{IH}(lowertrace)NMR spectraof closo-[3-PPh3­

3-I-4-SMe2-3,1,2-PdC2B,HICJ (173).

----------------------.--.....

*Impuritiespresentin the sample.
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5.2.3.2NMR Spectroscopyof closo-[3,3-(PMePh2)2-3-CI-3,1,2-RhC2B,HII] (174)

The measuredNMR parametersfor the rhodadicarborane(174) are given in

Table5.3. The liB and lIB{lH} NMR spectraof (174) areillustratedin Figure5.3.

In generaltheliB shieldingpatternfor (174) showssomesimilaritieswith closo-[3,3­

�(�P�P�h�3�)�2�-�3�-�H�-�3�,�1�,�2�-�R�h�C�2�~�H�l�l�] (59),205 but data for (174) are even more similar to

closo-[3-(flS-Cp)-3, �1�,�2�-�R�h�C�2�~�H�l�I�] (199),161 and precioso-[2-PPh3-2-CI-2, 1,7­

�R�h�C�2�~�H�l�I�] (200).48 In Figure5.2 thechemicalshifts and relative intensitiesin the

llB NMR spectraof (59), (199), (200)and(174)areillustratedin stickdiagramform.

The assignmentof the boron resonancesto the correspondingboron atom positions

in (174) wasmadeby comparisonwith thepreviouslyassignedliB NMR resonances

of (199).161 All boronatompositionshadexo-terminalhydrogenatomsboundto them

and the boraneIH resonanceswereassignedto their directly boundboronatomsby

IH-{IIB(selective)} spectroscopy.ThePeaksat �~ +3.64wereassignedto thetwo CH

units and the peakat �~ + 1.62 was assignedto the methyl hydrogens. No bridging

hydrogenresonanceswere observedin the IH NMR spectraof (174) which was

consistentwith the cioso natureof the compound.

Table5.3 IH andliB datafor closo-[3,3-(PMePhJ2-3-CI-3,1,2-RhCJJ,HII] (174).

Intensity o(IIB)/ppm oeH)/ppm TentativeAssignment

1 +8.8 +3.74 B(8)

1 -0.4 +1.84 B(10)

2 -2.6 +2.83 B(4/7)

2 -4.9 +2.17 B(9/12)

2 -17.2 +1.49 B(5/11)

1 -17.7 +2.05 B(6)

CH +3.64

PMe + 1.62&

• N= 10.5Hzat 219K �~�3�I�P�) + 19.1 IJe03Rh-31P) 129Hz
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Figure5.2Stick diagramsof thechemicalshiftsandrelativeintensitiesin the liB

NMR spectraof (A) �c�l�o�s�o�-�[�3�,�3�-�(�P�P�h�3�)�2�-�3�-�H�-�3�,�1�,�2�-�R�h�~�B�,�H�I�l�] (59), (B) closo-[3-("f­

Cp;-3,1,2-RhC2B,HIlJ (199), (C) precloso-[2-PPh3-2-CI-2,1,7-RhCJI,HIIJ(200)

and (D) closo-[3,3-(PMePhJ2-3-CI-3,1,2-RhC2B,HIlJ (174).
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Figure S.3 IIB(top trace) and IIB{IH}(lower trace) NMR spectraof closo-[3,3­

(PMePhJ1-3-CI-3,1,2-RhC2B,HII] (174).
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5.2.3.3 liB NMR Spectroscopy of closo-[3-PPh3-3-Bu'NC-4-SMel -3,1,2­

PdC1B,Hlo][BFJ (195) and�c�l�o�s�o�-�[�3�,�3�-�(�P�M�e�P�h�2�)�2�-�3�-�B�u�'�N�C�-�3�,�1�,�2�-�R�h�~�B�,�H�I�I�]�[�B�F J
(196)

The measuredliB and IIB{1H} NMR spectraof (195) showedeightpeaks in

an intensitypatternof 1: 1:1:2:2:1: 1:1. Thesignalof intensity IB at6 +0.1 ppmwas

sharperthan theothersandwasassignedto the [BF4l" anion. The measuredliB and

IIB{1H} NMR spectrumof (196) showed seven peaks in an intensity pattern of

1:1:1:4:1: 1:1 (thoughnot all peakswere fully resolvedevenat 128 MHz), Figure

5.4. The signal of intensity IB at 8 -0.7 ppm was notably much sharperthan the

othersand wasassignedto the [BF4l" anion. In generaleventhoughthe liB spectra

are not very informative they have similar intensity patternsand both spectraare

consistentwith a RhC2B9 closo cation and a [BF4l" anion and both spectrahavea

generalappearancevery like the lIB spectraof the reportedpalladatelluraboranes.3

......,....-.,......... ,._........,-......r--.• ,..... ....r ..·..,-..·-,.......�·�~ .. �r�"�"�~�.�.�.�.�.�.�.�.�,�.�.�.�.�.�.�.�, ......�,�~�.�, ......
10 ss so n 70 IS 10 S ,:.. -s -10 -IS -10 n sa ·ss

Figure 5.4 liB (top trace) and IIB{IH}Oower trace) NMR spectraof closo-[3,3­

(PMePh2h-3-Bu'NC-3,1,2-RhC1B,HII][BFJ (196).
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5.2.4CrystalandMolecularStructures

5.2.4.1 Crystal and Molecular Structure of closo-[3-PPh3-3-1-4-SMe2-3,1,2­

PdC2B,H.ol (173)

In orderto fully elucidatethestructuralfeaturesof thepalladacarborane(173),

it was decidedto undertakea singlecrystalX-ray analysisof thecompound. Crystals

suitablefor study weregrown by the so-calledlayering techniqueby which hexane

slowly diffusedinto a CH2CI2solutionof thepalladacarborane.Collectionof thedata

andthestructuresolutionwerecarriedoutby ProfessorGeorgeFerguson,University

of Guelph, Canada,as statedin the experimentalsection4.3.1. Crystal data and

relevantstructuresolution dataaregiven in experimentalsection5.4.3.

Thesuccessfulsolutionandrefinementof the molecularstructureshowedthat

compound(173) had a closo twelve vertex �P�d�C�2�~ geometrybasedon a distorted

dodecahedronwith the palladiumand carbonatomsadjacentto oneanother,Figure

5.5. Important bond distancesand angles are given in Tables 5.4 and 5.5

respectively.

Theorientationof thePd(PPh3)(I) unit abovetheC2B3 faceis shownin Figure

5.6, and it would seemto be affectedby the �S�M�~ on B(4). Basedon molecular

orbital calculationsthe expectedconformationof the Pd(PPh3)I unit abovethe �C�2�~

facewould be "parallel" to the two carbonatoms.162 Due to the �S�M�~ groupon B(4)

the Pd(PPh3)(I) unit is twisted away from B(4) and towardsC(I), Figure5.6. The

conformationhasbecomemorelike the"perpendicular"conformationthatis expected

for a �7�,�9�-�C�2�~ ligand (seechapter2).

ThePd-I distanceof 2.6734(5)in (173) is longerthan mostof thepreviously

reportedvalues.206 The averagePd-I distancesin typical Pd(II) non-clustertrans

compounds are, 2.6029(5) A in [Pd(PPh3)2I,j.CHCI3,207 2.599(6) A in

[Pd(Bu'NC)2I2]208 and 2.63(1)A in �[�P�d�(�P�M�~�P�h�)�2�I�2�]�.�2�0�9 The value in (173) is longer

than thesebut shorterthan 2.7151(9)A in closo-[2-1-2-(BliNC)-6-(Bu'NHCH)-2,1-

PdTeBIOH9] (201).3
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Figure S.SAn ORTEPview of �c�l�o�s�o�-�[�3�-�P�P�h�3�-�3�-�I�-�4�-�S�M�e�2�-�3�,�1�,�2�-�P�d�~�B�,�H�u�J (173)

with atom numberingscheme.
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Figure5.6 A view of the orientationof thePd(PPh3)(n unit abovethe C2B:, face

of closo-[3-PPh3-3-I-4-SMez-3,1,2-Pd<;B,HIJ(173).
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Table 5.4 Important bond distances(A) for �c�l�o�s�o�-�[�3�-�P�P�h�3�-�3�-�1�-�4�-�S�M�~�-�3�,�1�,�1�­

PdC:zB,HuJ(173).

Pd-I

Pd-C(I)

Pd-B(4)

Pd-B(II)

S-C(2S)

P-C(II)

P-C(31)

C(I)-B(4)

C(I)-B(6)

C(2)-B(10)

B(4)-B(5)

B(4)-B(8)

B(5)-B(8)

B(6)-B(9)

B(7)-B(8)

B(7)-B(12)

B(8)-B(12)

B(9)-B(12)

B(10)-B(12)

2.6734(5)

2.286(5)

2.306(6)

2.260(7)

1.794(6)

1.826(6)

1.830(6)

1.683(7)

1.775(8)

1.670(9)

1.749(8)

1.742(8)

1.765(9)

1.766(10)

1.807(9)

1.770(9)

1.777(10)

1.805(10)

1.781(10)

Pd-P

Pd-C(2)

Pd-B(7)

S-C(IS)

S-B(4)

P-C(21)

C(I)-C(2)

C(I)-B(5)

C(2)-B(6)

C(2)-B(11)

B(4)-B(7)

B(5)-B(6)

B(5)-B(9)

B(6)-B(10)

B(7)-B(I1)

B(8)-B(9)

B(9)-B(10)

B(10)-B(11)

B(11)-B(12)
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2.2512(15)

2.470(5)

2.253(6)

1.784(6)

1.899(6)

1.838(5)

1.590(8)

1.737(8)

1.674(9)

1.653(9)

1.767(9)

1.772(9)

1.768(9)

1.741(10)

1.893(9)

1.751(9)

1.743(11)

1.814(10)

1.797(10)



Table 5.5 Important bond angles (0) for �c�l�o�s�o�-�[�3�-�P�P�h�3�-�3�-�1�-�4�-�S�M�~�-�3�,�1�,�2�­

PdC2B,HuJ (173).

I-Pd-P

I-Pd-C(2)

I-Pd-B(7)

P-Pd-C(I)

P-Pd-B(4)

P-Pd-B(II)

C(I)-Pd-B(4)

C(I)-Pd-B(II)

C(2)-Pd-B(7)

B(4)-Pd-B(7)

B(7)-Pd-B(II)

C(IS)-S-B(4)

Pd-P-C(II)

Pd-P-C(31)

C(II)-P-C(31)

P-C(II)-C(12)

P-C(21)-C(22)

P-C(31)-C(32)

Pd-C(1)-C(2)

C(2)-C(I)-B(4)

C(2)-C(I)-B(6)

B(5)-C(1)-B(6)

Pd-C(2)-B(II)

C(I)-C(2)-B(II)

B(10)-C(2)-B(11)

Pd-B(4)-C(I)

S-B(4)-C(I)

s-B(4)-B(7)

C(I)-B(4)-B(5)

95.03(4)

106.03(13)

155.19(17)

169.42(14)

140.85(14)

100.16(17)

43.01(19)

70.18(21)

74.80(20)

45.60(21)

49.60(23)

101.1(3)

110.99(17)

119.07(20)

102.7(3)

122.6(4)

122.7(5)

120.8(5)

76.8(3)

116.3(4)

59.3(4)

60.6(4)

62.9(3)

107.3(4)

66.2(4)

67.9(3)

119.4(4)

126.7(4)

60.8(3)

I-Pd-C(I)

I-Pd-B(4)

I-Pd-B(11)

I-Pd-C(2)

P-Pd-B(7)

C(I)-Pd-C(2)

C(I)-Pd-B(7)

C(2)-Pd-B(4)

C(2)-Pd-B(11)

B(4)-Pd-B(11)

C(1S)-S-C(2S)

C(2S)-S-B(4)

Pd-P-C(21)

C(11)-P-C(21)

C(21)-P-C(31)

P-C(11)-C(16)

P-C(21)-C(26)

P-C(31)-C(36)

Pd-C(I)-B(4)

C(2)-C(l)-B(5)

B(4)-C(1)-B(5)

Pd-C(2)-C(I)

C(I)-C(2)-B(6)

B(6)-C(2)-B(10)

Pd-B(4)-S

Pd-B(4)-B(7)

S-B(4)-B(5)

S-B(4)-B(8)

C(I)-B(4)-B(7)
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90.77(13)

110.40(14)

143.38(17)

130.67(14)

102.99(16)

38.84(19)

74.35(20)

71.13(19)

40.62(22)

77.08(21)

100.0(3)

108.3(3)

112.31(18)

106.8(3)

103.8(3)

118.0(4)

119.7(5)

121.8(5)

69.1(3)

109.6(4)

61.5(3)

64.3(3)

65.8(4)

62.7(4)

104.6(3)

65.6(3)

114.7(4)

123.6(4)

105.3(4)



B(5)-B(4)-B(8) 60.7(3) B(7)-B(4)-B(8) 60.0(4)

C(I)-B(5)-B(4) 57.7(3) C(I)-B(5)-B(6) 60.8(3)

B(4)-B(5)-B(8) 59.4(3) B(6)-B(5)-B(9) 59.9(4)

B(8)-B(5)-B(9) 59.4(4) C(1)-B(6)-C(2) 54.8(3)

C(2)-B(6)-B(10) 58.5(4) B(5)-B(6)-B(9) 60.0(4)

B(9)-B(6)-B(10) 59.6(4) Pd-B(7)-B(4) 68.8(3)

Pd-B(7)-B(II) 65.4(3) B(4)-B(7)-B(8) 58.3(3)

B(4)-B(7)-B(II) 102.0(4) B(8)-B(7)-B(12) 59.6(4)

B(II)-B(7)-B(12) 58.6(4) B(4)-B(8)-B(5) 59.8(3)

B(4)-B(8)-B(7) 59.7(3) B(5)-B(8)-B(9) 60.4(4)

B(7)-B(8)-B(12) 59.2(4) B(9)-B(8)-B(12) 61.6(4)

B(5)-B(9)-B(6) 60.2(4) B(5)-B(9)-B(8) 60.2(3)

B(6)-B(9)-B(10) 59.5(4) B(8)-B(9)-B(12) 59.9(4)

B(10)-B(9)-B(12) 60.2(4) C(2)-B(10)-B(6) 58.7(4)

C(2)-B(10)-B(11) 56.5(4) B(6)-B(10)-B(9) 60.9(4)

B(9)-B(10)-B(12) 61.6(4) B(11)-B(10)-B(12) 60.0(4)

Pd-B(11)-C(2) 76.5(3) Pd-B(11)-B(7) 65.0(3)

C(2)-B(11)-B(7) 108.1(4) C(2)-B(11)-B(10) 57.4(4)

B(7)-B(II)-B(12) 57.3(3) B(10)-B(11)-B(12) 59.1(4)

B(7)-B(12)-B(8) 61.3(4) B(7)-B(12)-B(11) 64.1(4)

B(8)-B(12)-B(9) 58.5(4) B(9)-B(12)-B(10) 58.2(4)

�=�=�=�~�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=

The Pd-Pdistanceof 2.2512(15)A is much shorterthan the value predicted

from the sumof the covalentradii for Pd andP i.e. 2.383A.I65 The Pd-Pdistances

in typical Pd(II) non-elustertranscompoundsare2.343(2)A in �[�P�d�(�P�P�~�)�2�I�J�, 2U1 and

2.326(7)A in �[�P�d�(�P�M�~�P�h�)�2�I�J�.�2�0�9 IndeedmostPd-Pbonddistancesin heteroborane

cluster compoundsare greaterthan 2.3 A3.53.197.210with 75% of all reportedPd-P

distancesgreaterthan 2.281 A." The value in (173) is closeto the Pd-Pbond

distanceof 2.252(1)A in thethirteenvertex [4-(dppe)-4-1,6-PdC2B.oH1J(202) {dppe

= 1,2-bis(diphenylphosphino)ethane}.166 The compoundcloso-[3-�P�M�~�P�h�- 3-CI-4­

�S�M�~�-�3�, 1�,�2�-�P�d�C�2�~�H�l�0�] (203) has a Pd-P distanceof 2.2275(5) A which is even

shorterthan that in (173).211
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ThePd-Cbonddistancesof 2.286(5)and2.470(5)A aresignificantlydifferent

with Pd-C(I) being considerablyshorter than Pd-C(2). The Pd-C distancesare

similar to thosein �c�l�o�s�o�-�[�3�-�P�M�~�P�h�-�3�-�C�I�-�4�-�S�M�~�-�3�, 1,2-PdC2B9HlOl (203)of 2.302(2)

and 2.479(2)A, and in �c�l�o�s�o�-�[�3�-�(�"�2�,�,�,�2�-�C�s�H�I�2�)�-�4�-�S�M�~�-�3�, �1�,�2�-�P�d�C�2�~�H�l�o�l�[�B�F�4�] (204)

{2.371(4) and 2.434(4)A}.201 The valuesin (173) are within the reportedrangeof

Pd-Cbonddistancesin palladacarboranes,which vary from 2.187(5)A in (202)166to

2.600(6)A in [1, �1�-�(�B�u�'�N�C�)�2�-�2�-�N�M�~�-�1�,�2�-�P�d�C�B�I�O�H�1�0�1 (205).212

The Pd-B distancesof 2.306(6),2.253(6)and2.260(7)A for B(4), B(7) and

B(II) respectively,arewithin the rangeof Pd-Bdistancesreportedin a recentstudy

of palladaboranes,{2.192(6)-2.309(5)A}.3 However they are slightly longer than

thosein theequivalentchloropalladacarbaboranecloso-[3-�P�M�~�P�h�- �3�-�C�I�-�4�-�S�M�~�- 3,1,2­

�P�d�C�2�~�H�l�o�] (203) which are 2.277(2),2.229(2)and 2.210(2)A, for B(4), B(7) and

B(II) respectively.211

The S-B(4) distanceof 1.899(6)A is very similar to 1.895(2)A found in the

palladacarborane(203),211andcorrespondsvery closely (within experimentalerror),

to valuesquoted in the literature for the compoundsnido-[IO, �1�1�-�#�,�-�{�(�P�P�~�)�A�u�}�-�9�­

�S�M�~�-�7�,�8�-�C�2�B�9�H�I�O�] (206){1.896(6)} A/13 �c�l�o�s�o�-�[�3�,�3�-�(�C�O�)�2�-�4�-�S�M�~�-�3�, �1�,�2�-�R�h�C�2�~�H�l�o�]

(207) {1.897(3)} A,201 �c�l�o�s�o�-�[�3�-�(�"�2�,�,�,�2�-�C�s�H�I�J�-�4�-�S�M�~�-�3�,�1�,�2�-�R�h�~�B�9�H�l�o�l (193)

{1.899(3)} A,201 �n�i�d�o�-�[�9�-�C�J�i�l�1�-�5�-�S�M�~�-�B�I�O�H�l�l�l (208) {1.892(6)} A,214 and [RuH2­

�(�N�2�B�I�O�H�8�S�M�~�)�(�P�P�h�3�)�2�l {1.89(1)} A (209),215Table5.6.

For theselected�S�M�~ compoundsin Table5.6theS-CMe distancesrangefrom

1.782(4)A in �c�l�o�s�o�-�[�3�,�3�-�(�C�O�)�2�-�4�-�S�M�~�-�3�,�1�,�2�-�R�h�~�B�9�H�I�O�] (207)201 to 1.800(6)A in

�c�l�o�s�o�-�[�3�-�P�P�h�3�-�4�-�S�M�~�-�3�, 1�,�2�-�C�U�C�2�~�H�I�O�] (210).216 The S-CMe distancesof 1.784(6)

and 1.794(6)A correspondexactly, within experimentalerror, to thosein nido-[8­

�S�M�~�-�7 ,9-C2B9HlI
l (211) of 1.786(6)and 1.794(6)A/17 in closo-[3-("2,,,2_CsHI2)-4­

�S�M�~�-�3�, 1�,�2�-�P�d�C�2�~�H�I�O�]�[�B�F�4�] (204)of 1.789(7)and1.795(4)A,201 in closo-[3,3-(CO)2­

�4�-�S�M�~�-�3�,�1�,�2�-�R�h�C�2�~�H�l�o�l (207) of 1.782(4)and 1.799(4) A and closo-[3-PPh3-4­

�S�M�~�-�3�,�1�,�2�-�C�U�C�2�B�9�H�I�O�] (210) of 1.784(5)and 1.800(6)A,216 Table5.6. The S-CMe

distancesalsocorrespondto thosein (203)of 1.785(2)and 1.796(2)A.211 TheS-CMe

distancearealso similar to 1.790(7)and 1.769(9)A in the cation �[�S�M�~�]�+�[�C�9�H�4�0�i�J�­

(2-Dimethylsulphuranylidene-l,3-indanedione).2IS-220
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Table5.6 Bond Distancesfor Carboranescontaininga SMe2 groupbondedto a

Boron Atom.

No. Compound S-B/A S-CMJA

173 �c�l�o�s�o�-�[�3�-�P�P�h�r�3�-�1�-�4�-�S�M�~�-�3�, 1,2-Pd4BJilol 1.899(6) 1.784(6)

1.794(6)

193201 �c�l�o�s�o�-�[�3�-�(�'�1�2�,�'�1�2�_�C�8�H�I�2�)�-�4�-�S�M�~�-�3�, 1,2-RhC2B9HIO] 1.899(3) 1.793(3)

1.794(4)

203211 �c�l�o�s�o�-�[�3�-�P�M�~�P�h�-�3�-�C�l�-�4�-�S�M�~�-�3�, 1�,�2�-�P�d�4�~�H�l�O�] 1.895(2) 1.785(2)

1.796(2)

204201 �c�l�o�s�o�-�[�3�-�(�'�1�2�,�'�1�2�_�C�8�H�I�2�)�-�4�-�S�M�~�-�3�, 1,2- 1.913(4) 1.795(4)

�P�d�~�B�J�i�l�O�]�[�B�F J 1.784(4)

206213 nido-[10,11-,,-{(PPh3)Au}-9-SMer7,�8�-�C�2�~�H�l�O�] 1.896(6) 1.796(8)

1.798(7)

207201 �c�l�o�s�o�-�[�3�,�3�-�(�C�O�)�2�-�4�-�S�M�~�-�3�, 1�,�2�-�R�h�C�2�~�H�I�O�] 1.897(3) 1.782(4)

1.799(4)

208214 �n�i�d�o�-�[�9�-�C�J�i�I�I�-�5�-�S�M�~�-�B�l�o�H�l�l�] 1.892(6) 1.791(7)

1.797(8)

210216 �c�l�o�s�o�-�[�3�-�P�P�h�3�-�4�-�S�M�~�-�3�, 1�,�2�-�C�u�~�B�J�i�l�o�l 1.911(4) 1.784(5)

1.800(6)

211217 �n�i�d�o�-�[�8�-�S�M�~�-�7 ,9-C2B9HlI l 1.886(4) 1.786(6)

1.794(6)
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The C-C bonddistancein thecarboranecage{1.590(8) A} is very similar to

1.596(4)A in (207) but longer than 1.515(5)A in (204), 1.555(5)A in (210)/16

1.558(8)A in (206),213or 1.560(2)A in (203).211 It is shorterthan the value of

1.628(4)A in (193) also 1.618(5)A in closo-[3,3-(PMePh2h-3-CI-3,1,2-RhCAHII]

(174) (seesection5.2.4.2).

TheC-B distancesrangefrom 1.653(9)to 1.775(8)A andcovera wider range

than in (203) {1.678(3)-1.779(3)A},211 but are not as widerangingas thosein [3­

�(�f�l�2�,�,�,�2�_�C�8�H�I�J�-�3�,�1�,�2�-�P�d�C�2�~�H�I�O�] (212) {1.637(5)-1.785(5)A},221 or [3-(tmed)-3,1,2­

�P�d�C�2�~�H�l�I�] (213) {tmed = 1,2-(NMeJ2C2H4}{1.643(7)-1.778(7)A}.222
The B-B bonddistancesrangefrom 1.741(10)-1.893(9)A, a similar rangeto

that observedin (203) {1.742(3)-1.890(3)A},211 and typical of the rangesof B-B

bonddistancespublishedin a recentstudyof palladatelluraboranes{I. 729(8)-1.978(7)

A} .3 The longestB-B distanceis betweenB(7) andB(11) which arebondedto B(4)

(attachedto the �S�M�~ group) and C(2) respectivelyand both B(7) and B(II) are

bondedto the palladiumatom.

5.2.4.2 Crystal and Molecular Structure of closo-[3,3-(PMePh2)2-3-CI-3,1,2­

RhC2B,HII] (174)

For completestructuralcharacterisationof the rhodacarborane(174), it was

decided to undertakea single crystal X-ray analysisof the compound. Crystals

suitablefor studyweregrown by slow diffusion of a layer of hexaneinto a CH2Cl2

solutionof the rhodacarborane.Thecollectionof thedataand thestructuresolution

werecarriedout by ProfessorGeorgeFergusonand Dr. JohnGallagher,University

of Guelph, Canada,as statedin the eXPerimentalsection4.3.1. Crystal dataand

relevantstructuresolutiondataaregiven in eXPerimentalsection5.4.5.

Analysis showed that compound(174) had a closo twelve vertex �R�h�C�2�~

geometrybasedon a distorteddodecahedronwith the rhodium and carbonatoms

adjacentto oneanother,Figure5.7. Importantbonddistancesandanglesaregiven

in Tables5.7 and 5.8 respectively.
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Figure5.7An ORTEPview of closo-[3,3-(PMePhJ2-3-CI-3,1,2-RhC2B,HII] (174)

with numberingscheme.
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Figure5.8 A view of theRh(PMePhz}lC1unit abovethe �C�l�~ face of closo-[3,3­

(PMePhz}1-3-CI-3,1,2-RhC1B,HII](174).
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Table 5.7 bnportantbond distances(A) for closo-[3,3-(PMePhJ2-3-CI-3,1,2­

RhC2B,Hu] (174).

Rh(3)-Cl

Rh(3)-P(2)

Rh(3)-C(2)

Rh(3)-B(7)

P(I)-C(11)

P(I)-C(3)

P(2)-C(51)

C(I)-C(2)

C(I)-B(5)

C(2)-B(6)

C(2)-B(11)

B(4)-B(7)

B(5)-B(6)

B(5)-B(9)

B(6)-B(10)

B(7)-B(11)

B(8)-B(9)

B(9)-B(10)

B(10)-B(11)

B(II)-B(12)

2.4205(8)

2.3414(9)

2.205(3)

2.244(4)

1.822(4)

1.818(4)

1.830(3)

1.618(5)

1.690(6)

1.724(5)

1.702(5)

1.825(6)

1.755(7)

1.761(7)

1.748(7)

1.807(6)

1.774(7)

1.769(7)

1.786(6)

1.755(6)

Rh(3)-P(I)

Rh(3)-C(I)

Rh(3)-B(4)

Rh(3)-B(11)

P(I)-C(21)

P(2)-C(41)

P(2)-C(6)

C(I)-B(4)

C(I)-B(6)

C(2)-B(10)

B(4)-B(5)

B(4)-B(8)

B(5)-B(8)

B(6)-B(9)

B(7)-B(8)

B(7)-B(12)

B(8)-B(12)

B(9)-B(12)

B(10)-B(12)
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2.3500(9)

2.208(3)

2.254(4)

2.223(4)

1.838(4)

1.836(4)

1.809(4)

1.698(6)

1.733(6)

1.694(5)

1.790(6)

1.749(6)

1.754(7)

1.763(7)

1.793(6)

1.796(6)

1.779(7)

1.770(7)

1.765(7)



Table 5.8 Important bond angles (0) for closo-[3,3-(PMePh2)2-3-CI-3,1,2­

RhC2B,Hu] (174).

CI-Rh(3)-P(I) 87.67(3) CI-Rh(3)-P(2) 92.00(3)

CI-Rh(3)-C(I) 87.03(9) CI-Rh(3)-C(2) 91.90(9)

CI-Rh(3)-B(4) 118.59(12) CI-Rh(3)-B(7) 164.49(11)

CI-Rh(3)-B(11) 130.17(11) P(I)-Rh(3)-P(2) 92.68(3)

P(I)-Rh(3)-C(I) 150.50(10) P(I)-Rh(3)-C(2) 108.28(9)

P(I)-Rh(3)-B(4) 153.47(12) P(I)-Rh(3)-B(7) 106.59(12)

P(I)-Rh(3)-B(II) 85.15(11) P(2)-Rh(3)-C(I) 116.49(10)

P(2)-Rh(3)-C(2) 158.82(9) P(2)-Rh(3)-B(4) 83.24(12)

P(2)-Rh(3)-B(7) 93.37(12) P(2)-Rh(3)-B(II) 137.51(11)

C(1)-Rh(3)-C(2) 43.01(13) C(I)-Rh(3)-B(4) 44.74(15)

C(2)-Rh(3)-B(11) 45.21(14) B(4)-Rh(3)-B(7) 47.89(17)

B(7)-Rh(3)-B(II) 47.73(16) Rh(3)-P(I)-C(11) 113.98(12)

Rh(3)-P(I)-C(21) 113.91(12) Rh(3)-P(1)-C(3) 118.09(13)

C(11)-P(I)-C(21) 106.58(18) C(ll)-P(I)-C(3) 104.96(19)

C(21)-P(I)-C(3) 97.52(17) Rh(3)-P(2)-C(41) 115.29(13)

Rh(3)-P(2)-C(51) 118.95(11) Rh(3)-P(2)-C(6) 112.77(13)

C(41)-P(2)-C(51) 99.96(15) C(41)-P(2)-C(6) 104.91(18)

C(51)-P(2)-C(6) 103.08(17) Rh(3)-C(I)-C(2) 68.40(17)

Rh(3)-C(I)-B(4) 69.06(19) C(2)-C(I)-B(4) 112.9(3)

C(2)-C(I)-B(6) 61.82(23) B(4)-C(I)-B(5) 63.8(3)

B(5)-C(1)-B(6) 61.7(3) Rh(3)-C(2)-C(1) 68.59(18)

Rh(3)-C(2)-B(11) 67.95(18) C(I)-C(2)-B(6) 62.39(24)

C(I)-C(2)-B(11) 111.1(3) B(6)-C(2)-B(10) 61.5(3)

B(10)-C(2)-B(II) 63.46(24) Rh(3)-B(4)-C(I) 66.20(18)

Rh(3)-B(4)-B(7) 65.78(18) C(I)-B(4)-B(5) 57.89(24)

C(1)-B(4)-B(7) 104.5(3) B(5)-B(4)-8(8) 59.4(3)

B(7)-B(4)-B(8) 60.2(3) C(I)-B(5)-B(4) 58.34(23)

C(I)-B(5)-B(6) 60.38(25) B(4)-8(5)-B(8) 59.2(3)
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B(6)-B(5)-B(9)

C(I)-B(6)-C(2)

C(2)-B(6)-B(10)

B(9)-B(6)-B(10)

Rh(3)-B(7)-B(II)

B(4)-B(7)-B(11)

B(II)-B(7)-B(12)

B(4)-B(8)-B(7)

B(7)-B(8)-B(12)

B(5)-B(9)-B(6)

B(6)-B(9)-B(10)

B(10)-B(9)-B(12)

C(2)-B(10)-B(11)

B(9)-B(10)-B(12)

Rh(3)-B(11)-C(2)

C(2)-B(11)-B(7)

B(7)-B(11)-B(12)

B(7)-B(12)-B(8)

B(8)-B(12)-B(9)

B(10)-B(12)-B(11)

60.2(3)

55.79(21)

58.39(23)

60.5(3)

65.53(17)

105.5(3)

58.30(24)

62.01(24)

60.4(3)

59.7(3)

59.3(3)

59.8(3)

58.49(22)

60.1(3)

66.83(17)

105.8(3)

60.52(25)

60.2(3)

60.0(3)

60.98(24)

B(8)-B(5)-B(9)

C(I)-B(6)-B(5)

B(5)-B(6)-B(9)

Rh(3)-B(7)-B(4)

B(4)-B(7)-B(8)

B(8)-B(7)-B(12)

B(4)-B(8)-B(5)

B(5)-B(8)-B(9)

B(9)-B(8)-B(12)

B(5)-B(9)-B(8)

B(8)-B(9)-B(12)

C(2)-B(lO)-B(6)

B(6)-B(10)-B(9)

B(11)-B(10)-B(12)

Rh(3)-B(11)-B(7)

C(2)-B(11)-B(10)

B(10)-B(11)-B(12)

B(7)-B(12)-B(11)

B(9)-B(12)-B(10)

60.6(3)

57.96(25)

60.1(3)

66.34(17)

57.82(24)

59.4(3)

61.5(3)

59.9(3)

59.8(3)

59.5(3)

60.3(3)

60.08(24)

60.2(3)

59.23(24)

66.74(18)

58.05(22)

59.79(25)

61.18(24)

60.0(3)

c=====================================
Coordinationabouttherhodiumatomcouldbedescribedaspseudo-octahedral

for theRhCIP2 unit with bondsto P(I), P(2),CI andmulticentrebondsto C(l), C(2),

B(7), B(4) andB(11). Thepseudo-octahedral descriptionis supportedby someof the

anglesaroundtherhodiumatomwhich arecloseto 90° e.g. CI-Rh(3)-P(I)87.67(3)°

and CI-Rh(3)-P(2)92.00(3)°. Theorientationof the Rh(PMePh2hCIunit abovethe

�C�2�~ face, Figure 5.8, is as expectedfrom MNDO calculationsand has been

discussedin detail for the correspondingRhHP2 unit, (seechapter2).162

TheRh-CI distanceof 2.4205(8)Ain (174) is slightly longerthan theaverage

bond distanceof 2.377A reportedin the literature,206and longer than the terminal

Rh-CI distancesobservedin two recentlycharacterisedrhodathiaboranesi.e. 2.356(2)

Ain �c�l�o�s�o�-�[�2�,�3�-�(�P�P�h�3�>�:�t�"�3�-�C�I�-�#�L�-�2�,�3�-�C�I�-�2�-�(�P�~�P�C�6�H�4�)�-�2�,�3�, �l�-�R�h�~�~�H�a�]�2 and2.3710(10)
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A in �[�8�,�8�,�1�0�-�(�P�P�~�)�3�-�8�-�H�-�l�o�-�C�I�-�8�,�1�0�,�7�,�9�-�R�~�S�2�~�H�7�]�.�m The ao-cageRh-CI bond

distancesin rhodacarboraneshavebeenobservedto vary from 2.299(1)Ain closo-[2­

�P�P�h�3�-�2�-�C�I�-�2�,�1�,�7�-�R�h�C�2�~�H�l�l�] (214),48 to 2.525(2) A in [NMe4][RhC1{7,8-J.&­

�S�(�C�H�2�C�H�2�)�S�-�C�2�~�H�.�o�}�{�(�1�-�7�,�8�-�J�.�&�-�S�(�C�H�2�C�H�~�S�-�C�2�~�}�] (215).224 Examplesof Rh-Cl

bonddistancesreported in non-elustercompoundshavebeenobservedto vary from

2.3439(14)A in [RhCI2(NO)(pPh3)2]227 to 3.3967(11)A in [('l5·Cp)RhCI]{J.&CI)2.22I

Table 5.9 Bond distancesfor compound (174) and four related 11 vertex

rhodacarboranes[2-PPh3-2-CI-2,1,7-RhC2B,HIl] (214),48closo-[I-Me-1,1-(PEt:J2­

1-H-8-Ph-1,1,8-RhC2B,H,] (216),225 closo-[3-PPh3-3-(tf-<;Hs)-3,1,1-RhC2B,Hn

(117)226andcloso-[3-{t(-S2CH}-3-PPh3-3,1,2-RhC2B,H.J(218).2

0

Rh-C/A
0

C-B/A
0

No. Rh-P/A Rh-B/A B-B/A.
174 2.3500(9) 2.208(3) 2.223(4)- 1.690(6)- 1.748(7)-

2.3414(9) 2.205(3) 2.254(4) 1.733(6) 1.825(6)

214 2.329(1) 2.215(4) 2.106(5)- 1.675(6)- 1.749(7)-

2.151(5) 1.731(6) 1.887(7)

216 2.357(1) 2.332(4) 2.159(5)- 1.681(6)- 1.736(8)-

2.346(1) 2.221(5) 1.745(7) 1.839(7)

217 2.349(1) 2.212(4) 2.180(5)- 1.690(7)- 1.753(8)-

2.227(4) 2.277(5) 1.738(6) 1.807(7)

218 2.374(1) 2.195(3) 2.204(3)- 1.683(3)- 1.746(4)-

2.201(3) 2.205(3) 1.723(4) 1.822(4)

Compound(214), precloso-[2-PPh3-2-CI-2, 1,�7�-�R�h�C�2�~�H�l�l�] is unusualin that

it is a sixteenelectronRh complex. Skeletalelectroncounting88 suggeststhat (214)

contains12electronpairsfor skeletalbondingandshouldexhibitprecloso geometry.41

It hasbeensuggestedthat theeffectiveatomic numberof the metal centremust be

consideredin orderto determinethegeometryof thepolyhedronandtheformally 16-
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electron Rh(III) might actually donateelectrondensity to provide thirteen skeletal

electronpairs for cagebondingand thus thecomplex exhibits a closo geometry.48

Sincethestructureof (214)is unambiguouslythatof the 12-vertexpolyhedron,it may

be concludedthat theelectrondeficiencyof (214) is "metalcentre"and the molecule

sufferslittle polyhedraldistortion.48 It is alsoclear, however,thatanyalternativeto

the dodecahedronwould be highly unlikely, for examplethe BI2C112 and [B12ClrJ2­

clustersboth havedodecahedralgeometries.229

The Rh-Pdistancesin (174) differ slightly {2.3500(9)and 2.3414(9)A} but

are typical of Rh-Pdistancesin 12 vertex rhodacarboranes,Table5.9.

The Rh-C bond distancesof 2.208(3)and 2.205(3)A are similar to thosein

(214) of 2.215(4)and 2.165(4)A andare within the rangeof Rh-C bond distances,

of typical 12 vertex rhodacarboranes,Table5.9.206

TheRh-B bonddistancesof 2.254(4),2.244(4)and2.223(4)A arethelargest

rangeof Rh-B distancesof the typical 12 vertex rhodacarboranesin Table5.9, but

arewithin the acceptedrangeof rhodium boron bonddistances.206

TheC-C distanceof 1.618(5)A is similar to the C-C bonddistancein closo­

[3-PPh3-3-(.,,3-C3Hs)-3,1,2-�R�h�C�2�~�H II (217) of 1.601(6) A. 226

TheC-B bonddistancesrangefrom 1.690(6)-1.733(6)A, which arewithin the

rangeof C-B distancesof the typical rhodacarboranesin Table5.9. The distances

aresimilarto thosein �c�l�o�s�o�-�[�3�-�{�.�,�,�2�-�S�2�C�H�}�-�3�-�P�P�h�:�J�-�3�,�1�,�2�-�R�h�~�~�H�I�I�] (218)whichrange

from 1.683(3)-1.723(4)A.2 ThelargestC-B distancesobservedin (174)arefor C(I)­

B(6) {1.733(6)A} andC(2)-B(6) {1.724(5) A} whereB(6) is the uniqueboronatom

bondedto both carbonatoms.

The B-B bonddistancesrangefrom 1.748(7)-1.825(6)A which is within the

acceptedrange for metallaheteroboranes,103 and are within the range of the B-B

distancesof the typical 12 vertex rhodacarboranesin Table5.9.
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5.3 SUMMARY AND CONCLUSIONS

Three metallaheteroboranecomplexeswere preparedwith exocagemetal

halogenbonds. The two rhodium-chloridecomplexescloso-[3,3-(PMePh2h-3-CI­

3,1�,�2�-�R�h�C�2�~�H�l�I�] (174)and�c�l�o�s�o�-�[�3�,�3�-�(�p�M�e�P�h�~�2�-�3�-�C�I�-�3�, 1�,�2�-�R�h�A�~�~ (194)were

synthesisedin 96.2 and 62.9% yields respectively from the reactions between

PMePh2, CH2Cl2 and closo-[3-{,,2_SC(H)NPh}-3-PPh3-3, 1�,�2�-�R�h�~�B�~�l�I�] (197) or

closo-[3-{,,2_SC(H)NPh}-3-PPh3-3, 1�,�2�-�R�h�A�~�~�H�9�]�(�1�9�8�)�. Whenthereactionof (197)

was carried out with irradiation provided by a 60 Watt light there was a marked

increasein theyield. This suggestedthat thereactionswereat leastpartly photolytic

in nature.

Thereaction�o�f�T�l�[�9�-�S�M�~�-�7�,�8�-�~�B�~�1�0�] and[Pd(PPh3hI2]in refluxing CH2Cl2

for 2.5hresultedin theformationof �c�l�o�s�o�-�[�3�-�P�P�h�3�-�3�-�I�-�4�-�S�M�~�-�3�, I �,�2�-�P�d�C�~�H�l�O�] (173)

in 81.3% yield.

Two cationic metallacarboranes, �c�l�o�s�o�-�[�3�-�P�P�h�3�-�3�-�B�u�'�N�C�-�4�-�S�M�~�-�3�, 1,2­

�P�d�C�2�~�H�l�o�] [BF4] (195) and closo-[3 �,�3�-�(�p�M�e�P�~�)�2�- 3-Bu'NC-3,1,2-�R�h�C�2�~�H�.�l�] [BF..]

(196),weresynthesisedfrom reactionsof �c�l�o�s�o�-�[�3�-�P�P�~�-�3�-�I�-�4�-�S�M�~�-�3�, 1�,�2�-�P�d�~�B�9�H�l�o�l

(173) and �c�l�o�s�o�-�[�3�,�3�-�(�p�M�e�P�h�~�2�-�3�-�C�I�-�3�, 1�,�2�-�R�h�~�B�~�1�I�1 (174). Both reactionswere

carried out in toluenewith oneequivalentof Ag[BF41 at ambienttemPeraturefor 5

minutes. A slightexcessof Bu'NC wasaddedimmediatelyafterprecipitationof AgX

to stabilisethecationicproducts. Neitherof compounds(195) and(196) werestable

in solution for morethan 8 hours. The tendencyto decomposemadepurification of

(195) and (196) difficult.

All the abovecompoundswere isolated as the sole major productsof the

reactionsand were characterisedby sPeCtroscopicmethodsand elemental analysis.

SinglecrystalX-ray analysesof (173)and(174) werecarriedout to confirm theexact

natureof the clusterand aoclusterligand bonding.

The single crystal X-ray analyses of �c�l�o�s�o�-�[�3�-�P�P�h�3�-�3�-�I�-�4�-�S�M�~�-�3�, 1,2­

PdC2B9H.ol (173) and �c�l�o�s�o�-�[�3�,�3�-�(�P�M�e�P�h�~�2�-�3�-�C�I�-�3�, 1�,�2�-�R�h�~�~�H�I�1�1 (174) confirmed

that the structureshad closo cagegeometriesbasedon a twelve vertex distorted

dodecahedronwith the metalandcarbonatomsin adjacentpositions.
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Infrared spectra of (173), (174), (194), (195) and (196) contained

characteristic B-H bands and bands due to phosphine ligands. Additionally,

compounds(195)and(196)containedcharacteristicbandsassociatedwith Bu'NCand

[BF4l. No B-H-B, M-H-B or M-H bandswereobserved.

The llB spectraof �c�l�o�s�o�-�[�3�-�P�P�h�3�-�3�-�I�-�4�-�S�M�~�-�3�, 1�,�2�-�P�d�C�2�~�H�.�o�l (173) showed

peaksin an intensityof 1:1:1: 1:1:1:2:1. In the caseof closo-[3,3-(pMePhJ2-3-C1­

3,1�,�2�-�R�h�C�2�~�H�1�1�] (174) the liB resonanceswere tentativelyassignedby comparison

with the similar previouslyreportedrhodacarboranes,closo-[3,3-(PPh3h-3-H-3, 1,2­

�R�h�C�2�~�H ••] (59),closo-[3-('1s-Cp)-3, 1,2-RhC2B9H••] (199)andprecloso-[2-PPh3-2-Cl­

2,1,�7�-�R�h�C�2�~�1�1�] (200). The liB NMR spectraof �c�l�o�s�o�-�[�3�-�P�P�h�3�-�3�-�B�u�'�N�C�-�4�-�S�M�~�­

3,1�,�2�-�P�d�C�2�~�H�l�O�]�[�B�F�4�] (195) showed eight peaks in an intensity pattern of

1:1:1:2:2:1:1:1. The signal of intensity IB at a+0.1 ppm was sharperthan the

othersandwasassignedto the [BF4J anion. The llB NMR spectraof closo-[3-PPh3­

�3�-�B�u�'�N�C�-�3�,�1�,�2�-�R�h�C�2�~�H�l�l�]�[�B�F�4�] (196) showedsevenpeaksin an intensitypatternof

1:1:1:4:1:1:1. The signalof intensity IB at a-0.7 ppm was notably much sharper

than theothersandwasassignedto the [BF4J anion. In generaleventhoughthe ••B

spectraof (195) and (196) are not very informative they have similar intenstity

patternsandbothspectraareconsistentwith a RhC2B9 closo cationanda [BFJ-anion

and both spectrahavea generalapPearencevery like the 11B spectraof the reported

palladatelluraboranes.3

5.4 EXPERIMENTAL

5.4.1 GeneralMethodology

All reactionswere carriedout underan inert atmospherebut productswere

isolatedand manipulatedin air. Thin layer chromatography(tic), preparativethin

layerchromatography(PIc) andall spectroscopicandanalyticalanalyseswerecarried

out as statedin section4.3.1.

Singlecrystal X-ray analyseswerePerformedby ProfessorGeorgeFerguson

andDr. JohnGallagher,Universityof Guelph,Canada(seesection4.3.1 for details).
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Dr. J.D. Kennedy,University of Leeds, recordedthe 31p, llB and IH NMR

spectraon a BRUKER AM 400 instrument.

The compounds�T�I�[�9�-�S�M�~�-�7 �,�8�-�n�i�d�o�-�C�2�~�H�l�o�l�2�1�6 and [Pd(PPh3hI:J209 were

preparedaccordingto literaturemethods. Thecompoundscloso-[3-{,,2-SC(H)NPh}­

3-(PPh3)-3,1�,�2�-�R�h�A�~�~�H�9�] (198) and �c�l�o�s�o�-�[�3�-�{�,�,�2�-�S�C�(�H�)�N�P�h�}�-�3�-�(�p�P�h�~�-�3�, 1,2­

�R�h�C�2�~�H�I�I�] (197) were preparedaccording to methodsoutlined elsewherein this

work (sections6.4.2 and 6.4.6). Methyldiphenylphosphineand silver tetrafluoro­

boratewere usedas suppliedby Aldrich ChemicalCompanyLtd.

To a solution of �T�l�[�9�-�S�M�~�-�7�,�8�-�n�i�d�o�-�~�B�9�H�l�O�] (O.02g,0.05mmol)in CH2C12

(10ml) wasaddeda solutionof �[�P�d�(�P�P�~�)�2�I�:�z�l (0.044g,0.05mmol)in CH2C12(lOml).

Themixturewasheatedat reflux for 2.5h. Thedarkgreensolutionwasconcentrated

underreducedpressure(rotatoryfilm evaporator,25°C) andsubjectedto preparative

tic {CH2CI2 - hexane(3:2)}. The single majorbandwas extractedinto CH2C12and

recrystallisedfrom CH2Cl2 - hexane(3:2) as dark greenblock crystalsof closo-[3­

�P�P�h�3�-�3�-�I�-�4�-�S�M�~�-�3�,�1�,�2�-�P�d�C�2�B�9�H�l�O�]�(�1�7�3�) (0.028g,81.3%). (Found:C, 38.4;H, 5.0;

I, 18.1, �C�2�2�H�3�1�~�I�P�P�d�S requires C, 38.35; H, 4.5; I, 18.4%). IR: pmax(KBr)

3020(w),2890(vw),2555(s)(BH), 2513(vs)(BH), 2499(vs,sh)(BH), 2480(s)(BH),

1465(m), 1420(vs), 1402(m), l312(w), 1175(w), 1150(w), 1090(s,sh), 1082(s),

1068(m,sh), 1027(m), 1018(m,sh),99O(m), 953(w), 940(vw), 920(vw), 740(s),

698(m,sh),689(vs)cm-I. NMR dataaregiven in Table5.2.

5.4.3X-ray analysis of �c�l�o�s�o�-�[�3�-�P�P�h�3�-�3�-�I�-�4�-�S�M�~�-�3�,�1�,�2�-�P�d�C�1�B�,�H�l�o�] (173)

Crystal Data: C22H3IB9IPPdS,M ::: 689.11,Orthorhombic,Pbca, a = 10.9576(5),

b = 16.8316(10),c = 30.2015(17)A, U = 5570.2(5)A3, Z ::: 8, Dc ::: 1.64g cm-3,

A{Mo-KJ ::: 0.7093 A, Il(Mo-KJ = 19 cm-I, F(OOO) ::: 2704, T ::: 294 K, R =
0.030,Rw = 0.039for 3374observedreflections.
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5.4.4Reactionbetween�c�l�o�s�o�-�[�3�-�{�,�,�-�S�C�(�H�)�N�P�h�}�-�3�-�(�P�~�-�3�,�1�,�2�-�R�h�C�2�B�,�H�I�I�] (197)

andPMePh2

Procedure1

To a solution of �c�l�o�s�o�-�[�3�-�{�'�1�2�-�S�C�(�H�)�N�P�h�}�-�3�-�(�p�P�h�~�-�3�,�1�,�2�-�R�h�C�2�B�J�1�l�l�] (197)

(0.05g,0.079mmol)in CH2Cl2(20ml) wasaddedPMePh2(0.158g,0.79mmol). The

mixture was heatedat reflux for 48h. The orangesolution was concentratedunder

reducedpressure(rotatory film evaporator,25°C) and subjectedto preparativetIc

{CH2CI2 - hexane(3:2)}. The single major band was extractedinto CH2Cl2 and

recrystallisedfrom CH2Cl2 - hexane(3:2) as orangeblock crystalsof cioso-[3,3­

�(�P�M�e�P�h�~�2�-�3�-�C�I�-�3�,�1�,�2�-�R�h�C�2�B�9�H�I�1�]�(�1�7�4�) (0.042g,79.6%). (Found:C, 50.45;H, 5.6;

CI, 5.5, �C�2�8�H�3�7�~�C�I�P�2�R�h requires C, 50.1; H, 5.6; CI, 5.3%). IR: "max(KBr)

3012(vw), 2925(w,sh), 2895(m), 2820(w), 2525(vs) (BH), 1565(vw), 1551(vw),

1490(vw), 1462(w), 1418(s), 1359(vw), 1320(w), 1298(vw), 1273(w), 1249(vw),

1180(w),1147(vw),1085(s),l000(vw),985(w,br),880(vs),736(s),720(s,sh),683(s)

cm-I • NMR dataaregiven in Table5.3.

Procedure2

To a solution of �c�l�o�s�o�-�[�3�-�{�'�1�2�-�S�C�(�H�)�N�P�h�}�-�3�-�(�P�P�h�~�-�3�,�1�,�2�-�R�h�C�2�B�J�1�1�1�] (197)

(0.05g,0.079mmol)in CH2Cl2 (20ml) wasaddedPMePh2 (0.158g,0.79mmol). The

mixture was heatedat reflux for 48h in the presenceof a 60 Watt light bulb 8 cm

from the reaction flask. The orange solution was concentratedunder reduced

pressure(rotatory film evaporator,25°C) andsubjectedto preparativetIc {CH2CI2­

hexane(3:2)}. The singlemajor bandwasextractedinto CH2Cl2and recrystallised

from CH2Cl2- hexane(3:2) as orangeblock crystalsof closo-[3,3-(PMePI\z)2-3-CI­

�3�,�1�,�2�-�R�h�C�2�~�H�I�1�] (174) (0.051g,96.2%). IR andNMR datawere identicalto those

reportedin procedure1.

Procedure3

To a solution of �c�l�o�s�o�-�[�3�-�{�'�1�2�-�S�C�(�H�)�N�P�h�}�-�3�-�(�P�P�h�~�-�3�,�1�,�2�-�R�h�C�2�1�V�i�1�1�] (197)

(0.05g,0.079mmol)in CH2Cl2 (20ml) wasaddedPMePh2 (0.158g,O.79mmol). The

mixture was heatedat reflux for 48h in an aluminium foil coveredreactionflask.
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The orange solution was concentratedunder reduced pressure (rotatory film

evaporator,25°C) and subjectedto preparativetic {CH2CI2 - hexane(3:2)}. The

singlemajorbandwasextractedinto CH2Cl2 andrecrystallisedfrom CH2Cl2 - hexane

(3:2) as orangeblock crystalsof �c�l�o�s�o�-�[�3�,�3�-�(�p�M�e�P�~�)�2�-�3�-�C�I�-�3�, 1,2-RhC2B9HU](174)

(0.036g,67.9%). IR andNMR datawereidenticalto thosereportedin procedure1.

5.4.5X-ray analysisof �c�l�o�s�o�-�[�3�,�3�-�(�P�M�e�P�h�J�2�-�3�-�C�I�-�3�,�1�,�2�-�R�h�~�B�,�H�I�I�] (174)

Crystal Data: �~�8�H�3�7�~�C�I�P�2�R�h�, M = 671.19,monoclinic,P211n, a = 10.6861(5),b

= 16.1880(12),C = 18.8621(10)A, (J = 99.814°,U = 3215.1(3)A3, Z = 4, Dc

= 1.39g cm-3, A(Mo-KJ = 0.7093A, Il(Mo-KJ == 7.0 cm-l , F(OOO) = 1368,T ­

294 K, R = 0.031,Rw = 0.034for 4450observedreflections.

5.4.6Reactionbetween�c�l�o�s�o�-�[�3�-�{�,�,�-�S�C�(�H�)�N�P�h�}�-�3�-�(�P�P�h�3�)�-�3�,�1�,�2�-�R�h�A�~�B�,�H�9�] (198)

andPMePh2

To a solution of �c�l�o�s�o�-�[�3�-�{�'�1�2�-�S�C�(�H�)�N�P�h�}�-�3�-�(�P�P�h�~�-�3�, 1�,�2�-�R�h�A�~�B�9�H�9�] (198)

(0.05g,0.066mmol)in CH2Cl2 (20ml) wasaddedPMePh2(0.132g,O.66mmol). The

mixture washeatedat reflux for 48h in thepresenceof a 60 Watt light source. The

orangesolution was concentratedunderreducedpressure(rotatory film evaporator,

25°C) and subjectedto preparativetic {CH2CI2 - hexane(3:2)}. The single major

band was extractedinto CH2Cl2 and recrystallisedfrom CH2Cl2 - hexane(3:2) as

orangeblockcrystalsof �c�l�o�s�o�-�[�3�,�3�-�(�P�M�e�P�~�)�2�-�3�-�C�I�-�3�, 1�,�2�-�R�h�A�~�B�9�H�c�i�J (194) (0.033g,

62.9%). (Found: C, 39.7; H, 4.7; CI, 4.0. �~�H�3�5�A�~�B�9�C�I�P�2�R�h requiresC, 39.3;

H, 4.4; CI, 4.5%). IR: Jlmax(KBr) 3003(w), 2885(m),2818(vw), 2540(s,sh)(BH),

2520(vs)(BH), 2480(s)(BH), 1565(vw), 1550(vw), 1469(m), 1419(vs),1300(vw),

1278(w), 1273(w), 1180(vw), 1147(w), 1082(s), 1062(m,sh),998(s), 99O(m,sh),

880(vs),748(m),738(s),731(s,sh),720(m),689(s)cm-I
•
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5.4.7 Reaction between closo-[3-PPh3-3-�I�-�4�-�S�M�~�-�3�, 1,2-�P�d�~�B�,�H�l�o�l (173) and

Ag[BFJ

A suspensionof Ag[BF4l (0.028g,0.145mmol) in toluene(10ml) wasadded

to a solution of �c�l�o�s�o�-�[�3�-�P�P�~�-�3�-�I�-�4�-�S�M�~�-�3�, 1�,�2�-�P�d�~�B�~�l�o�l (173) (0.10g, 0.14.5

mmol) in toluene(10ml). Thegreensolution immediatelylightenedin colouranda

precipitateof AgI was formed. After stirring at room temperaturefor .5 min an

excess of I-butylisocyanide (0.0125g, 0.15mmol) was added and the solution

immediatelychangedcolour from greento red. The solution wasallowed to stir at

ambienttemperaturefor 10 min. The solution was filtered undergas in order to

remove the AgI precipitate. The precipitatewas washed with CH2Cl2 and the

washingsaddedto thetoluenesolution. ThetolueneandCH2Cl2wereremovedunder

reducedpressure(rotary film evaporator,35 and 25°C respectively). Recrystall­

isationfrom CH2Cl2-hexane{3:2} affordedpink crystalsof �c�l�o�s�o�-�[�3�-�P�P�~�-�3�-�B�u�'�N�C�-�4�­

�S�M�~�-�3�,�1�,�2�-�P�d�C�2�~�l�o�]�[�B�F�4�] (195) (0.076g,71.7%)(Found:C, 44.2;H, 5.9; N,1.9,

C27H.wBIOF4NPPdSrequires C, 44.3; H, 5.5; N, 1.9%) IR: Jlmax(KBr) 3015(w),

2965(w), 2920(w), 2885(m), 2720(w), 2530(s,sh)(BH), 2518(s) (BH), 2500(s,sh)

(BH), 2182(s) (NEC), 1462(m), 1440(w), 1420(m,sh), 1418(s), 1410(m,sh),

1401(w,sh),1315(vw),1300(vw), 1268(vw),1248(vw),1220(vw),1175(m),1082(vs)

(BF), 1048(vs) (BF), 1040(vs) (BF), 985(m), 905(w), 790(w), 739(m), 700(m),

685(s)em-I. NMR data: llB{lH} (CH2CI2, 298K) {orderedas: 8 ppm (multiplicity,

intensity)} +4.5(s,lB),+O.I(s,IB), -4.2(s,IB), -8.2(s,2B),-10.3(s,2B),-15.8(s,IB),

-16.3(s,lB),-21.8(s,lB). 31p (CDCI3, 223K) 6 ppm +31.5(s,lP).
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5.4.8 Reactionbetweencloso-[3,3-(PMePhJ2-3-CI-3,1,2-RhC2B,HII] (174) and

Ag[BFJ

A suspensionof Ag[BF4l (0.029g,0.149mmol) in toluene(10ml) wasadded

to a solution of �c�l�o�s�o�-�[�3�,�3�-�(�p�M�e�P�~�)�2�-�3�-�C�I�-�3�, 1�,�2�-�R�h�C�~�9�H�l�l�l (174) (O.lg, 0.149

mmol) in toluene(lOml). The orangesolution immediatelylightenedin colour and

a precipitateof AgI was formed. After stirring at room temperaturefor S min an

excessof t-butylisocyanide(0.0132g,0.159mmol)was added. The solution was

allowed to stir at ambienttemperaturefor 10 min. The solution was filtered under

gasin orderto removethe AgI precipitate. Theprecipitatewaswashedwith CH2C12

and the washingsadded to the toluene solution. The toluene and CH2Cl2 were

removedunderreducedpressure(rotary film evaporator,35 and25°C respectively).

The yellow productwas dried undervacuumto yield closo-[3-PPh3-3-Bu'NC-3, 1,2­

RhC2B9HIl ][BF4l (196) (0.046g, 46.18%). IR: Jlmax(KBr) 3015(m), 2985(m),

2920(w),2580(m,sh)(BH), 2542(s)(BH), 2533(s)(BH), 2520(s,sh)(BH), 2500(s,sh)

(BH), 2178(s)(N E C), 1468(m),1442(w),1418(s),1410(w,sh),1355(m),1320(w),

1300(w),1270(w),1245(w),1170(m),1082(vs)(BF), 1052(vs)(BF), 1045(vs)(BP),

988(m), 875(s),790(w), 735(s),728(s),685(s)em-I. Attemptedrecrystallisation

from CH2C12-hexaneresultedin decomposition. (This preventedthe samplefrom

beinganalysedby elementalanalysis). NMR data: IIB{lH} (CH2CI2, 298K) {ordered

as: �~ ppm (multiplicity, intensity)} + 11.9(s,IB), +5.4(s,IB), -0.7(s,IB), -3.2(s,4B),

-13.1(s,IB),-16.6(s,1B), -16.9(s,IB).
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CHAPTERSIX

SYNTHESISAND CHARACTERISATION OF SOME ISOTHIOCYANATE

DERIVATIVES OF RHODAHETEROBORANES



6.1 INTRODUCTION

In recent years, much work has been reported on closo-twelve-vertex

metallaheteroboranesandin particularrhodaheteroboranes.2,4,22 Metallaheteroboranes

providea bridgebetweenpolyhedralboranechemistryandtransitionmetalchemistry.

They serve as models for structural, bonding, and reactivity studies in both

organometallicand inorganicclusterchemistry.39 Additionally, chemistsinterested

in developinghomogeneouscatalystsfor simpleorganicreactionsare beginningto

consider metallacarboranesdue to their potential chirality, unusual electronic

propertiesandthestability of thecarboranecages.230 More recentlythediscoveryof

catabolism-resistanthigh performancetumourimagingandradiotherapyagentsbased

upon functionalised metallacarboraneshas opened up a new field of study in

biomedicalresearch.231,232

Thefollowing introduction(section6.1.1)initially considersthesynthesisand

reactivity of twelve-vertex rhodaheteroboraneclusters. The majority of the

compoundscontain two phosphineligands and one hydride ligand attached to

rhodium. Subsequently(section6.2) this chapterreports the reactionof rhodium

hydride bondswith isothiocyanates(RNCS, R = Ph, p-tol and Bz) to generateten

newtwelve-vertexrhodaheteroboranecomplexes.A brief introduction(section6.1.2)

to the reactionsof transitionmetalcomplexeswith RNCS is given with examplesof

complexescontainingRNCS basedligandswhich are relateddirectly and indirectly

to the presentwork.

6.1.1 Twelve-vertexRhodaheteroboranes

(i) Twelve-vertexRhodacarboranes

Twelve-vertexrhodacarboranesare well known mainly due to the work of

Hawthorne and his group. The first to be synthesisedwere the hydridorhoda­

carboranescioso-[3,3-(PPh3h-3-H-3, 1�,�2�-�R�h�c�;�~�H�I�I�] (59)43 and the �i�s�o�m�~�r�i�c closo­

2,1,7-RhC2(219) complex. Compounds(59) and (219) werepreparedoriginally by

the reaction of [Rh(PPh3)3CI] with �n�i�d�o�-�[�7�,�8�-�C�2�~�H�I�2�J or nido-[7,9-c;B,HI21-
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respectively,in refluxing MeOHandmorerecentlyfrom refluxing in EtOH.43•48 Both

were characterisedspectroscopicallyand the solid state structure of (59) was

establishedlaterby X-ray crystallography,Figure6.1.48•233 It wasconsideredthat the

rhodium atom exhibited pseudo-octahedral coordination with the carboranecage

occuPYingthreecoordinationsites, and the two phosphineand one hydride ligand

occupyingthe remainingsites. The bondingbetweenthe Rh(PPh3)2Hunit and the

�~�C�2 face appearedto be highly symmetricalRh-B{2.22(1)-2.28(1)A} and Rh­

C{2.22(1)-2.27(1)A} but therewassomeC/B disorderin thestructure. Apparently,

no "slip" distortion of the kind observedin the icosahedralplatinacarboranecloso­

[3,3-(Et3P)2-3,1�,�2�-�P�t�C�2�~�H�I�I�]�' 162hadoccurredin (59). The Rh(PPh3)2Hunit canbe

consideredasa two electronclusterunit andtheclosostructureis in agreementwith

the electroncountasdescribedby Wade'srules.88 The sourceof the hydrideligand

has beenshown to be the bridging B-H-B of the incoming carboraneanion (by D­

labelling experiments).48.205 The complexes(59) and (219) have been found to

catalysedeuteriumexchangein a variety of substratesincluding boranes,carboranes

and metallacarboranes.

Figure6.1Molecularstmctureof closo-[3,3-(PPh3)2-3-H-3,1,2-RhCJJ,HII](59).-
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The role of (59) and (219) and their derivatives in catalysinga wide variety of

reactions of organic substrateshas been explored by Hawthorne and his c0­

workers,48,225,234andtheirwork hasbeensummarisedin a recentreview.235 A detailed

review of �R�h�~�B�9 chemistryhasalsobeenpublished.2

(ij) Twelve-vertexRhodatelluraboranes

Unlike thetwelve-vertexrhodacarboranesdiscussedabove,very little work has

beenpublishedon twelve-vertexrhodatelluraboranes.Thereseemsto be only three

publishedX-ray structures. The first publishedstructurewas of the hydridorhoda­

telluraboranecloso-[2,2-(PPh3h-2-H-2, l-RhTeB1oHlOl (220).4,fT! Compound(220)was

preparedby thereactionof [Rh(PPh3)3CI]with nido-[7-TeB1oHlll by stirring in BtOH

for 1-3 daysat room temperature.Reactionbetweennido-[7-TeBloHlll and [{Rh(,,5_

Cp)C12hl in a 2:1 moleratio in CH2C12 atambienttemperaturefor severaldaysgave

air-stable closo-[2-(,,5-CpJ-l,2-RhTeBIOHlOl (221) in moderate yield.4,236 The

structuresof (220) and (221) wereestablishedby X-ray crystallography,Figures6.2

and 6.3 respectively.

Figure6.2Molecularstmctureofcloso-[2,2-(PPhJ2-2-H-2, I-RhTeB.oH.ol(220).4."
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Molecule (A)

Figure 6.3Molecularstmctureof closo-[2-(!/-Cp;-I,2-RhTeB.oH.J(221)!t23'

The reactionof (220) with diphenylacetylenein benzeneat 323 K gavethe

cycloboronated product �c�l�o�s�o�-�[�2�-�(�P�P�h�:�J�-�2�-�H�-�2�-�(�p�h�2�P�t�6�H�4�)�-�1�,�2�-�T�e�R�h�~�I�0�H�9�] (222) in

moderateyield.4•237 The structureof (222) hasbeendetermined,Figure6.4. The

(P)(P')(H)-ligandconformationabout the Rh atom is different from that in (220),

Figure6.2 wherethe Rh-H vector is trans to the Te atom and lies abovethe mid­

pointof theB2-B3 bondandtheRh-Pl andRh-P2bondsarelocatedabovetheTe-Bl

andTe-B4 bonds. In thecyclisedproductthepositionof theRh-H bondcorresponds

to a 46° rotationof the Rh-H moietyawayfrom aneclipsedorientationwith Rh-Te.

It is alsoworth noting that thecyclic Rh-P-C-C-Bsystemis not quite planar; the Rh

atom is 0.24 A from the bestmeanP-C-C-Bplane.
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Figure6.4 Molecularstructureof

�C�I�o�S�O�-�[�2�-�(�P�P�h�~�-�2�-�H�-�2�-�(�P�h�2�p�t�J�l�J�-�l ,2-TeRhl.oH,l (222).4,237

(iii) Twelve-vertexRhodaarsenaboranes

To datetherehasbeenonly two twelve-vertexrhodaarsenaboranesreported,

closo-[3,3-(PPh3)2-3-H-3, 1�,�2�-�R�h�A�~�~�H�,�1 (58), and closo-[3-("s-Cp)-3, 1,2­

�R�h�A�~�~�H�,�] (60).6,22 Reactionof nido-[7 �,�8�-�A�~�~�H�.�o�l�- with [Rh(PPh3)3CI]in a 1:1

molarratio in absolutealcoholat room temperaturefor 24h gavea yellow precipitate

of (58) in 98% yield. Reactionof �n�i�d�o�-�[�7�,�8�-�A�~�~�H�l�o�l�- with [{Rh(11'-Cp)CI2}J in a

2:1 molar ratio in CH2Cl2 with ten times excesstriethylamine present,at room

temperaturefor 4d and then at reflux for 20 min, afforded (60) in 51% yield.

Compounds(58)and(60) werecharacterisedby IR andNMR spectroscopy.6,22 There

has been no reported X-ray crystal structure analysis of any twelve-vertex

rhodaarsenaborane.
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6.1.2Reactivityof TransitionMetals with Isothiocyanates

Thereactivityof isocyanateswith transitionmetalcentreshasbeenstudiedin

somedetail.238 However reactionsof organometalliccomplexeswith the related

isothiocyanateshavereceivedlittle attention.239-242 Thelatterare,however,potentially

useful reagentsfor introducing a number of ligands to a metal centre,243and

isothiocyanatesremain very important starting materials for the constructionof

heterocycles.244 Becauseof the poor orbital overlapbetweencarbonand sulphurin

isothiocyanatesthe cleavageof this bond is expectedto be facile resulting in the

formation of sulfido and isocyanidemoietiesor moreunusualligands.243 Recently

the reaction of [CP2RU2(CO)(Il-CO){1l-C(O)C(Ph)=C(Ph)}] with PhNCS afforded

[CP2RU2(CO){Jl-CO){1l-SC(Ph)=C(Ph)C(=NPh)}]asa resultofalkyneinsertioninto

the carbon-sulphurbondof the isothiocyanate,Figure6.5.243

Cl431

Cl341

Figure 6.5 Molecular structure of [CP1Rul(CO)(P-CO){Il-SC(Ph)=C(Ph)C­

(=NPh)}].243

The organic isothiocyanates(RNCS) have been shown to undergo many

generaltypesof reactionswith metalcomplexes.245 In the first examplethemolecule

canbind to a metalvia thecarbon-sulphurdoublebondforming a threecentredM-C­

S metallacycle,Figure6.6.246•247 .This coordinationmode(termed.,,2 and illustrated

in Figure 6.6)althoughquitecommonfor �C�~�, 2is somewhatrarer for isothiocyanate

molecules.245
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a b

Figure6.6 (a) View of theskeletonof �(�t�r�i�p�b�o�s�)�N�i�(�,�,�-�S�C�N�P�h�)�~

triphos=1,1,I-tris{(diphenylpbosphino)methyl}ethane;

(b) View of (nphCo(,r-SCNPh)

nPJ=tris{2-(diphenylphosphino)ethyl}amine.246

lsothiocyanatesmay also undergocondensationreactionsin the presenceof

metalcomplexesyielding speciesin which two or threeisothiocyanatemoleculesare

fusedandattachedto themetal.245.248 This oftenoccurswith theextrusionof sulphur.

The addition of phenylisothiocyanate to [W('15-Cp)2(CO») forms [W('15­

Cp)2{C(S)N(Ph)C(NPh)}] (223) in 30% yield, Figure 6.7(a).249 The proposed

mechanismfor the formationof (223) first involved the additionof onemoleculeof

PhNCSwith the eliminationof a moleculeof COS to form [W(,f-Cp)2(CNPh»),on

additionof a secondequivalentof PhNCSthis could leadto theformationof (223).249

This proposedmechanismwasstronglysupportedby a GC studywhich indicatedthe

generationof one mole of COS formed for each mole of [W(,f-Cp)2(CO)) that

reacted.249 Multiple C==5 bond cleavagetakesplaceat ambienttemperatureswhen

PhNCS reacts with [Co('1S-Cp)2(C2H4h)giving the five memberedmetallacyclic

complex [Co('15-Cp)2{C(NPh)NPhC(S)S}(CNPh)],Figure 6.7(b).241 The structure

shows that three isothiocyanateligands have combined and one sulphur atom

extruded. The five-memberedCoCNCSmetallacyclicring is planar.
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C44

C33

A

Figure 6.7 (a) Molecularstructureof [W(,r.Cp)2{C(S)N(Pb)C(NPh)})(223).24f

(b) Molecularstructureof [Co("s.Cp)2{C(NPb)NPhC(S)S}(CN­

Pb»).241

Severaldisproportionationreactionscan readily be envisagedas proceeding

by C-S bond cleavageand may result in products in which the isocyanideand

dithiocarbamatoligandsremaincoordinatedto the samemetal,2S0-253or productsin

which the sulphur atom and the isocyanideligand are both coordinatedto the

�m�e�t�a�l�,�~�·�2�5�S Figure 6.8, or productsin which only one remainscoordinatedto the

metal,2.S0-252,256--259Figures6.9-6.11.

Reaction of equimolar quantities of [Fe(CO)s) and PhNCS under UV

irradiation produced�[�F�~�(�C�O�)�8�(�C�N�P�h�)�(�J�L�3�-�S�)�i�J (224) in 14% yield.2S4 The crystal

structureof (224) wasdeterminedwith X-ray diffraction, Figure6.8(a).

The slow addition of EtNCS to [Co(."s-Cp)(PPh3hl in benzeneat room

temperaturegave [C03("S-Cp)3{JL3-S){JL3-CNEt)] in 60% yield. The molecular

structureis basedon a C03trianglecappedon onesideby a JL3-CNEt ligand andon

theotherby a Jl.3-S with a "s-Cpgroupcoordinatedto eachcobalt,Figure6.8(b).255
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�C�2�~ __
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Figure6.8 (a) Molecularstructureof �[�F�~�(�C�O�)�8�(�C�N�P�h�)�~�-�S�)�J (224).2U

(b) Molecularstructureof [CO:,b,s-CP)3(P3-S)(P3-CNEt».255

Reactionof a 1:1 moleratio of [(115-Cp·)(CO)2Mo]2andMeNCSin tolueneat

100° for 15 h resultedin theformationof �[�(�1�1�5�_�C�p�)�2�(�C�O�)�4�M�~�{�J�.�t�,�1�1�2�_�C -NMe)] in 25%

yield, Figure6.9.258
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Anothercommonreactionof isothiocyanatesis a disproportionationreaction

which yields isocyanideand sulphidegroupswhich react further in the presenceof

excessisothiocyanateto afford dithiocarbamatogroups. Reactionofa 3:1 molarratio

of PhNCSand �[�(�P�P�h�3�)�~�u�(�B�H�4�)�] in CH2Cl2for 2h resultedin theformationof yellow

air-stablecrystalsof [Cu(PPh3)2{712-S2CN(H)Ph}]in 80% yield, Figure6.10.257

The reactionof �[�R�e�(�C�O�)�2�(�P�P�h�3�)�2�(�O�C�H�N�C�6�~�M�e�-�p�)�] with a large excessof

PhNCS in wet benzeneresulted in the formation of the monothio- and dithio­

carbamatecomplexes[Re(CO)2(PPh3)2{O(S)C(NHPh)}] (225) and �[�R�e�(�C�O�)�2�(�P�P�~�)�2�­

{S2C(NHPh)}] (226). The formationof complex(226) proceedsvia the intermediate

formation of (225). A mixture of complexesof (225) and (226) gives rise to a

compound,which X-ray analysisformulatedas [Re(COh(PPh3)2{S2C(NHPh)}]e[Re­

(CO)2(PPh3)2{ O(S)C(NHPh)}]wherediscretemoleculesof two isostructuralrhenium

complexesareco-crystallisedin the monocliniccell, Figure6.11.256
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Figure 6.11 Crystal structure of co-crystallised [Re(CO)2(PPh:J2{S2C­

(NHPh)}]-[Re(COh(PPh:J2{O(S)C(NHPh)}].%56

A reactionof isothiocyanateswith metalhydrideswhich involves themigration

of the hydride ligand to the carbon atom of the isothiocyanateto form a

thioformamidoligand [SC(H)NR]" has beenreported,Figures6.12 and 6.13.260•261

A mixture of CPlZr(H)CI and PhNCSin a 1:1 molar ratio at 10°C in thf for 20

minutes afforded the N,S-containing zirconacycle complex [ZrCI(,.,'-Cp)2{,.,2­

SC(H)NPh)]in 68% yield, Figure6.12.261

Figure6.12Molecularstructureof [ZrCl(Jf-Cp)2{';-SC(H)NPh}].261
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Reactionof [RU2H(CO)s{,,-(PtO)2PN(Et)P(OPt)2hUPF6]with PhNCSin a 1:1

molar ratio in 1,2-dichloroethaneunderreflux gives [Ru2{"-1J2-SC(H)NPh}(CO)4{p­

(ptG)2PN(Et)P(OPt)2hl£PF6] (227) Figure�6�.�1�3�.�~ The unusualfeatureof (227) is

that the cation adoptsa staggeredconformationsuch that the RuNCSRuring is

puckered.

Figure 6.13 The stereochemistryof [Ru2{1'-"z-SC(H)NPh}(CO)4{1'-(PrJOhP­

N(Et)P(OWh}2]+ (227).ue

Thereactionsof [H20s3(CO)tolwith theorganoisothiocyanatesRNCS (R=Ph

or CJi.-p-F) havebeeninvestigated.240 The initial productsof the reactionsare the

compounds �[�H�O�~�{�"�-�f�l�t�-�S�C�(�H�)�N�R�}�(�C�O�)�l�o�l (228). The compound [HOS3{"-fI1_

SC(H)NC6a.-p-F}(CO)lol hasbeencharacterisedby X-ray crystallographicmethods

and containsa thioformamido ligand that bridges an edgeof the cluster via the

sulphuratom, Figure 6.14(a).240 Under irradiation (228) losesone mole of CO to

form the complexes�[�H�O�~�{�J�L�3�-�f�l�2�_�S�C�(�H�)�N�R�}�(�C�O�)�9�]�' which containsa triply-bridging

thioformamidoligand in which the sulphuratom bridgestwo metal atomsand the

nitrogenatom is bondedto the third. The compound�[�H�O�~�{�"�3�-�f�l�2�_�S�C�(�H�)�N�C�6�H�.�.�-�P�­

F}(CO)9] hasbeencharacterisedby X-ray crystallographicmethods,Figure6.14(b).

When heatedto 125°C, (228) is transformedinto the compound[HOS3Vt3-S)(P­

HCNR)(CO)9] which containsan "open" clusterof threemetalatomswith a triply­

bridging sulfido ligand and formimidoylligand which bridgesthe openedgeof the
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cluster. Thecompound�[�H�O�S�3�V�t�3�-�S�)�V�t�-�H�C�N�C�6�H�.�.�-�p�-�F�)�(�C�O�~�] wascharacterisedby X­

ray crystallographicmethods,Figure6.14(c). Addition of one mole of �P�M�~�P�h to

(228) afforded the complex �[�H�O�S�]�{�#�,�-�,�,�2�-�S�C�(�H�)�N�R�}�(�C�O�)�9�(�P�M�~�P�h�)�]�. An X-ray

crystallographicanalysisof �[�H�O�S�]�{�#�'�-�7�J�2�-�S�C�(�H�)�N�P�h�}�(�C�O�~�(�p�M�~�P�h�)�] shows that it

containsa N-phenylformamidoligandbridginganedgeof theclusterbut unlike (228)

theligandis coordinatedthroughboth thesulphurandnitrogenatoms,Figure6.14(d).

..

c

B

D

Figure 6.14 �M�o�l�~�u�l�a�r stmcture5,of; (8) �[�H�O�~�{�I�t�-�"�-�S�C�(�I�I�)�N�C�J�l�4�-�p�-�F�}�(�C�O�)�u�J�,

(b) �[�H�O�~�{�1�t�3�-�,�,�-�S�C�(�H�)�N�C�J�l�4�-�p�-�F�}�(�C�O�)�,�]�, (c) [HOS:.Vt3-S)Vt-HCNCJl4-P-F)(CO),]

and (d) �[�H�O�~�{�I�I�-�"�-�S�C�(�I�I�)�N�P�b�}�(�C�O�)�,�(�P�M�~�P�h�)�]�.�1�4�I
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The complex [ReO(OEt)CI2(PPh3):J reacts with an excess of p­

tolylisothiocyanateto givethethiazetidinecomplex[ReOCI2(PPh3){SC(OEt)N(P-tol)}]

obtainedby theformal insertionof theisothiocyanatemoleculeinto theRe-OEtbond,

Figure6.15.262

Figure6.15Crystalstroctureof [ReOCI2(PPhJ{SC(OEt)NCp-tol}}].2G

The reactionof PhNCSwith [CuOAr] (Ar=2,6-dimethylphenoxide)leadsto

an insertionfollowed by a rearrangement.263 In the absenceof any otherligand the

productoligomerisesdueto the bridging tendencyof sulphur. By usingappropriate

ligandsand steric effects,the synthesesof desiredoligomerswere described.263 In

the presenceof an excessof PPh, (3 equiv), PhNCS reacts with copper(l) 2,6­

dimethylphenoxidein CH2Cl2 to give �[�C�u�{�1�J�2�-�S�C�(�O�C�6�H�3�M�~�-�2�,�6�)�(�N�P�h�)�}�(�P�P�h�~�J in

89% yield, in which the complex has a simple monomericstructurein which the

SC(R)NPhgroupfunctionsasa chelatingligand, Figure6.16(a).263 The reactionof

PhNCSwith copper(l)2,6-di-tert-butyl-4-methylphenoxideinthepresenceofP(OMe)3

resultsin theformationof[CU{IL-SC(NPh)(OC6Hr Bu'2-2,6-Me-4)}(P(OMe)3)]2in 40%

yield, Figure 6.16(b). In this moleculethe ligand is a bridge betweentwo Cu(l)

atoms such that each metal atom has aN, S and P coordinating in a trigonal

environment. Whenthereactionof copper(l)2,6-dimethylphenoxidewascarriedout

in the presenceof P(OMe)3 �[�C�U�{�I�L�-�S�C�(�N�P�h�)�(�O�C�6�H�~�~ ..2,6)}]4 was isolatedin 15%

yield, which is a tetramericcomplex, with copperatomsin trigonal environments

with two sulphursand a nitrogencoordinatingeachcopper,Figure6.16(c).
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Figure6.16 (a) Ortepview of [Cu{ ,f-SC(OCJl3(Me)2-2,6)(NPh)}(PPhJJ.

(b) Ortepview of [Cu{It-SC(NPh)(OCJl2«t-Bu)2-2,6)-(Me-4»}

(P(OMe)Jl2.263

(c) Ortepview of (CU{It-SC(NPh)(OC,H3(Me)2-2,6)}l4.
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6.1.3Summary

A wide variety of ligandscan be derived from isothiocyanates�i�.�~�. RNCS,

RNC, S, S2C(H)NRand SC(H)NR-. Theseligandsare generatedfrom four main

typesof reactionsdescribedabove. In summarytheseare;

(1) The RNCS moleculecan bind to a metal via the carbon-sulphurdouble bond

forming a threecentredM-C-S metallacycle. This coordinationmode (termedrf)
althoughquite commonfor CS2,2 is somewhatrarer for isothiocyanatemolecules.245

(2) Isothiocyanatesmay undergocondensationreactionsin the presenceof metal

complexesyielding speciesin which two or threeisothiocyanatemoleculesarefused

and attachedto the metal.245,248 This often occurswith the extrusionof sulphur.

(3) A morecommonreactionof isothiocyanatesis a disproportionationreactionwhich

canoccurto yield isocyanideandsulphidegroupswhich reactfurther in thepresence

of excessisothiocyanateto afford dithiocarbamatogroups.

(4) The reactionof isothiocyanateswith metal hydridescan involve the migrationof

the hydrideligand to thecarbonatomof the isothiocyanateto form a thioformamido

ligand [SC(H)NRJ.260,261

Many methodsof analysisareusedto identify the typesof compoundsformed

from the reactionof isothiocyanateswith metalcomplexesincluding IR, IH and 13C

NMR but X-ray analysisis very importantin their characterisation.

In the following chapter reactions of a series of isothiocyanateswith

rhodaheteroboranesarediscussed.Ten new twelve-vertexrhodaheteroboraneswere

synthesisedin this work including thioformamido,[SC(H)NRl anddithiocarbamato,

[S2CN(H)R] complexes.
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6.2 RESULTSAND DISCUSSION

Of thetennewtwelve-vertexrhodaheteroboranessynthesisedin thiswork, two

complexes were rhodacarboranes,�c�l�o�s�o�-�[�3�-�{�,�,�2�-�S�C�(�H�)�N�P�h�}�-�3�-�(�p�P�h�:�i�l�-�3�,�1�,�2�-�R�h�~�­

�~�H�l�l�] (197) and closo-[3-{,,2-S2CN(H)Ph}-3-(PPh3)-3, 1�,�2�-�R�h�C�2�~�H�l�l�] (229), two

wererhodatelluraboranes,closo-[2-{,,2-S2CN(H)Ph}-2-(PPh:il-2,I-RhTeB1oHlol(230)

and closo-[2-{,,2-SC(H)NPh}-2-(PPh3)-2,I-RhTeB.oHlol (231) and six were

rhodaarsena-boranes,closo-[3-{,,2_S2CN(H)Ph}-3-(PPh:Jl-3,1,2-�R�h�A�~�B�~�] (232),

�c�l�o�s�o�-�[�3�-�{�,�,�2�-�S�C�(�H�)�N�P�h�}�-�3�-�(�P�P�h�3�)�-�3�,�1�,�2�-�R�h�A�~�~�H�9�] (198), closo-[3-{,,2-S2CNH(p­

�t�o�l�)�}�-�3�-�(�P�P�h�3�)�-�3�,�1�,�2�-�R�h�A�~�B�9�H�9�] (233), �c�l�o�s�o�-�[�3�-�{�~�-�S�C�(�H�)�N�(�p�-�t�o�l�)�}�-�3�-�(�p�P�h�3�)�-�3�,�1�,�2�­

�R�h�A�~�~�H�9�] (234), �c�l�o�s�o�-�[�3�-�{�f�1�2�-�S�2�C�N�(�H�)�B�z�}�-�3�-�(�P�P�~�)�-�3�,�1�,�2�-�R�h�A�~�B�e�)�i�9�] (235) and

closo-[3-{,,2-SC(H)NBz}-3-(PPh3)-3, 1�,�2�-�R�h�A�~�~�H�9�] (236). All of thesecompounds

werecharacterisedby spectroscopicmethodsand in threecases,compounds(198),

(230)and(232), thestructureswereelucidatedby singlecrystalX-ray analyses.The

studiesof compounds(198) and (232) are the first reportedX-ray crystal structures

of rhodaarsenaboranes.

6.2.1 Syntheses

Compounds(197), (198) and (229)-(236)were synthesisedby the reaction

between the hydrido-rhodaheteroboranescloso-[3,3-(PPh3)2-3-H-3,1�,�2�-�R�h�A�~�B�9�H�9�]

(58), closo-[2,2-(PPh3h-2-H-2, l-RhTeBIOHIO] (220),orcloso-[3,3-(PPh3)2-3-H-3, 1,2­

�R�h�C�2�~�H�I�1�] (59) and RNCS (R=Ph,p-tol and Bz) in CH2CI2.

Reactionof (58) with PhNCS in CH2Cl2 gavecloso-[3-{,,2-S2CN(H)Ph}-3­

(PPh3)-3,1�,�2�-�R�h�A�~�~�H�9�] (232) and closo-[3-{f12-SC(H)NPh}-3-(pPh3)-3, 1,2­

�R�h�A�~�B�9�H�9�] (198). The two different proceduresused to effect this reaction are

summarisedin Table 6.1. In the first procedure,a ten fold excessof PhNCSwas

addedto a solutionof (58) in CH2Cl2and the solution was stirred at reflux for 18h.

In the secondprocedurea hundredfold excessof PhNCSwasaddedto a solutionof

(58) in CH2Cl2 and thesolutionwasstirredat room temperaturefor four days. Both

proceduresproducedabout13 productsof variouscolours,(commonlypurple,green,

orangeand yellow) but unfortunatelymostwere in low yield CD 1-2% which is not
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sufficientfor identification. Only two productswereformed in amountssufficientfor

themto beisolatedandcharacterisedastheorangeair-stablecompoundcloso-[3-{rr­
�S�C�(�H�)�N�P�h�}�-�3�-�(�P�P�h�3�)�-�3�,�1�,�2�-�R�h�A�~�~�H�9�] (198) and the yellow air-stablecompound

closo-[3-{",2-S2CN{H)Ph}-3-(PPh3)-3, �1�,�2�-�R�h�A�~�~�H�9�] (232), Table6.1.

Table6.1 Yields of closo-[3-{,f-SC(H)NPh}-3-(PPbJ-3,1,2-RhASzB,H,] (198)and

�c�l�o�s�o�-�[�3�-�{�,�f�-�S�2�C�N�(�H�)�P�h�}�-�3�-�(�P�P�h�~�-�3�,�1�,�2�-�R�h�A�s�2�B�,�H�9�] (232) from the reactionof

�c�l�o�s�o�-�[�3�,�3�-�(�P�P�h�~�2�-�3�-�H�-�3�,�1�,�2�-�R�h�A�s�2�B�,�H�9�] (58) with PhNCS.

Procedure % Yield of (198) % Yield of (232)

1- 64.2 20.2

2b 15.2 54.9

- 1:10 molar ratio of (58):PhNCSheatedat reflux for 18h.

b 1:100 molar ratio of (58):PhNCSstirred at room temperaturefor 4 d.

Reactionof closo-[2,2-(PPh3):r2-H-2,I-RhTeB.oH.ol (220) with PhNCSin a

1:10 molar ratio in CH2Cl2at reflux for 18h, afforded the air-stableyellow product

closo-[2-{",2-S2CN{H)Ph}-2-(PPh3)-2,I-RhTeB.oH.o] (230) in 9.0% yield, and theair

stableorangecompound�c�l�o�s�o�-�[�2�-�{�"�,�2�-�S�C�{�H�)�N�P�h�}�-�2�-�(�p�P�h�3�)�-�2�,�I�-�R�h�T�e�B�.�o�H�J�(�~ (231) in

52.8% yield.

Reaction of closo-[3,3-(PPh3)2-3-H-3, 1�,�2�-�R�h�~�~�H�I�I�] (59) with PhNCS in

CH2C12 in a variety of molar ratios and undervariousconditionsgavecloso-[3-{rr­
SC{H)NPh}-3-(PPh3)-3,1,2-�R�h�C�2�~�H ••](197)andcloso-[3-{",2_S2CN(H)Ph}-3-(PPh3)­

3,1�,�2�-�R�h�C�2�~�H�I�I�] (229),Table6.2. In thefirst instance(seesection6.4.7procedure

1) a 1:10 molar ratio of (59):PhNCSwasheatedin CH2Cl2at reflux for 18h resulting

in the formation of (197) in 22.9% yield and (229) in 1.1% yield. In the second

procedurea 1:1 molar ratio of (59):PhNCSwas heatedin CH2Cl2at reflux for 72h

producing(197) in 61.4% yield and(229) in '1.1% yield. In the third procedurea 1:1

molar ratio of (59):PhNCSin CH2C12 was subjectedto microwaveirradiation for S
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Table6.2 Yields of �c�l�o�s�o�-�[�3�-�{�J�(�-�S�C�(�H�)�N�P�h�}�-�3�-�(�P�~�)�-�3�,�1�,�2�-�R�h�C�2�B�,�H�n�] (197)and

closo-[3-{J(-S2CN(H)Ph}-3-(PPhJ-3,1,2-RhC2B,HII] (229) from the reaction of

closo-[3,3-(PPhJ2-3-H-3,1,2.RhC2B,Hn] (59) with PhNCS.

Procedure % Yield of (197) " Yield of (229)

1- 22.9 1.1

2b 61.4 1.1

3c 98.8 ---

4d ---- 31.9

- 1:10 molar ratio of (59):PhNCSheatedat reflux for 18h.

b 1:1 molar ratio of (59):PhNCSheatedat reflux for 72h.

c 1: I molar ratio of (59):PhNCSheatedby microwaveirradiation for 5 minutes.

d 1:10 molar ratio of (229):PhNCSheatedby microwaveirradiation for 45 minutes.

In order to comparethe reactivitiesof the hydridorhodaheteroboranescloso­

[3,3-(PPh3)2-3-H-3, I �,�2�-�R�h�A�~�~�H�9�] (58), �c�l�o�s�o�-�[�2�,�2�-�(�P�P�~�)�2�-�2�-�H�-�2�, I-RhTeB.oH.o]

(220) and closo-[3,3-(PPh3)2-3-H-3, I �,�2�-�R�h�C�2�~�H�l�l�] (59) towardsPhNCS,reactions

of hydridorhodaheteroboraneand PhNCSin a 1:10 molar ratio in CH2C12 heatedat

reflux for I8h wereinvestigated. The resultsare summarisedin Table6.3.
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Table 6.3 Yields of {,f-SC(H)NPh} compounds(198), (231) and (197) and{,;­

S2CN(H)Ph}compounds(232), (230) and (229) from the reactionbetween(58),

(220) and (59) with a ten fold excessof PhNCSin CH2CI2 at reflux for 18h.

Hydridorhodaheteroborane �~ yield of �~ yield of

{SC(H)NPh} {S2CN(H)Ph}

product product

closo-[3,3-(PPh3)2-3-H-3, 1�,�2�-�R�h�A�~�B�9�H�9�] (58) 64.2 20.2

closo-[2,2-(PPh3)2-2-H-2, l-RhTeBlOHlO] (220) 52.8 9.0

closo-[3,3-(PPh3)2-3-H-3, 1,2-RhC2B9HlI] (59) 22.9 1.1

Clearly the ligand affects the overall % of products,with the highestyields

for thearsenaboranethen the telluraboraneandthe lowest % for thecarborane.The

heteroborane ligand also affects the product ratios, with the ratios of

{SC(H)NPh}:{S2CN(H)Ph} beingapproximately3:1 for thearsenaborane,6:1 for the

telluraboraneand 20:1 for the carborane. Theseresults may be significant for the

further studyof metallaheteroboranereactions.

Reactionbetween(58) and benzylisothiocyanatein CH2Cl2 resulted in the

formationofcloso-[3-{.,,2-SC(H)NBz}-3-(PPh3)-3,1�,�2�-�R�h�A�s�2�~�H�9�] (236)andcloso-[3­

{.,,2-S2CN(H)Bz}-3-(pPh3)-3,1�,�2�-�R�h�A�~�~�H�9�] (235). Two different procedureswere

usedfor thereaction. In the first, a ten fold excessof benzylisothiocyanatewasused

and the solution was heatedat reflux for 18h, therewere00. ten bandson the PLC

platebut only (235) was in significantyield. In the secondprocedureoneequivalent

of benzylisothiocyanatewas usedand the reactionwas carriedout in a microwave

oven and initiated by microwave irradiation. Yields of (235) and (236) are

summarisedin Table6.4.
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Table6.4Yields of closo-[3-{Jf-SC(H)NBz}-3-(PPbJ-3,1,2-RhAs2B,H,] (236) and

closo-[3-{Jf-S2CN(H)Bz}-3-(PPh3)-3,1,2-RhAs2B,H,](235) from tbe reaction of

closo-[3,3-(PPhJ2-3-H-3,1,2-RbAs2B,H,] (58) witb benzylisotbiocyanate.

Procedure ., Yield of (236) �~ Yield of (235)

1- --- 19.8

2b 53.9 3.3

•
•

1:10 molar ratio of (58):benzylisothiocyanateheatedat reflux for 18h.

1:1 molar ratio of (58):benzylisothiocyanateheatedby microwaveirradiation

for 5 minutes.

Reactionofcloso-[3,3-(PPh3)r3-H-3,1�,�2�-�R�h�A�~�B�,�H�9�] (58)with differentmolar

ratiosofp-tolylisothiocyanatein refluxing CH2C12resultedin the formationof closo­

[3-{'12-S2CNH(p-tol)}-3-(PPh3)-3,1�,�2�-�R�h�A�~�B�,�H�9�] (233) and closo-[3-{112-SC(H)N(p­

tol)}-3-(PPh3)-3,1�,�2�-�R�h�A�~�B�,�H�9�] (234), Table6.5.

The reactionof (58) with RNCS (R= Ph,p-tol and Bz) in refluxing CH2C12

for 18haffordingcloso-[3-{112-S2CN(H)R})-3-(PPh3)-3, 1�,�2�-�R�h�A�~�B�~�9�] andcloso-[3­

�{�1�1�2�-�S�C�(�H�)�N�R�}�-�3�-�(�P�P�h�3�)�-�3�,�1�,�2�-�R�h�A�~�B�,�H�9�] is summarisedin Table6.6.

Table6.5 Yields of closo-[3-{Jf-SC(H)NCp-tol)}-3-(PPhJ-3,1,2-RhASzB,H,](234)

andcloso-[3-{Jf-S2CNHCp-t01)�}�-�3�-�(�P�P�h�J�-�3�,�1�,�2�-�R�b�~�B�,�I�\�] (233)from tbereaction

of closo-[3,3-(PPh3)2-3-H-3,1,2-RhAs2B,H,] (58) witb p-tolylisothiocyanate•

Procedure ., Yield of (234) ., Yield of (233)

1· 20.6 26.4

2b 47.0 7.7

- 1:10 molar ratio of (58):p-tolylisothiocyanateheatedat reflux for 18h.

b 1:1 molar ratio of (58):p-tolylisothiocyanateheatedat reflux for 18h.
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Table6.6 Yields of �c�l�o�s�o�-�[�3�-�{�t�I�-�S�C�(�H�)�N�R�}�-�3�-�(�P�~�-�3�,�1�,�2�-�R�h�A�s�2�B�,�H�,�] andcloso­

[3-{tI- S2CNH(R)}-3-(PPh3)-3,1,2-RhAs2B,H,] from the reaction of closo-[3,3­

(PPh3h-3-H-3,1,2-RhAs2B,H,] (58) with a ten fold excessof RNCS (R=Ph,p-tol

andHz) in renuxingCH2CI2 for 18h.

R % yield of closo-[3-{rI- % yield of closo-[3-{tI-

SC(H)NR�}�-�3�-�(�P�P�h�~�-�3�, I ,2- S2CNH(R)�}�-�3�-�(�P�P�h�~�-�3�,�1�,�2�-

RhAs2B,H,] complex RhAs2B,H,] complex

Ph 64.2 20.2

p-tol 20.6 26.4

Bz --- 19.8

In summaryit was seenthat reactionof the hydridorhodaheteroboranes(58),

(220) and (59) with an equimolaramountof RNCS (R=Ph,p-tol and Bz) resultsin

the major productbeing the thioformamido{7J2-SC(H)NR} complexes. If an excess

of isothiocyanateis used the major product is the dithiocarbamate{7J2_S2CNH(R)}

complex. Theseresultsarecomparableto previousreactionsof metalcomplexeswith

isothiocyanatesas discussedin the introduction. For examplethe reactionbetween

PhNCSandCP2Zr(H)CIin a 1:1 molarratio afforded[Zr(7Js-Cp)2{7J2_SC(H)NPh}]in

68% yield,261 whereasreactionof a 3:1 molar ratio of PhNCSand [(PPh3)2CU(BH4)]

resultedin the formation of �[�C�U�(�P�P�h�~�2�{�7�J�2�_�S�2�C�N�(�H�)�P�h�}�] in 80% yield.2s7

Microwave irradiation may be used to initiate reactions. The reaction of

c[oso-[3,3-(PPh3)2-3-H-3,1�,�2�-�R�h�C�2�~�H�l�I�] (59) and PhNCScarriedout in the micro­

wave oven and initiated by microwaveirradiation leadsnot only to a considerable

saving in time but also to a marked improvementin the yield of closo-[3-{rjl­

SC(H)NPh}-3-(PPh3)-3,1,2-RhC2B9HIl ] (197).

The compositionof the" of productsfrom the reactionof PhNCSand the

hydrido-rhodaheteroboranesvary significantly dependingon which heteroborane

ligand is used,with thehighestyieldsfor thearsenaborane,thenthe telluraboraneand

187



the lowest % for the carborane. The heteroboraneligand also affects the product

ratios,with the ratiosof �{�S�C�(�H�)�N�P�h�}�:�{�~�C�N�(�H�)�P�h�} beingapproximately3:1 for the

arsenaborane,6:1 for the telluraboraneand 20:1 for the carborane. Theseresults

may be significantfor the further studyof metallaheteroboranereactions.

The R groupof the isothiocyanateRNCS (R=Ph,p-tol and Bz) also hadan

effect on the % productsformed. The PhNCS was most reactive followed by p­

tolNCS with BzNCS being the leastreactive.

6.2.2InfraredSpectra

An important featureof the IR spectraof the compounds(197), (198) and

(229)-(236)was the presenceof strongabsorptionsdue to terminal B-H stretching

bandsin the region 2600-2450cm-I • Other important featureswere bandsdue to

phosphineligandsarising from C-H stretchingin the region 3100-2800cm-I , P-C

stretchingin the region795-650cm-I , P-Phstretchingin the regions1600-1425and

1110-960cm-I andP-Me stretchingin the region960-835cm-I • No B-H-B, Rh-H-B

or Rh-H bandswereobservedin the IR spectraof (197), (198) and (229)-(236).

In general, spectraof compoundsin which a C--S group is attachedto a

nitrogen atom show an absorptionband in the generalC=S stretchingregion. In

addition, severalotherbandsin the broadregionof 1600-700cm-I can beattributed

to vibrations involving interaction between C=S stretching and C-N or C--N

stretching.264

Thereare four characteristicbandsfor thedithiocarbamatecomplexes(229),

(230), (232), (233)and(235). ThesearetheN-H stretchin theregion3200-3400cm­

I, theN-H bendin the region 1570-1590cm-1, theC---S bondswhich arealsolinked

to a nitrogenatom in the region 1500-1520cm-1, and the C-N stretchwhich occurs

in the region 1300-1390cm-1, Table6.7.264

Thereare threecharacteristicbandsfor the thioformamidocomplexes(197),

(198), (231),(234) and (236). Theseare the C---N stretchin the region 1480-1550

cm-I , the C-H bendof the thioformamidoligand in the region 1245-1265cm-1, and

the C:=:S bandin the region 860-900cm-1, Table6.8.14
,264
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Table 6.7 Infrared bands for the dithiocarbamatecomplexes closo-[3-{,,;­

S2CN(H)Ph}-3-(PPh3)-3,1,2-RhC2B,Hu](229),closo-[2-{J(-S2CN(H)Ph}-2-(PPhJl­

2,I-RhTeB.oH.o](230),closo-[3-{tf-S2CN(H)Ph}-3-(PPh3)-3,1,2-RhAsJl,H,](232),

closo-[3-{,,;-S2CNH(P-tOI)}-3-(PPhJl-3,1,2-RhAs2B,H,] (233) and closo-[3-{";.

S2CN(H)Bz�}�-�3�-�(�P�P�h�~�-�3�, 1,2-RhAs2B,H,] (235).

COMPLEX N-H stretch N-Hbend C=Slinked to N C-N stretcb
cm-· cm-1 cm-1 cm-1

229 3290 1580 1502 1350

230 3280 1582 1505 1360

232 3235 1582 1518 1380

233 3280 1580 1500 1350

235 3306 1575 1500 1318

Table 6.8 Infrared bands for the tbioformamido complexes closo.[3-{rI­
�S�C�(�H�)�N�P�h�}�-�3�-�(�P�P�h�~�-�3�,�1�,�2�-�R�h�A�s�2�B�,�H�,�] (198), closo-[2-{tf-SC(H)NPh}-2-(PPh:J­

2,I-RhTeB.oH.o](231),closo-[3-{tf-SC(H)NPb}-3-(PPh:J-3,1,2-RhC2B,HII] (197),

closo-[3-{tfSC(H)N(P-tol)�}�-�3�-�(�P�P�h�~�-�3�,�1�,�2�-�R�h�A�s�2�B�,�H�,�] (234) and closo-[3-{,,;­

SC(H)NBz}-3-(PPh3)-3,1,2-RhAs2B,H,] (236).

COMPLEX C-N stretcb C-H bend C=Sstretcb
cm-· cm-· cm-1

197 1502 1254 880

198 1495 1262 880

231 1493 1260 880

234 1504 1254 891

236 1478 1250 905
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6.2.3CrystalandMolecularStructuresof Rhodaheteroboranes

Suitablecrystalswere grown by the layering techniquewith hexaneslowly

diffusing into a CH2Cl2solutionof therhodaheteroborane.Thecollectionof thedata

andthestructuresolutionwerecarriedout by ProfessorGeorgeFerguson,University

of Guelph, Canada,as statedin the experimentalsection3.4.1. Crystal dataand

relevantstructuresolutiondataaregiven in experimentalsections6.4.4(198), 6.4.3

(232) and 6.4.6(230).

6.2.3.1 Crystal and Molecular Structureof closo-[3-{tf-SC(H)NPh}-3..(PPbJ­

3,1,2-RhAs2B,H,] (198)

As no single crystal X-ray analysis of a rhodaarsenaboranehad been

previously reportedit was decidedto undertakea study of (198). The successful

solutionand refinementof the molecularstructureshowedthatcompound(198) had

a closo twelve-vertex�R�h�A�~�~ geometrybasedon a distorteddodecahedronwith the

rhodium and arsenicatomsadjacentto one another,Figure 6.18. Importantbond

distancesand anglesaregiven in Table6.9 and 6.10respectively.

Theorientationof the [Rh{,.,2-SC(H)NPh}(pPh3)] unit above the�A�~�~ faceis

shown in Figure6.19and it is as expected,basedon resultsof a frontier mo study

of an "RhL:," unit abovea 7�,�8�-�C�2�~ cage(asdiscussedin Chapter2).162

Although there appearsto be no published {,.,2-SC(H)NPh}Rh-eontaining

structureto comparewith (198),206the Rh-N bond distanceof 2.116(5)A is similar

to the value2.14(3)A in [(,.,5-CPJRhHB(pz)3]+(pz = I-pyrazolyl),265and the Rh-S

distanceof 2.462(2)Ais slightly longerthan theaverageRh-Sdistanceof 2.37A in

rhodiumderivativesof dithiocarbamates.206 Typical examplesof Rh-Sbonddistances

are2.3700(18)and2.3737(19)Ain �[�R�h�(�S�2�C�N�E�~�)�(�,�.�,�5�-�C�p�·�)�{�(�P�P�h�2�)�2�C�-�H�2�}�]�[�B�P�h�4�]�,�2�0�6�·�2�6�6

and 2.421(2) A in �[�R�h�2�(�S�2�C�N�M�~�)�5�]�[�B�F�4�] (237).267 In a recent study of �C�~

derivativesof rhodadicarboranesthe Rh-S bond distancevaried from 2.2321(11)A
inprecloso-[2-{,.,2-SC(PPh3)C(H)S}-2, 1,�7�-�R�h�C�2�~�H�I�J (238)to 2.433(2)Ain closo-[2­

(,,2_S2CH)-2-(PPh3)-2,1,7-�R�h�C�2�~�H�l�l�] (239)with theaverageRh-Sdistancebeing2.34

A,2Table6.11.
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Figure 6.18 Molecular structure of �c�l�o�s�o�-�[�3�-�{�,�(�-�S�C�(�H�)�N�P�h�}�-�3�-�(�P�P�h�~�-�3�,�1�,�2�­

RhAs2B,H,] (198).
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Figure6.19A view of theorientationof the[Rh{J(-SC(H)NPh}(PPh:JJunit above

the �A�s�l�~ face of closo-[3-{,;-SC(H)NPh}-3-(PPh:J-3,1,2-RhAs1B,H,J (198).
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Table 6.9 Important bond distances(A) for closo-[3-{J(-SC(H)NPh}-3.(PPh.J­

3,1,2-RhAs2B,H,] (198).

Rh(3)-As(l) 2.487(1) N-C(41) 1.422(7)

Rh(3)-As(2) 2.531(1) B(4)-B(5) 1.889(9)

Rh(3)-S 2.462(2) B(4)-B(8) 1.782(10)

Rh(3)-P 2.408(1) B(4)-B(9) 1.755(10)

Rh(3)-N 2.116(5) B(5)-B(6) 1.827(9)

Rh(3)-B(4) 2.228(7) B(5)-B(9) 1.784(10)

Rh(3)-B(7) 2.314(7) B(5)-B(10) 1.783(10)

Rh(3)-B(8) 2.214(7) B(6)-B(10) 1.777(10)

As(I)-As(2) 2.549(1) B(6)-B(11) 1.831(11)

As(I)-B(4) 2.189(6) B(7)-B(8) 1.819(8)

As(I)-B(5) 2.120(7) B(7)-B(II) 1.866(10)

As(I)-B(6) 2.237(7) B(7)-B(12) 1.755(11)

As(2)-B(6) 2.226(7) B(8)-B(9) 1.789(10)

As(2)-B(7) 2.150(7) B(8)-B(12) 1.794(9)

As(2)-B(11) 2.118(8) B(9)-B(10) 1.777(8)

S-C(l) 1.695(6) B(9)-B(12) 1.784(10)

P-C(II) 1.830(6) B(10)-B(11) 1.756(10)

P-C(21) 1.819(5) B(10)-B(12) 1.765(10)

P-C(31) 1.827(6) B(II)-B(12) 1.763(9)

N-C(I) 1.296(7)
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Table6.10Importantbondangles(0) for �c�l�o�s�o�-�[�3�-�{�,�,�-�S�C�(�H�)�N�P�h�}�-�3�-�(�P�~�)�-�3�,�1�,�2�­

RhAs2B,H,] (198).

As(1)-Rh(3)-S 96.73(4) As(I)-Rh(3)-As(2) 61.05(2)

�A�s�(�I�)�-�R�h�(�3�)�-�~ 160.0.0(1) As(1)-Rh(3)-P 99.68(4)

As(2)-Rh(3)-S 79.81(4) As(1)-Rh(3)-B(4) 55.0(2)

As(2)-Rh(3)-N 103.8(1) As(2)-Rh(3)-P 154.88(5)

S-Rh(3)-P 87.31(5) As(2)-Rh(3)-B(7) 52.5(2)

S-Rh(3)-B(4) 148.7(2) S-Rh(3)-N 66.3(1)

S-Rh(3)-B(8) 161.5(2) S-Rh(3)-B(7) 115.8(2)

P-Rh(3)-B(4) 85.2(2) P-Rh(3)-N 90.4(1)

P-Rh(3)-B(8) 106.8(2) P-Rh(3)-B(7) 151.4(2)

N-Rh(3)-B(7) 84.4(2) N-Rh(3)-B(4) 143.9(2)

B(4)-Rh(3)-B(8) 47.3(3) N-Rh(3)-B(8) 100.9(2)

Rh(3)-As(I)-As(2) 60.34(2) B(7)-Rh(3)-B(8) 47.3(2)

As(2)-As(I)-B(4) 95.2(2) Rh(3)-As(1)-B(4) 56.5(2)

B(4)-As(1)-B(5) 52.0(2) As(2)-As(I)-B(6) 55.0(2)

Rh(3)-As(2)-As(l) 58.62(2) B(5)-As(1)-B(6) 49.5(2)

As(1)-As(2)-B(6) 55.4(2) Rh(3)-As(2)-B(7) 58.6(2)

B(6)-As(2)-B(11) 49.8(3) As(1)-As(2)-B(7) 96.8(2)

Rh(3)-S-C(I) 78.2(2) B(7)-As(2)-B(11) 51.8(3)

�R�h�(�3�)�-�~�-�C�(�4�1�) 135.7(4) Rh(3)-N-C(I) 101.2(4)

�S�-�C�(�I�)�-�~ 114.2(5) C(1)-N-C(41) 123.0(5)

Rh(3)-B(4)-B(8) 65.9(3) Rh(3)-B(4)-As(l) 68.5(2)
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As(1)-B(4)-B(8) 117.8(4) As(I)-B(4)-B(5) 62.1(3)

B(8)-B(4)-B(9) 60.8(4) B(5)-B(4)-B(9) 58.5(4)

As(1)-B(5)-B(6) 68.6(3) As(I)-B(5)-B(4) 65.9(3)

B(9)-B(5)-B(10) 59.8(4) B(4)-B(5)-B(9) S7.0(4)

B(6)-B(5)-B(10) 58.9(4) As(I)-B(6)-B(5) 61.9(3)

B(5)-B(6)-B(10) 59.3(4) As(I)-B(6)-As(2) 69.6(2)

B(10)-B(6)-B(II) 58.2(4) As(2)-B(6)-B(II) 62.0(3)

Rh(3)-B(7)-B(8) 63.5(3) Rh(3)-B(7)-As(2) 69.0(2)

As(2)-B(7)-B(II) 63.2(3) As(2)-B(7)-B(8) 117.1(4)

B(II)-B(7)-B(12) 58.2(4) B(8)-B(7)-B(12) 60.2(4)

Rh(3)-B(8)-B(7) 69.2(3) Rh(3)-B(8)-B(4) 66.8(3)

B(4)-B(8)-B(9) 58.9(4) B(7)-B(8)-B(12) 58.1(4)

B(9)-B(8)-B(12) 59.7(4) B(4)-B(9)-B(5) 64.5(4)

B(4)-B(9)-B(8) 60.4(4) B(5)-B(9)-B(10) 60.1(4)

B(10)-B(9)-B(12) 59.4(4) B(8)-B(9)-B(12) 60.3(4)

B(5)-B(10)-B(9) 60.1(4) B(5)-B(10)-B(6) 61.8(4)

B(9)-B(10)-B(12) 60.5(4) B(6)-B(10)-B(11) 62.4(4)

As(2)-B(ll)-B(6) 68.2(4) B(II)-B(10)-B(12) 60.1(4)

B(6)-B(11)-B(10) 59.3(4) As(2)-B(ll)-B(7) 65.0(3)

B(7)-B(11)-B(12) 57.8(4) B(10)-B(11)-(12) 60.2(4)

B(7)-B(12)-B(8) 61.7(4) B(8)-B(12)-B(9) 60.0(4)

B(7)-B(12)-B(II) 64.1(4) B(9)-B(12)-B(10) 60.1(4)

B(10)-B(12)-B(11) 59.7(4)
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The Rh-P distanceof 2.408(1)A is considerablylonger than the reported

"normal" Rh-Pbonddistanceof2.33Afor rhodiumtriphenylphosphinecomplexes.206

The valuein (198) is similar to the Rh-Pdistanceof 2.4020(6)A found in closo-[2­

�{�'�1�2�-�~�C�N�(�H�)�P�h�}�-�2�-�(�p�P�h�3�)�-�2�,�I�-�R�h�T�e�B�l�o�H�l�o�l (230) vide infra, Table 6.11 (seealso

section6.2.3.3).

Table 6.11 Bond distancesfor compound (198) and four related 12 vertex

rhodaheteroboranes,closo-[2-{",-S2CN(H)Ph}-2-(PPh:J-2,l-RhTeB1oH.el (230),

closo-[3-{rI-S2CN(H)Ph}-3-(PPh3)-3,1,2-RhAs2B,H,] (232),precloso-[2-{rI-SC(P­

Ph:JC(H)S}-2,1,7-RhC2B,HIl] (238),2 and �c�l�o�s�o�-�[�2�-�(�r�I�-�~�C�H�)�-�2�-�(�P�P�h�3�)�-�2�,�1�, 7­

RhC2B,HIl] (239).2

0 0 0

N-C/A
0

No. Rh-S/A Rh-P/A Rh-B/A C-S/A

198 2.462(2) 2.408(1) 2.214(7)- 1.296(7) 1.695(6)

2.314(7)

230 2.4132(6) 2.4020(6) 2.2038(24)- 1.320(3) 1.6980(21)

2.4020(6) 2.2897(22) 1.7100(20)

232(a) 2.3919(14) 2.3854(14) 2.245(5)- 1.339(6) 1.701(5)

2.4117(13) 2.298(5) 1.712(5)

------- ------------ ------------ ---------------- ----------- -----------
2.3910(13) 2.3974(14) 2.239(5)- 1.324(6) 1.715(5)

232(b) 2.4104(15) 2.264(5) 1.708(5)

238 2.2387(12) --- 2.126(5)- -- I.711(4)

2.2321(11) 2.172(5) 1.741(4)

239 2.352(1) 2.315(1) 2.172(5)- -- 1.657(5)

2.433(2) 2.196(6) 1.651(5)
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TheC-Sdistancein (198)of 1.695(6)A is notablyshorterthanthetypical C-S

single bond distanceof 1.82 A268 but longer than the typical C= S doublebond of

1.61 A.269 The C-S distance in (198) is very similar to those in other ,,2_

isothiocyanatecompounds,Table 6.11, and the zirconium compound [ZrCI(,,'­

Cp)2{,,2-SC(H)NPh}] (240), of 1.700(15) A,261 the copper compound [CU{,,2­

�S�C�(�O�C�6�H�3�M�~�-�2�,�6�)�N�P�h�}�(�P�P�h�3�)�J (241), of 1.703(3)A;no the rutheniumcompound

[Ru{,,2-SC(H)NPh}(CO)PPh3)]2[WS4](242),of 1.69(1)A,271 or theosmiumcompound

�[�H�O�~�{�p�-�,�,�2�-�S�C�(�H�)�N�P�h�}�(�C�O�)�9�(�P�M�~�P�h�)�] (243), of 1.69(1)A.240 TheC-S distancein

(198) is slightly shorterthan that observedin the rhenium compound[ReOCI2{,,2­

SC(OEt)NC6H4Me-4}(pPh3)] (244) of 1.735(6)A.262 It is similar to the longerC-S

bond distances in �[�R�h�~�S�4�(�,�,�5�_�C�p�·�)�(�P�M�~�)�] (245) which range from 1.650(15)­

1.688(15)A.m In (245) it was suggestedthat the chelating �~�S�4 ligand formed a

highly delocalised... electronsystem.

The N-C bond distancein (198) of 1.296(7)A is closeto the typical N = C

doublebondlengthof 1.287A.273 Thevaluein (198) is similar to theN=C distances

in (240) of 1.284(20)A, (241) of 1.278(6) A, (242) of 1.30(2) A and (243) of

1.319(8)A.
The Rh-B bond distancesrangefrom 2.214(7)-2.314(7)A which are within

the standardrangeof Rh-B bond distances,and are similar to the distancesof the

typical 12 vertexrhodaheteroboranesin Table6.11, (Section6.2.3.3,Table6.18).206

TheRh-Asdistancesof2.487(1)and2.531(1)A aresimilar to theRh-Asbond

distancesin the only other known X-ray crystal structureof a rhodaarsenaborane,

closo-[3-{,,2-S2CN(H)Ph}-3-PPh3-3, 1�,�2�-�R�h�A�~�~�H�9�]�(�2�3�2�) whichrangefrom 2.438(3)­

2.5150(9)A vide infra (seesection6.2.3.2). TheseRh-As distancesare similar to

values reported in the literature for the skutteruditetype structureof �[�R�h�A�~�] of

2.434,2.468and 2.569A,274 [RhCI3(nas)J(nas = o-dimethylaminophenyldimethyl­

arsine)of 2.342(4)and2.529(5)A,27S or the Rh(I) complex[Rh(p-Bu'2As)(CO)2]2 of

2.496A.276

TheAs-As bonddistanceof2.549(1)A is slightly longerthan theAs-As bond

distancesreportedfor the few publishedarsenaboranestructures,Table6.12, which

are 2.435(2) and 2.421(2) A in �A�~�B�I�O�H�8�I�2 (9),15 2.477(3) A in closo-[3-CI-3,8­

�(�P�P�h�3�)�2�-�3�,�1�,�2�-�P�d�A�~�~�H�8�] (64),53 2.4885(5)A in �[�1�,�1�-�(�P�M�~�P�h�)�r�l�,�2�,�3�-�P�d�A�~�~�9�]

197



(65),442.517(5)A in �[�1�,�6�-�C�I�2�-�1�,�5�-�(�P�M�~�P�h�)�2�-�1�,�2�,�3�-�P�d�A�~�~�H�1�J (68),44and 2.497(3)

A in �c�l�o�s�o�-�[�3�,�3�-�(�P�P�h�3�)�t�"�3�,�1�,�2�-�P�t�A�~�~�H�9�] (69).53 However, the value in (198) is

exactly the sameas in �c�l�o�s�o�-�[�8�-�{�O�P�t�(�E�t�)�}�-�3�-�P�P�h�3�-�3�,�1�,�2�-�C�u�A�~�B�e�,�H�8�] (71) which is

2.549(4)A.5I A "normal" rangeof As-As bond distancesof 2.3-2.8A has been

suggested.17

The B-As bond distanceswhich range from 2.118(8)-2.237(7)A are very

similar to thosein (71) which rangefrom 2.125(11)-2.231(II) A, andaresimilar to

the B-As bond distancesin �[�1�-�C�I�-�2�,�3�-�M�~�-�1�,�2�,�3�-�A�s�C�2�~�H�9�] (29) which rangefrom

2.129(18)-2.243(21)A.33 Thesevaluesare similar to the distancesof the typical

arsenaboranesin Table6.12. TheseB-As valuesarelongerthan thosereportedfrom

a recent study of B-As bond distances in non-eluster two-centre two-electron

compoundswhich rangefrom 1.926(6)A in [(Mes)2BAsPhLi(thf)3] to 2.00(5)A in

�[�P�h�B�(�C�l�)�A�s�(�B�u�~�2�]�2�. 277

In compound(198) the shortestB-As bond distancesare for As(I)-B(5) and

As(2)-B(II). AtomsB(5) andB(II) areeachbondedto anarsenicatomwith bonding

interactionsfrom othercageboronatomsonly. IntermediateB-As bonddistancesare

observedfor As(l)-B(4) and As(2)-B(7), andB(4) andB(7) arebondedto onearsenic

and the rhodium atom, while the longestare As(I)-B(6) and As(2)-B(6) whereB(6)

is bondedto botharsenicatoms. This patternin bondlengthsis similar to that found

incloso-[8-{OPt(Et)}-3-PPh3-3,1�,�2�-�C�u�A�~�~�8�] (71),58andcloso-[3-{'12-S2CN(H)Ph}­

3-(PPh3)-3, I �,�2�-�R�h�A�~�~�H�9�] (232).

The B-B bond distancesrangefrom 1.755(10)-1.889(9)A and are similar to

thosein (9), (29), (64), (65), (68),(69), (70) and (71) andarewithin the normalB-B

rangefor metallaboranes,Table6.12.103
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Table6.12Bonddistancesfor compound(198),J\szB.oH.I2(9),15andeightrelated

12 vertex metaUaarsenaboranescloso-[3-{,;-S2CN(H)Ph�}�-�3�-�(�P�P�h�~�-�3�, 1,2-RhAsz­

B,II,] (232), �c�l�o�s�o�-�[�I�-�C�I�-�2�,�3�-�M�~�-�1�,�2�,�3�-�A�s�C�2�B�,�H�,�] (29),33 �c�l�o�s�o�-�[�3�-�C�I�-�3�,�8�-�(�P�P�h�~�2�­

�3�,�1�,�2�-�P�d�A�~�B�,�I�I�J (64),5.1 �[�1�,�1�-�(�P�M�e�2�P�h�)�2�-�1�,�2�,�3�-�P�d�A�~�B�,�I�I�,�] (65),.... [1,6-CI2-1,S­

(PMe2Ph)2-1,2,3-PdAs2B,H7] (68),.... closo-[3,3-(PPh3)2-3,1,2-�P�t�A�~�B�,�H�,�] (69),5.1

closo-[3,3-(PMe2Ph)2-3,1,2-PtAs2B,H,] (70),53 and closo-[8-{OPr'(Et) �}�-�3�-�P�~�­

3,1,2-CuAs2B,HJ (71).51

No. As-As/A B-As/A B-B/A

198 2.549(1) 2.118(8)-2.237(7) 1.755(10)-1.889(9)

9 2.258(7)-2.435(2) 1.872(10)-2.435(2) 1.763(10)-1.852(11)

232(a) 2.308(3)-2.5089(11) 1.911(6)-2.308(3) 1.751(9)-1.882(9)

-----.... -------------------------- --------------------- -------------------------
232(b) 2.342(3)-2.5315(10) 1.880(7)-2.342(3) 1.729(10)-1.879(8)

29 ---- 2.129(18)-2.250(22) 1.733(33)-1.897(26)

64 2.477(3) 2.101(9)-2.281(8) 1.739(12)-1.896(10)

65 2.4885(15) 2.119(12)-2.259(12) 1.740(16)-1.881(17)

68 2.517(5) 2.11(5)-2.26(5) 1.65(6)-1.92(7)

69 2.435(6)-2.515(6) 2.076(19)-2.515(6) 1.683(24)-1.919(25)

70 2.497(3) 2.104(12)-2.257(11) 1.730(17)-1.861(16)

71 2.549(4) 2.125(11)-2.231(11) 1.753(14)-1.869(15)
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6.2.3.2Crystal and Molecular Structureof �c�l�o�s�o�-�[�3�-�{�,�f�-�S�2�C�N�(�H�)�P�h�}�-�3�-�(�P�~�­

3,1�,�2�-�R�h�A�s�2�B�~�9�] (232)

In order to elucidatethe structuralfeaturesof the rhodaarsenaborane(232),

it was decidedto undertakea singlecrystal X-ray analysisof the abovecompound.

The X-ray study showedthat compound(232) had a closo twelve vertex RhAs2B9

geometrybasedon a distorteddodecahedronwith the rhodium and arsenicatoms

adjacentto one anotherFigure 6.20. The unit cell containedtwo independent

moleculeswhich did not differ significantly,Tables6,13and6,14. In eachmolecule

oneof thearsenicatomsin thecageis disorderedovertwo siteswhich leadsto some

complication in the discussionof the structure, however, the same population

parameterswerecalculatedin both molecules.

The orientationof the �R�h�{�7�1�2�-�S�2�C�N�(�H�)�P�h�}�(�P�P�~�) unit abovethe �A�~�~ faceis

shownin Figure6.21. ThePPh3unit is aboveB(8)-B(4) but nearerB(4). TheS(I)­

Rh-S(2) bond angleof 71.74(4)° in moleculeA {and 71.82(5)° in moleculeB} is

slightly smaller than correspondinganglesfor rhodiumdithiocarbamatesreported in

the literature. For examplein �[�(�7�1�s�-�C�p�)�(�7�1�2�-�S�2�C�N�E�~�)�R�h�~�-�P�h�2�P�C�H�~�H�2�P�P�h�~�R�h�(�7�1�2�­

�S�2�C�N�E�~�)�(�7�1�S�-�C�p�·�)�]�[�B�P�h�4�]�2 (246) theS-Rh-Sangleswereidenticalat 73.69(6)°,278and

in �[�R�h�{�(�P�h�2�P�)�2�C�H�2�}�(�7�1�2�-�~�C�N�E�~�)�(�7�1�s�-�C�p�)�]�[�P�h�4�B�] (247)S-Rh-Swas73.22(6)°.266 The

S(I)-Rh-S(2)bondanglein (232) is alsoslightly smallerthan that of 72.639(19)°in

closo-[2-{712-S2CN(H)Ph}-2-(PPh3)-2,l-RhTeB1oHlol(230),Table6.15videinfra, (see

also section 6.2.3.3),but very similar to thosereported in closo-[3-{712-S2CH}-3­

(PPh3)-3, �1�,�2�-�R�h�C�2�~�H�l�l�] (248)of71.84(3)°,2andcloso-[2-{712-S2CH}-2-(PPh3)-2, 1,7­

RhC2BJill] (239) of 71.64(3)and 71.67(3)°.279

The Rh-S distancesin (232) of 2.3919(14){2.3910(13)}A and 2.4117(13)

{2.4104(15)} A areslightly longerthanthetypical valueof2.37A for Rh-Sdistances

in dithiocarbamates,Table6.15 (seealsosection6.2.4.1,Table6.11).206 The Rh-S

distancesin (232) are similar to the Rh-S distancein [(PP3)RhSC(S)SCH3] (249)

[pp3=tris{2-(diphenylphosphino)ethyl}phosphine]of 2.409(5) A,21O and three in

�[�R�h�2�(�S�2�C�N�M�~�)�s�]�[�B�F�4�] (237) which are in the range2.35-2.42A.267
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Figure6.20An ORTEPview of moleculeA of closo-[3-{,f-SzCN(H)Ph}-3-(PPh3)­

3,1,2-RhAszB,H,] (232) with atom numberingscheme.
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Figure6.21 A view of theRh{J(-S2CN(H)Ph}(PPb3) unit abovethe �~�B�:�. faceof

moleculeA of closo-[3-{,,;-S2CN(H)Pb}-3-(PPb:tl-3,1,2-Rht\szB,H,l(232).
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Table �6�~�1�3 Importantbonddistances(A) for closo-[3-{rr-S2CN(H)Ph}-3-(PPhJ­

3,1,2-RhAs2B,H,J (232).

�F�t�h�(�3�~�)�-�~�s�(�1�~�) 2.5024(12) �R�h�(�3�B�)�-�~�s�(�l�B�) 2.4966(9)

�F�t�h�(�3�~�)�~�s�(�2�~�) 2.5130(9) �F�t�h�(�3�B�)�-�~�s�(�2�B�) 2.5150(9)

�R�h�(�3�~�)�-�S�( �1�~�) 2.3919(14) Rh(3B)-S(IB) 2.3910(13)

�R�h�(�3�)�-�S�(�2�~�) 2.4117(13) Rh(3B)-S(2B) 2.4104(15)

�F�t�h�(�3�~�)�-�P�(�~�) 2.3854(14) Rh(3B)-P(B) 2.3974(14)

�R�h�(�3�~�)�-�B�( �4�~�) 2.298(5) Rh(3B)-B(4B) 2.264(5)

�F�t�h�(�3�~�)�-�~�s�(�7 �~�) 2.438(3) Rh(3B)-�~�s�(�7�B�) 2.494(3)

�R�h�(�3�~�)�- �B�(�8�~�) 2.245(5) Rh(3B)-B(8B) 2.239(5)

�~�s�(�1�~�)�-�~�s�(�2�~�) 2.5089(11) �~�s�( IB)-�~�s�(�2�B�) 2.5315(10)

�~�s�(�1�~�)�-�B�(�4�~�) 2.146(6) �~�s�(�I�B�)�-�B�(�4�~�) 2.130(6)

�~�s�(�1�~�)�-�B�(�5�~�) 2.091(6) �~�s�(�I�B�)�-�B�(�5�B�) 2.097(7)

�~�s�(�1�~�)�-�B�(�6�~�) 2.197(7) �~�s�(�I�B�)�-�B�(�6�B�) 2.215(7)

�~�s�(�2�~�)�-�B�(�6�~�) 2.220(6) As(2B)-B(6B) 2.242(6)

�~�s�(�2�~�)�-�~�s�(�7 �~�) 2.308(3) As(2B)-As(7B) 2.342(3)

�A�s�(�2�A�)�-�B�(�l�l�~�) 2.146(6) As(2B)-B( II B) 2.154(6)

�S�(�I�~�)�-�C�(�A�) 1.701(5) S(IB)-C(B) 1.715(5)

�S�(�2�A�)�-�C�(�~�) 1.712(5) S(2B)-C(B) 1.708(5)

P(A)-C(lIA) 1.833(5) P(B)-C(IIB) 1.831(5)

�P�(�~�)�-�C�(�2�1�~�) 1.848(5) P(B)-C(2IB) 1.836(5)

�P�(�A�)�-�C�(�3�1�~�) 1.842(5) P(B)-C(31B) 1.845(5)

N(A)-C(A) 1.339(6) N(B)-C(B) 1.324(6)
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N(A)-C(41A) 1.403(6) N(B)-C(41B) 1.421(6)

B(4A)-B(5A) 1.882(9) B(4B)-B(5B) 1.879(8)

B(4A)-B(8A) 1.850(8) B(4B)-B(8B) 1.806(7)

B(4A)-B(9A) 1.787(8) B(4B)-B(9B) 1.782(8)

B(5A)-B(6A) 1.837(10) B(5B)-B(6B) 1.815(9)

B(5A)-B(9A) 1.762(9) B(5B)-B(9B) 1.771(9)

B(5A)-B(10A) 1.762(10) B(5B)-B(10B) 1.757(9)

B(6A)-B(10A) 1.751(9) B(6B)-B(lOB) 1.729(10)

B(6A)-B(IIA) 1.816(10) B(6B)-B(10B) 1.823(9)

As(7A)-B(8A) 1.996(6) As(7B)-B(8B) 2.028(6)

As(7A)-B(IIA) 2.004(7) As(7B)-B(IIB) 2.002(7)

As(7A)-B(12A) 1.911(6) As(7B)-B(12B) 1.880(7)

B(8A)-B(9A) 1.798(8) B(8B)-B(9B) 1.787(8)

B(8A)-B(12A) 1.811(8) B(8B)-B(12B) 1.804(8)

B(9A)-B(10A) 1.771(9) B(9B)-B(10B) 1.781(9)

B(9A)-B(12A) 1.772(8) B(9B)-B(12B) 1.783(8)

B(10A)-B(IIA) 1.768(9) B(IOB)-B(IIB) 1.745(9)

B(10A)-B(12A) 1.765(9) B(10B)-B(l2B) 1.785(9)

B(IIA)-B(12A) 1.771(9) B(IIB)-B(12B) 1.759(10)
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Table6.14Importantbondangles(0) for closo-[3-{J(-S2CN(H)Ph}-3-(PPh:J-3,1,2­

RhAs2B,H,] (232).

J\s(1J\)-1Uh(3J\)-J\s(2J\) 60.03(3) J\s(1B)-Rh(3B)-J\s(2B) 60.68(3)

J\s(1J\)-1Uh(3J\)-S(1J\) 142.27(4) J\s(IB)-Rh(3B)-S(IB) 143.60(4)

J\s(1J\)-1Uh(3J\)-S(2J\) 85.59(4) J\s(IB)-Rh(3B)-S(2B) 86.05(4)

J\s(IJ\)-Rh(3J\)-P(J\) 116.02(4) J\s(1B)-Rh(3B)-PCB) 114.80(4)

J\s(1J\)-Rh(3J\)-B(4J\) 52.90(14) J\s(1B)-Rh(3B)-B(4B) 52.90(14)

J\s(2J\)-Rh(3J\)-S(IJ\) 89.55(5) J\s(2B)-Rh(3B)-S(1B) 90.14(4)

J\s(2J\)-Rh(3J\)-S(2J\) 90.12(4) J\s(2B)-Rh(3B)-S(2B) 90.16(4)

J\s(2J\)-Rh(3J\)-P(J\) 174.06(4) J\s(2B)-Rh(3B)-PCB) 174.26(3)

J\s(2J\)-Rh(3J\)-B(4J\) 94.71(14) J\s(2B)-Rh(3B)-B(4B) 94.40(14)

J\s(2J\)-Rh(3J\)-J\s(7J\) 55.54(6) J\s(2B)-Rh(3B)-J\s(7B) 55.75(7)

S(IJ\)-1Uh(3J\)-S(2J\) 71.74(4) S(IB)-Rh(3B)-S(2B) 71.82(5)

S(IJ\)-Rh(3J\)-P(J\) 92.19(5) S(1B)-Rh(3B)-PCB) 92.58(5)

S(IJ\)-1Uh(3J\)-B(4J\) 161.22(14) S(1B)-Rh(3B)-B(4B) 159.80(14)

S(1J\)-Rh(3J\)-J\s(7J\) 78.95(7) S(1B)-Rh(3B)-J\s(7B) 78.42(8)

S(IJ\)-Rh(3J\)-B(8J\) 113.63(14) S(1B)-Rh(3B)-B(8B) 112.94(14)

S(2J\)-Rh(3J\)-P(J\) 85.04(5) S(2B)-Rh(3B)-PCB) 85.89(5)

S(2J\)-Rh(3J\)-B(4J\) 126.42(14) S(2B)-Rh(3B)-B(4B) 127.74(14)

S(2J\)-Rh(3J\)-J\s(7J\) 134.84(7) S(2B)-Rh(3B)-J\s(7B) 134.42(7)

S(2A)-Rh(3J\)-B(8A) 174.19(14) S(2B)-Rh(3B)-B(8B) 174.70(14)

P(A)-Rh(3A)-B(4J\) 85.44(15) P(B)-Rh(3B)-B(4B) 84.77(15)

P(J\)-Rh(3J\)-As(7J\) 130.38(7) P(B)-Rh(3B)-J\s(7B) 129.81(7)
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P(A)-Rh(3A)-B(8A) 92.40(14) P(B)-Rh(3B)-B(8B) 91.46(15)

B(4A)-Rh(3A)-As(7A) 88.41(15) B(4B)-Rh(3B)-As(7B) 87.90(15)

B(4A)-Rh(3A)-B(8A) 48.03(19) B(4B)-Rh(3B)-B(8B) 47.30(19)

As(7A)-Rh(3A)-B(8A) 50.25(15) As(7B)-Rh(3B)-B(8B) 50.38(15)

Rh(3A)-As(IA)-As(2A) 60.19(3) Rh(3B)-As(IB)-As(2B) 60.02(3)

Rh(3A)-As(IA)-B(4A) 58.67(15) Rh(3B)-As(IB)-B(4B) 57.93(14)

As(2A)-As(IA)-B(4A) 98.79(15) As(2B)-As(IB)-B(4B) 97.33(14)

As(2A)-As(1A)-B(6A) 55.83(18) As(2B)-As(1B)-B(6B) 55.89(16)

B(4A)-As(IA)-B(5A) 52.74(23) B(4B)-As(lB)-B(5B) 52.76(22)

B(5A)-As(IA)-B(6A) 50.6(3) B(5B)-As(IB)-B(6B) 49.67(24)

Rh(3A)-As(2A)-As(lA) 59.77(3) Rh(3B)-As(2B)-As(1B) 59.30(3)

Rh(3A)-As(2A)-As(7A) 60.58(7) Rh(3B)-As(2B)-As(7B) 61.67(7)

As(IA)-As(2A)-B(6A) 54.96(20) As(1B)-As(2B)-B(6B) 54.90(17)

As(IA)-As(2A)-As(7A) 101.60(8) As(IB)-As(2B)-As(7B) 102.29(8)

B(6A)-As(2A)-B(IIA) 49.1(3) B(6B)-As(2B)-B(IIB) 49.0(3)

As(7A)-As(2A)-B(IIA) 53.33(19) As(7B)-As(2B)-B(IIB) 52.68(21)

Rh(3A)-S(1A)-C(A) 89.00(16) Rh(3B)-S(1B)-C(B) 88.88(15)

Rh(3A)-S(2A)-C(A) 88.09(16) Rh(3B)-S(2B)-C(B) 88.40(16)

S(I)-C(A)-S(2A) 111.09(25) S(1B)-C(B)-S(2B) 110.73(25)

S(IA)-C(A)-N(A) 128.7(4) S(IB)-C(B)-N(B) 128.4(3)

S(2A)-C(A)-N(A) 120.2(3) S(2B)-C(B)-N(B) 120.9(3)

Rh(3A)-B(4A)-As(1A) 68.43(16) Rh(3B)-B(4B)-As(IB) 69.17(16)

Rh(3A)-B(4A)-B(8A) 64.46(23) Rh(3B)-B(4B)-B(8B) 65.63(23)
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As(1A)-B(4A)-B(5A) 62.1(3) As(lB)-B(4B)-B(5B) 62.7(3)

As(IA)-B(4A)-B(8A) 115.7(3) As(1B)-B(4B)-B(8B) 118.1(3)

B(5A)-B(4A)-B(9A) 57.3(3) B(5B)-B(4B)-B(9B) 57.8(3)

B(8A)-B(4)-B(9A) 59.2(3) B(8B)-B(4B)-B(9B) 59.7(3)

As(1A)-B(5A)-B(4A) 65.14(25) As(1B)-B(5B)-B(4B) 64.5(3)

As(lA)-B(5A)-B(6A) 67.7(3) As(lB)-B(5B)-B(6B) 68.6(3)

B(4A)-B(5A)-B(9A) 58.6(3) B(4B)-B(5B)-B(9B) 58.3(3)

B(6A)-B(5A)-B(IOA) 58.2(4) B(6B)-B(5B)-B( lOB) 57.9(4)

B(9A)-B(5A)-B(10A) 60.3(4) B(9B)-B(5B)-B(IOB) 60.6(4)

As(IA)-B(6A)-As(2A) 69.21(19) As(IB)-B(6B)-As(2B) 69.21(19)

As(IA)-B(6A)-B(5A) 61.7(3) As(1B)-B(6B)-B(5B) 61.8(3)

As(2A)-B(6A)-B(IIA) 63.3(3) As2(B)-B(6B)-B(IIB) 63.0(3)

B(5A)-B(6A)-B(lOA) 58.8(4) B(5B)-B(6B)-B(10B) 59.4(4)

B(IOA)-B(6A)-B(IIA) 59.4(4) B(IOB)-B(6B)-B(IIB) 58.8(4)

Rh(3A)-As(7A)-As(2A) 63.87(7) Rh(3B)-As(7B)-As(2B) 62.58(7)

Rh(3A)-As(7A)-B(8A) 59.84(16) Rh(3B)-As(7B)-B(8B) 58.27(17)

As(2A)-As(7A)-B(8A) 105.46(20) As(2B)-As(7B)-B(8B) 103.16(20)

As(2A)-As(7A)-B(IIA) 59.19(19) As(2B)-As(7B)-B(IIB) 58.83(21)

B(8A)-As(7A)-B(12A) 55.18(24) B(8B)-As(7B)-B(12B) S4.8(3)

B(IIA)-As(7A)-B(12A) 53.7(3) B(IIB)-As(7B)-B(12B) 53.8(3)

Rh(3A)-B(8A)-B(4A) 67.50(23) Rh(3B)-B(8B)-B(4B) 67.07(24)

Rh(3A)-B(8A)-As(7A) 69.91(17) Rh(3B)-B(8B)-As(7B) 71.35(18)

B(4A)-B(8A)-As(7A) 118.4(3) B(4B)-B(8B)-As(7B) 119.0(3)
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B(4A)-B(8A)-B(9A) 58.6(3) B(4B)-B(8B)-B(9B) 59.4(3)

As(7A)-B(8A)-B(12A) 60.02(25) As(7B)-B(8B)-B(12B) 58.4(3)

B(9A)-B(8A)-B(12A) 58.8(3) B(9B)-B(8B)-B(12B) 59.5(3)

B(4A)-B(9A)-(B5A) 64.1(3) B(4B)-B(9B)-B(5B) 63.9(3)

B(4A)-B(9A)-B(8A) 62.1(3) B(4B)-B(9B)-B(8B) 60.8(3)

B(5A)-B(9A)-B( lOA) 59.8(4) B(5B)-B(9B)-B(lOB) 59.3(4)

B(8A)-B(9A)-B(12A) 61.0(3) B(8B)-B(9B)-B(12B) 60.7(3)

B(10A)-B(9A)-B(12A) 59.8(4) B(1OB)-B(9B)-B(12B) 60.1(3)

B(5A)-B(10A)-B(6A) 63.0(4) B(5B)-B(10B)-B(6B) 62.7(4)

B(5A)-B(10A)-B(9A) 59.8(4) B(5B)-B(1OB)-B(9B) 60.1(3)

B(6A)-B(10A)-B(lIA) 62.1(4) B(6B)-B(10B)-B(IIB) 63.3(4)

B(9A)-B(10A)-B(12A) 60.1(3) B(9B)-B(1OB)-B(12B) 60.0(3)

B(IIA)-B(10A)-B(12A) 60.2(3) B(11B)-B(lOB)-B(12B) 59.8(4)

As(2A)-B(IIA)-B(6A) 67.6(3) As(2B)-B(IIB)-B(6B) 68.0(3)

As(2A)-B(IIA)-As(7A) 67.48(19) As(2B)-B(IIB)-As(7B) 68.49(21)

B(6A)-B(11A)-B(lOA) 58.5(4) B(6B)-B(lIB)-B(10B) 57.9(4)

As(7A)-B(11A)-B(12A) 60.5(3) As(7B)-B(lIB)-B(12B) 59.5(3)

B(10A)-B(11A)-B(12A) 59.8(3) B(lOB)-B(lIB)-B(12B) 61.2(4)

As(7A)-B(12A)-B(8A) 64.8(3) As(7B)-B(12B)-B(8B) 66.8(3)

As(7A)-B(12A)-B(IIA) 65.8(3) As(7B)-B(12B)-B(11B) 66.7(3)

B(8A)-B(12A)-B(9A) 60.2(3) B(8B)-B(12B)-B(9B) 59.8(3)

B(9A)-B(12A)-B(10A) 60.1(4) B(9B)-B(12B)-B(lOB) 59.9(3)

B(10A)-B(12A)-B(IIA) 60.0(4) B(lOB)-B(12B)-B(11B) 59.0(4)
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Table 6.IS Bond distancesand anglesfor compounds(232) and closo-[2-{,,;­

S2CN(H)Ph}-2-(PPh:J-2,I-RhTeB.oH.ol(230),andthreerhodiumdithiocarbamate

complexes,[Rh2br-S2CNMe2)S][BFJ(237),167 �[�(�"�s�-�C�p�j�(�"�;�-�S�2�C�~�)�R�h�(�P�-�P�h�2�P�C�­

H2CH2PPh2)Rh(";-S2CNEtJ(,,s-Cpj][BPhJ2 (246),218 and [Rh{(Ph2P)2CH2}(";­

S2CNEtJ<,f-Cp)][Ph.B] �(�2�4�7�)�.�~

No. S(I)-Rh-S(2)/o
0

s-c/A c-N/ARh-S/A

232(a) 71.44(4) 2.3919(14) 1.701(5) 1.339(6)

2.4117(13) 1.712(5)

------- -------------- ------------- -----... -----------
232(b) 71.82(5) 2.3910(13) 1.715(5) 1.324(6)

2.4104(15) 1.708(5)

230 72.639(19) 2.4132(6) 1.6980(21) 1.320(3)

2.3577(6) 1.7100(20)

237 • 2.337(2)- 1.688(10)- 1.300(11)-

2.421(2) 1.771(10) 1.503(11)

246 73.69(6) 2.3493(18) 1.720(6) 1.437(9)

2.3638(18) 1.704(6) 1.481(10)

247 73.22(6) 2.3700(18) 1.729(7) 1.313(9)

2.3737(19) 1.715(7)

• Datanot given

The two S-C distancesof 1.701(5){1.715(5)}and 1.712(5){1.708(5)}A are

thesamewithin twice theesd (estimatedstandarddeviation). OtherS-Cdistancesare

1.725Ain �[�R�h�C�I�2�(�S�2�C�O�)�(�P�M�~�P�h�h�]�[�K�]�, 281andthosein otherrhodiumdithiocarbamate

complexesgiven abovein Table6.15.
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TheN-C bonddistancesof 1.339(6){I. 324(6)} Acorrespondwith theaverage

bonddistanceof 1.324A in dithiocarbamates(within twice the esd),andaresimilar

to the N-C distancesof the rhodiumdithiocarbamatecomplexesin Table6.15.206

The Rh-Pdistancesof 2.3854(14){2.3974(14)}A areslightly longerthan the

averageRh-Pbonddistanceof 2.33Afor rhodiumtriphenylphosphinecomplexes,but

shorterthan the Rh-Pdistancesof 2.408(1)A in �c�l�o�s�o�-�[�3�-�{�,�,�2�-�S�C�(�H�)�N�P�h�}�-�3�-�(�p�P�h�~�­

�3�,�1�,�2�-�R�h�A�~�~�H�9�] (198) and 2.4020(6)A in closo-[2-{,,2-S2CN(H)Ph}-2-(PPh3)-2,1­

RhTeBIOHlO] (230), Table6.11.206

The Rh-As(2) distancesof 2.5130(9){2.5150(9)}A are similar to the Rh-As

bond distancesin closo-[3-{,,2-SC(H)NPh}-3-(PPh3)-3, I �,�2�-�R�h�A�~�~�H�9�] (198) (see

section 6.2.3.1, Table 6.12), and are similar to the Rh-As bond distancesin the

skutteruditetype structure,[RhAS]] of 2.434,2.468and 2.569A.274

The Rh-B distancesof 2.298(5){2.264(5)} and 2.245(5){2.239(5)} A are

within the standardrange of Rh-B bond distances,and are similar to the Rh-B

distancesin the 12 vertex rhodaheteroboranesin Table 6.11.206

TheAs-As bonddistancesvary from 2.5089(ll){2.5315(10)}to 2.308(3){2.3­

42(3)} andarewithin thenormal rangeof As-As bonddistancesof 2.3-2.8A, which

arewithin the rangeof the few publishedarsenaboranecomplexes,Table6.12.17

The B-As bond distances which range from 1.911(6){1.880(7)} to

2.220(6){2.242(6)}A havea wider rangethan thosefound in a recentstudyof B-As

bond distances in non cluster compounds which range from 1.926(6) A in

[(Mes)2BAsPhLi(thf)3] to 2.200(5)A in [PhB(CI)As(Bu')2]2.m The shortestB-As

distancesare As(I)-B(5) and As(2)-B(11). Atoms B(5) and B(II) are eachbonded

to an arsenicatom with bondinginteractionsfrom other cageborons. Intermediate

B-As bond distancesare thoseof As(I)-B(4) and As(2)-B(11) while the longestare

As(1)-B(6) and As(2)-B(6) where B(6) is bondedto both arsenicatomsbut not to

rhodium and B(4) and B(7) are bondedto onearsenicand the rhodium atom. This

patternof bonddistancesis the sameas that found in (198) (seesection6.4.2.1)and

in closo-[8-{OPt(Et)}-3-PPh3-3,1�,�2�-�C�u�A�~�~�8�] (71).S8

TheB-B bonddistancesrangefrom 1.751(9){ 1.729(10)} to 1.882(9){1.879(8)}

Aandarevery similar to thosefound in (198) (seesection6.2.3.1,Table6.12)and

arewithin the normal B-B rangefor metallaboranes.IOJ

210



6.2.3.3CrystalandMolecularStrnctureofcloso-[2-{,f-S2CN(H)Ph}-2-(PPhJ-2,1­

RhTeB10HuJ(230)

Forcompletestructuralcharacterisationof therhodatelluraborane(230), it was

decidedto undertakea singlecrystal X-ray analysisof the compound. Theanalysis

showedthat compound(230) hada closo twelvevertex RhTeB10 geometrybasedon

a distorteddodecahedronwith rhodium and tellurium atomsin adjacentpositions,

Figure6.22. Importantbonddistancesandanglesaregiven in Tables6.16and6.17

respectively.

The conformationof the [(S2CNHPh)Rh(pPh3)]unit above the TeB4 face,

Figure 6.23, is not unexpected in terms of the postulated molecular orbital

interactionsthat occur betweenTeB1oHIO ligands and �R�h�(�L�)�~�' moieties,97but is

strongly affected by the fact that the S(I)-Rh-S(2) angle is 72.639(19)0. The

conformationis similar to that of the {(712-S2CH)Rh(pPh3)}unit abovethe SeB4 face

in closo-[2 ,2-(712-S2CH)-2-(PP19)-1,2-SeRhBloHlol.282

The Rh-Te bond length, 2.5812(3)A, is shorterthan the valueof 2.6172(4)

A in closo-[2,2-(PPh3)2-2-H-1 ,2-TeRhB1oHiol (220),97but longerthantheRh-Te bond

distances in [2-(715-Cp*)-2,I-RhTeBloHlO] (221),236 and �c�l�o�s�o�-�[�2�-�(�P�P�~�)�-�2�-�H�-�2�­

(Ph2PC6H4)-2,I-RhTeaIOH9](222),237Table6.18.

The Rh-B bond distancesrange from 2.2038(24)-2.2897(22)A which are

within the standardrangeof Rh-B distances,and are similar to the distancesof the

published12 vertex rhodatelluraboranes,Table6.18.206

Within the TeBIO cage,the B-B distancesvary from 1.747(4)-1.956(4)Aand

the Te-B distancesrange from 2.293(3)-2.3924(23)A, which are similar to those

distancesin other 12 vertex rhodatelluraboranes,Table 6.18, and theserangesare

typical of metallatelluraboranesin general.3.197

In section6.2.3.2the bond distancesin rhodium-dithiocarbamatecomplexes

are discussedin detail and Table 6.15 containsthe bond distancesand anglesfor

(230) and four other rhodium-dithiocarbamatecomplexes.
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Figure 6.22 A view of closo-[2-{J(-SlCN(H)Ph}-2-(PPh3)-2,I-RhTeBaoH.ol(230)

with atom numberingscheme.
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Figure6.23 A view of the [(S2CNHPh)Rh(PPh:JJunit abovethe TeB4 faceof

closo-[2-{,f-S2CN(H)Ph}-2-(PPhJ-2,I-RhTeB.JI.ol(230).
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Table6.16hnportantbonddistances(A) for �c�l�o�s�o�-�[�2�-�{�"�z�-�S�2�C�N�(�H�)�P�h�}�-�2�-�(�P�P�h�~�­

2,I-RhTeBi oHuJ (230).

Te1-Rh2 2.5812(3) Te1-B3 2.3816(25)

Te1-B4 2.293(3) Te1-B5 2.304(3)

Te1-B6 2.3924(23) Rh2-B6 2.2897(22)

Rh2-B7 2.2379(25) Rh2-B11 2.2038(24)

Rh2-S1 2.4132(6) Rh2-S2 2.3577(6)

Rh2-P1 2.4020(6) B3-B4 1.942(4)

B3-B7 1.766(4) B3-B8 1.747(4)

B4-B5 1.887(4) B4-B8 1.763(4)

B4-B9 1.756(4) B5-B6 1.956(4)

B5-B9 1.756(4) B5-B10 1.751(4)

B6-B10 1.761(4) B6-B11 1.780(4)

B7-B8 1.791(4) B7-B11 1.832(4)

B7-B12 1.776(4) B8-B9 1.776(4)

B8-B12 1.774(4) B9-BIO 1.785(4)

B9-B12 1.768(4) BI0-Bl1 1.794(4)

BIO-BI2 1.783(4) B11-B12 1.770(4)

Sl-CI 1.6980(21) S2-Cl 1.7100(20)

CI-Nl 1.320(3) NI-Cl1 1.441(3)

NI-H1 0.9500(19) PI-C21 1.8422(21)

PI-C31 1.8306(21) PI-C41 1.8255(22)
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Table6.17Importantbondangles(0) for closo-[2-{,r-S2CN(H)Ph}-2-(PPhJ-2,1­

RhTeB.oH.ol(230).

Rh2-Tel-B3 55.83(6) Rh2-Tel-B6 54.66(6)

B3-Tel-B6 83.91(8) B4-Tel-B5 48.45(10)

B4-Tel-B6 84.19(9) Tel-Rh2-B6 58.47(6)

Tel-Rh2-B7 93.90(7) Tel-Rh2-Bl1 94.49(7)

Tel-Rh2-S1 108.380(16) Tel-Rh2-S2 178.121(IS)

Tel-Rh2-Pl 96.614(15) B6-Rh2-B7 83.52(10)

B6-Rh2-Bll 46.63(9) B6-Rh2-S1 166.84(6)

B6-Rh2-S2 120.52(6) B6-Rh2-Pl 90.25(6)

B7-Rh2-Bll 48.71(10) B7-Rh2-S1 98.67(7)

B7-Rh2-S2 84.36(7) B7-Rh2-Pl 162.64(7)

BII-Rh2-S1 142.10(7) BI1-Rh2-S2 83.83(7)

Bl1-Rh2-Pl 116.45(7) SI-Rh2-S2 72.639(19)

SI-Rh2-Pl 91.083(20) S2-Rh2-Pl 84.909(20)

Tel-B3-B4 63.11(11) Tel-B3-B7 115.85(14)

B4-B3-B8 56.80(16) B7-B3-B8 61.30(16)

Tel-B4-B3 67.85(11) Tel-B4-B5 66.08(12)

B3-B4-B8 56.01(15) B5-B4-B9 57.52(16)

B8-B4-B9 60.61(18) Tel-B5-B4 65.47(11)

Tel-B5-B6 67.75(10) B4-B5-B9 57.50(16)

B6-B5-BI0 56.39(14) B9-B5-BIO 61.17(17)

Te-B6-Rh2 66.87(6) Tel-B6-B5 63.06(10)

215



Tel-B6-Bll 114.38(13) Rh2-B6-Bll 64.15(11)

B5-B6-BI0 55.93(15) BI0-B6-Bl1 60.87(15)

Rh2-B7-B3 70.05(12) Rh2-B7-Bll 64.67(11)

B3-B7-B8 58.83(15) B3-B7-Bl1 111.90(17)

B8-B7-BI2 59.64(16) BI1-B7-BI2 58.73(15)

B3-B8-B4 67.19(16) B3-B8-B7 59.87(15)

B4-B8-B9 59.51(17) B7-B8-BI2 59.75(16)

B9-B8-BI2 59.77(17) B4-B9-B5 64.98(16)

B4-B9-B8 59.88(17) B5-B9-BI0 59.28(16)

B8-B9-BI2 60.06(17) BI0-B9-BI2 60.24(17)

B5-BI0-B6 67.68(16) B5-BI0-B9 59.55(16)

B6-BI0-Bl1 60.10(14) B9-BI0-BI2 59.42(17)

BI1-BI0-BI2 59.31(15) Rh2-BI1-B6 69.22(11)

Rh2-BI1-B7 66.62(11) B6-BII-B7 113.19(17)

B6-BI1-BI0 59.03(15) B7-BII-BI2 59.04(15)

BI0-BI1-BI2 60.04(16) B7-BI2-B8 60.60(16)

B7-BI2-Bll 62.23(15) B8-BI2-B9 60.17(17)

B9-BI2-BI0 60.34(17) BIQ-BI2-Bl1 60.65(15)

Rh2-Sl-Cl 86.83(7) Rh2-S1-Cl 88.37(7)

SI-Cl-S2 112.05(11) SI-CI-Nl 125.55(16)

S2-CI-Nl 122.40(16) CI-NI-CII 124.02(18)

Rh2-PI-C21 116.80(7) Rh2-PI-C31 115.69(71)

Rh2-PI-C41 113.31(7) C2I-PI-C31 100.72(10)
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Table 6.18 Bond distancesfor compound(230) and three related 12 vertex

rhodatelluraboranescloso-[2,2-(PPh3)2-2-H-1,2-TeRhB.oHuJ(220),�~ closo-[2-(";­

Cp;-2,I-RhTeB.oHlol(221),236and closo-[2-(PPhJ-2-H-2-(Ph2PCJlJ-2,I-RhTe­

B.oH,] (222).237

No. Rh-Te/A Rh-B/A Te-B/A
0

B-B/A

230 2.5812(3) 2.2038(24)- 2.293(3)-2.3924(23) 1.747(4)-

2.2897(22) 1.956(4)

220 2.6172(4) 2.238(4)-2.333(5) 2.296(4)-2.399(4) 1.743(5)-

1.962(7)

221(a) 2.529(4) 2.187(12)- 2.264(13)-2.407(12) 1.724(17)-

2.286(13) 1.982(17)

------- ---------- ----------------------- ------------------------- --------------
221(b) 2.536(4) 2.214(11)- 2.302(13)-2.392(12) 1.735(16)-

2.312(12) 1.967(16)

222 2.5656(4) 2.263(5)-2.331(4) 2.294(5)-2.439(5) 1.725(8)-

1.970(6)

The Rh-S distancesof 2.4132(6)and 2.3577(6)A are significantly different

andshowa transeffect with Rh-S(2)trans to Te beingshorterthan Rh-S(l) trans to

B(5) [2.3577(6) and 2.4132(6) A respectively] this is also the case with other

dithiocarbamates,Table6.15.

The S-C distancesof 1.6980(21)and 1.7100(20)A are similar to thosein

[Rh2( '12- S2CNMeJs][BF4] (237)which rangefrom 1.688(10)-1.771(10)A, Table6.1S.

The S-C distancesin (230) are notably shorter than the typical S-C single bond

distanceof 1.82 A26& but longer than the typical S=C double bond of 1.61 A.­
Thereis alsoaneffecton theS-C bondlengths,thelongerS-Cbondbeingassociated

with the shorterRh-S bond and vice versa [S(I)-C(l) 1.6980(21)A and S(2)-C(1)

1.7100(20)A].
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The C-N bond distanceof 1.320(3)A correspondsto the averageC-N bond

distanceof 1.324 A in dithiocarbamatesand is comparablewith C-N distancesof

rhodium-dithiocarbamatecomplexesgiven in Table6.15.206

The Rh-Pdistanceof 2.4020(6)A is similar to thedistanceof 2.408(1)A in

�c�l�o�s�o�-�[�3�-�{�.�,�,�2�-�S�C�(�H�)�N�P�h�}�-�3�-�(�P�P�h�3�)�-�3�,�1�,�2�-�R�h�A�~�~�H�9�] (198), but longer than the

averageRh-Pdistanceof 2.33 A for rhodium-triphenylphosphinecomplexes,Table

6.11.206

6.2.4NMR Spectroscopy

The NMR spectraof compoundscloso-[3-{.,,2-SC(H)NPh}-3-(PPh3)-3, 1,2­

�R�h�C�2�~�H�l�I�] (197), closo-[2-{.,,2-S2CN(H)Ph}-2-(PPh31-2,I-RhTeBloHlo] (230) and

�c�l�o�s�o�-�[�3�-�{�.�,�,�2�-�S�C�(�H�)�N�(�p�-�t�o�l�)�}�-�3�-�(�P�P�h�3�)�-�3�,�1�,�2�-�R�h�A�~�~�~�] (234) were kindly recorded

on a BRUKER AM 400MHz instrumentby Dr. J. D. Kennedy,Universityof Leeds,

England. All theotherspectraincludingall 13C spectrawererecordedon a lEOL FT

GSX 270 MHz spectrometerby Mr. D. O'Leary, University College, Cork. In

generalthe NMR datawere not very informative.

6.2.4.1 NMR spectra of the thiofonnamido rhodacarboranecloso-[3-{rI­
SC(H)NPh}-3-(PPh3)-3,1,2-RhC2B,Hn] (197)andthedithiocarbamatorhodacar­

borane�c�l�o�s�o�-�[�3�-�{�'�;�-�S�2�C�N�(�H�)�P�h�}�-�3�-�(�P�~�-�3�,�1�,�2�-�R�h�<�;�B�,�H�I�I�] (229)

The measuredNMR parametersfor the thioformamidorhodacarborane(197)

aregiven in Table6.19andthe 11B and11B{1H} NMR spectraareillustratedin Figure

6.24. The 400 MHz 11B{1H} NMR spectrumof (197) displayednine resonancesof

unit relativeintensityconsistentwith a fully asymmetricmetallacarboranecage. All

boronatompositionshadao-terminalhydrogenatomsboundto themandtheborane

lH resonanceswere assigned to their directly bound boron atoms by lH­

{l1B(selective)} spectroscopy. In generalthe llB shieldingpattern for (197) shows

somesimilaritieswith cioso-[3,3-(PPh3)2-3-H-3,1�,�2�-�R�h�C�2�~�H�I�1�] (59Fandcloso-[3­

{,,2-S2CN(H)Ph}-3-(PPh3)-3,1,2-RhC2BgHI1](229). Figure 6.25 gives the chemical

shifts and relative intensitiesin the I1B NMR spectraof (59), (197) and (229).
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Table6.19IH andliB datafor closo-[3-{tI-SC(H)NPh}-3-PPh3-3,1,2-RhC2B,HII]

(197) at 297K.

i(IlB)/ppm i(IH)/ppm

+7.4 3.80

+4.1 2.82

-3.4 2.29

-4.8 2.64

-6.9 2.39

-8.0 2.00

-12.1 2.01

-15.6 1.78

-23.1 1.67

CH 4.12

4.32

at 219K �~�f�I�P�) +42.7 IJe03Rh-3Ip) 154Hz

�~�e�H�) +8.84 {SC(H)NPh}
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Figure6.24IIB(top trace)andIIB{IH} (lower trace)NMR spectraof closo-[3-{";.

SC(H)NPh})-3-(PPhJ-3,1,2-RhC2B,Hu] (197).
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Figure6.25Stick diagramsof the chemicalshifts and relative intensitiesin the

liB NMR spectraof (A) closo-[3,3-(PPh3)2-3-H-3,1,2-RhC-.zB,HII] (59),205(B) closo­

[3-{,f-SC(H)NPh}-3-(PPhJ-3,1,2-RhC2B,HII] (197) and (C) closo-[3-{,f­

S2CN(H)Ph}-3-(PPhJ-3,1,2-RhC1B,Hn](229) with tentativeassignments.

6.2.4.2NMR spectraof the dithiocarbamatorhodaarsenaboranescloso-[3-{,f­

S2CN(H)R}-3-(PPhJ-3,1,2-RhAs1B,H,]{R=Ph (232),p-tol (233) and Bz (23S>}

The NMR propertiesof compounds(232), (233) and (235) are strikingly

similar. The liB and IIB{1H} NMR spectraof (232) are illustrated in Figure6.26.

The IIB{1H} NMR spectrumdisplayedthree resonancesof relative intensity 4:2:3.

The IIB{IH} NMR spectraof (232), (233) and (235) canbecomparedto that of the

parentrhodaarsenaboranecloso-[3 ,3-(PPh3)2-3-H-3,1�,�2�-�R�h�A�~�~�H�9�] (58)6.22 in stick

diagramform, Figure6.27. No bridging hydrogenswereobservedin the IH NMR

spectraof (232), (233) and (235) which is consistentwith the closo natureof the

compounds. Comparisonof the NMR spectraof (232), (233) and (235) with the

NMR spectrumof (58) allows "tentative" assignmentof the peaks as illustrated in

Figure6.27.
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Figure6.26IlB(top trace)andUB{IR} (lower trace)NMR spectraof closo-[3-{,f­

S2CN(H)Ph}-3-(PPhJ-3,1,2-RhAs2B,H,] (232).
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Figure6.27Stick diagramsof the chemicalshifts and relative intensitiesin tbe

liB NMR spectraof (A) closo-[3,3-(PPb:Jz-3-H-3,1,2-RhAszB,H,l(58),',21(B) closo­

[3-{,r-S2CN(H)Bz}-3-(PPh3)-3,1,2-RbAs2B,H,l (235), (C) closo-[3-{,r-SzCNH(P­

tol)}-3-(PPh:J-3,1,2-RhAs2B,H,] (233)and(D) closo-[3-{,r-SzCN(H)Ph}-3-(PPbJ­

3,1,2-RbAszB,H,l(232) with tentativeassignments.
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6.2.4.3 NMR spectraof the thiofonnamidorhodaarsenaboranescloso-[3-{rr­
SC(H)NR}-3-(PPhJ-3,1,2-RhAs2B,H,] {R=Ph (198),p-tol (234) andHz (236)}

TheIlB{lH} NMR spectraof (198),Figure6.28and(234)had2:2:2:3relative

intensity patterns,whilst (236) had a 2:2:2:2:1 relative intensity sequence. No

bridging hydrogenswereobservedin theIH NMR spectraof (198), (234)and(236).

The IlB{lH} NMR spectraof (198), (234) and (236) canbecomparedto eachother

in stick diagramform, Figure6.29.

\
\

�-�"�:�=�'�-�-�-�.�r�J�l�I�~�-�- ._-" •• -- .----. - _.- ._.
10 2' .0 0 -10 -aD -]it'

Figure6.28IIB(top trace)andIIB{IR} (lowertrace)NMR spectraof closo-[3-{";­

�S�C�(�H�)�N�P�h�}�-�3�-�(�P�P�h�:�J�-�3�,�1�,�2�-�R�h�A�~�B�,�H�,�] (198).

224



•
I

•
•
I

I
I

•
I
I
I

,,,,,
I

A

B
I ,

I ,
I

I, ,,
I ,

I

•I
•

c
I I I r-
0 -5 -10 -15+5

\
\
\
\,

\,

,
I
I,
••

�-�t�-�-�-�-�-�-�-�-�-�-�I�~�-�-�-�l�-�-�-�-�-
+20 +15 +10

Figure6.29Stick diagramsof the chemicalshiftsand relative intensitiesin the

liB NMR spectraof (A) closo-[3-{Jf-SC(H)NPh�}�-�3�.�(�P�~�-�3�,�1 ,2-RhAs1B,H,l (198),

(B) closo-[3-{Jf-SC(H)NCp-tol)}-3.(PPh:J-3,1�,�2�-�R�h�A�~�B�,�H�,�l (234)and(C) closo-[3­

�{�,�(�-�S�C�(�H�)�N�B�z�}�-�3�.�(�P�P�h�3�)�-�3�,�1�,�2�-�R�h�A�~�B�,�H�,�l (236).
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6.2.4.4 NMR spectraof the dithiocarbamatorhodatelluraboranecloso-[2-{rI­
S2CN(H)Ph}-2-(PPh3)-2,1-RhTeB.oH.ol(230)

The IIB{1H} NMR spectrumof (230) hada 2:4:2:2relative intensitypattern

Figure 6.30. The thioformamido rhodatelluraboranecioso-[2-{,,2-SC(H)NPh}-2­

(PPh3)-2,I-RhTeB.oH.ol(231) hada 2:3:1:2:2pattern. No bridging hydrogenswere

observedin the ·H NMR spectrumof (230) or (231).

; i ' , , , i • , , , i ' , , Ui • , , , i ' , , , i" , • i u. , i ' • , , i ' • cUi' • • • I ' , , , i ' , , • I ' • , • i ' , , • i ' • • • i" • • I • • , , i ' , • , i ' U
10 '1 '0 II 10 2S 20 .1 .1 I 0 -I -10 -11 -20 -21 -so -SS -'0"..
Figure6.30 liB (top trace)andIIB{IH} (lower trace)NMR spectraof closo-[2-{';­

S2CN(H)Ph}-2-(PPhJ-2,1-RhTeB.oH.ol(230).
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6.2.4.513C NMR of dithiocarbamateandthioformamidocomplexes

Froma studyof overseventymetaldithiocarbamatecomplexes,thechemical

shift of the carbonatom in the �N�C�~ moiety bondedto a rhodium atom has been

assigneda 8valueof - +208 ± 2 ppm.213 For the four dithiocarbamatecomplexes

cioso-[3-{'12-S2CN(H)Ph}-3-(PPh3)-3, 1,2-RhC2BJill] (229) and closo-[3-{'12-S2C­

�N�(�H�)�R�}�-�3�-�(�p�P�h�3�)�-�3�,�1�,�2�-�R�h�A�~�B�9�H�9�] {R=Ph (232), p-tol (233) and Bz (235)} the 8

valuesof thecarbonatomsin the {'12-S2CN(H)R} ligandshavebeenmeasured,Table

6.20. Thesevaluesarebetween207.1-209.9ppm.

For the thioformamidocomplexescloso-[3-{'12-SC(H)NPh}-3-(PPh3)-3,I ,2­

�R�h�C�2�~�H�l�l�] (197),�c�l�o�s�o�-�[�3�-�{�~�-�S�C�(�H�)�N�R�}�-�3�-�(�p�P�h�~�-�3�,�1�,�2�-�R�h�A�~�B�9�H�9�] {R=Ph(198),

p-tol (234) and Bz (236)} and closo-[2-{'12-SC(H)NPh}-2-(pPh3)-2,I-RhTeBuJIIO]

(231), the 8 valuesof thecarbonatomin the {'12-SC(H)NR} ligand are - 180ppm,

Table 6.20. Hence, from a 13C NMR study dithiocarbamatecomplexescan be

distinguishedfrom thioformamidocomplexes.

Table 6.20 13C valuesfor the {tI-S2CN(H)R} ligand in complexes(229), (232),

(233)and(235)andfor the{tI-SC(H)NR} ligandin complexes(197), (198),(234),

(236) and (231).

COMPOUND 8(13C)/ppm COMPOUND 8e3C)/ppm

{ tI-S2CN(H)R} {tI-SC(H)NR}

229 209.9 197 180.9

232 207.6 198 179.8

233 207.1 234 178.7

235 207.9 236 181.1

231 179.6
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6.3 SUMMARY AND CONCLUSIONS

ReactionsbetweenRNCS(R=Ph,p-tolandBz) andRh-Hbondsin closo-[3,3­

(PPh3)2-3-H-3,1�,�2�-�R�h�A�~�~�H�9�l (58), closo-[2,2-(PPh3h-2-H-2,1-RhTeBloHlol (220)

and closo-[3,3-(PPh3)2-3-H-3, 1�,�2�-�R�h�C�2�~�H�l�1�] (59) were studied. The rhodaarsena­

borane closo-[3,3-(PPh3h-3-H-3,1,2-RhAsAH9l (58) was reacted with RNCS

(R=Ph,p-tol and Bz) in CH2Cl2to form threedithiocarbamatorhodaarsenaboranes

closo-[3-{'12_S2CN(H)R}-3-(PPh3)-3,1�,�2�-�R�h�A�~�~�9�l {R =Ph(232),p-tol(233)andBz

(235)} andthreethioformamidorhodaarsenaboranescloso-[3-{'12-SC(H)NR}-3-(PPh3)­

�3�,�1�,�2�-�R�h�A�~�_�B�9�H�9�] {R=Ph (198),p-tol (234) and Bz (236)}.

Reactionof the rhodatelluraboranecloso-[2,2-(PPh3h-2-H-2,I-RhTeBloHlo]

(220), and the rhodacarboranecloso-[3,3-(PPh.J)2-3-H-3, 1�,�2�-�R�h�C�2�~�H�l�l�] (59)

respectivelywith PhNCS afforded the two new rhodatelluraboranes,closo-[2-{rj2­

S2CN(H)Ph}-2-(PPh3)-2,l-RhTeBloHlOl (230)andcloso-[2-{'12-SC(H)NPh}-2-(PPh3)­

2,I-RhTeBloHlol (231), and two new rhodacarboranescloso-[3-{'12-SC(H)NPh}-3­

(PPh3)-3,1�,�2�-�R�h�C�2�~�H�l�1�l (197) and �c�l�o�s�o�-�[�3�-�{�'�1�2�-�S�2�C�N�(�H�)�P�h�}�-�3�-�(�p�P�~�)�-�3�, 1,2­

�R�h�C�2�~�H�l�l�l (229).

Thereactionconditionswerevaried in orderto maximisethe yields of either

the thioformamido or dithiocarbamatocomplexes,Table 6.21. Under thermally

inducedreflux conditions,thereactionbetweentherhodiumhydridecomplexes(58),

(220) and (59) and RNCS (R=Ph, p-tol and Bz) in a 1:1 mole ratio afforded

thioformamido {'12-SC(H)NR} complexesas the major products. If an excessof

isothiocyanatewas usedthe major productwas the dithiocarbamate{'12-S2CNH(R)}

complex. Theseresultsarecomparablewith previousreactionsof metal complexes

with isothiocyanatesas discussedin the introduction.2j6·261

Subjectingthe reactionof the rhodacarboranecloso-[3,3-(PPh3h-3-H-3, 1,2­

�R�h�C�2�~�H�l�l�l (59) with PhNCSin a 1:1 mole ratio in CH2Cl2to microwaveirradiation

for 5 minutesproduced�c�l�o�s�o�-�[�3�-�{�'�1�2�-�S�C�(�H�)�N�P�h�}�-�3�-�(�p�P�h�3�)�-�3�,�1�,�2�-�R�h�C�2�~�H�l�l�l�(�1�9�7�) in

98.8% yield. Clearly the reactioncarried out in the microwaveoven afforded a

marked improvementin the yield of (197), required much less time and afforded

fewer sideproducts.
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Table6.21 MaxbnisedYields of {S2CN(H)R} and{SC(H)NR} productsfor the

reactionsof (58), (220) and (59) with RNCS (R=Ph,p-tol andHz) in CH2CI2-

Rhodaheteroborane RNCS % yield of % yield of

{SC(H)NPh} {S2CN(H)Ph}

product product

closo-[3,3-(PPh3)2-3-H-3, 1,2- PhNCS 9S.S· 31.9"

�R�h�C�2�~�H�l�l�] (59)

closo-[2,2-(PPh3)2-2-H-2,1- PhNCS 52.Sc 9.OC

RhTeBIOHIO] (220)

closo-[3,3-(PPh3)2-3-H-3, 1,2- PhNCS 64.2c 54.9d

�R�h�A�~�~�9�] (5S)

closo-[3,3-(PPh3)2-3-H-3,1,2- p-tolNCS 47.OC 26.4c

�R�h�A�~�~�H�9�] (5S)

closo-[3,3-(PPh3)2-3-H-3, 1,2- BzNCS 53.9& 19.5c

�R�h�A�~�B�9�H�9�] (5S)

• 1:1 mole ratio of heteroborane:RNCSheated by microwave irradiation for S

minutes.

b 1:10 mole ratio of (229):PhNCSheatedby microwaveirradiation for 45 minutes.

c 1:10 mole ratio of heteroborane:RNCSheatedat reflux for ISh.

cI 1:100 mole ratio of (58):PhNCSstirred at room temperaturefor 4 d.

e 1:1 mole ratio of (58):p-toINCSheatedat reflux for 18h.
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All of the compounds(197), (198) and (229)-(236)were yellow/orangein

colour and air-stableand were characterisedby spectroscopicmethods. In three

cases,compounds(232), (198) and (230), the structureswere elucidatedby single

crystal X-ray analysis.

The successfulsolution and refinementof the molecularstructurescloso-[3­

�{�,�.�,�2�-�S�C�(�H�)�N�P�h�}�-�3�-�(�p�P�~�)�-�3�, 1�,�2�-�R�h�A�~�_�B�9�H�9�] (198), �c�l�o�s�o�-�[�3�-�{�,�f�-�S�2�C�N�(�H�)�P�h�}�-�3�-�(�p�P�~�)�­

3,1�,�2�-�R�h�A�~�~�H�9�]�(�2�3�2�)�a�n�d�c�l�o�s�o�-�[�2�-�{�,�.�,�2�-�S�2�C�N�(�H�)�P�h�}�-�2�-�(�p�P�h�3�)�-�2�, �l�-�R�h�T�e�B�l�o�H�l�(�~ (230)

showedthat all three compoundshad a closo twelve-vertexgeometrybasedon a

distorteddodecahedron. Compounds(232) and (198) are the first reportedX-ray

crystal structuresof rhodaarsenaboranes.Compound(198) appearsto be the first

reported {,.,2-SC(H)NPh}Rh-containingstructure. The Rh-P distancein (198) of

2.408(1)A is considerablylongerthan the reported"normal" Rh-Pbonddistanceof

2.33 A for rhodium triphenylphosphinecomplexes.206 The C-S distancein (198) of

1.695(6)A is notably shorterthan the typical C-S singlebond distanceof 1.82 A268

but longerthan the typical C==Sdoublebondof 1.61 A.269 TheC-S distancein (198)

is very similar to thosein other,.,2-isothiocyanatecompounds,Table6.11. TheN-C

bonddistancein (198)of 1.296(7)A is closeto the typical N ==C doublebond length.

of 1.287 A.'m The Rh-As distancesof in (198) of 2.487(1) and 2.531(1)A are

similar to the Rh-As bond distances in closo-[3-{,.,2-S2CN(H)Ph}-3-PPhr3, 1,2­

�R�h�A�~�B�9�H�9�] (232) which rangefrom 2.438(3)-2.5150(9)A.

Theunit cell for compound(232)containedtwo independentmoleculeswhich

did not differ significantly. In eachmoleculeoneof the arsenicatomsin the boron

cage is disorderedover two sites with the same population parametersin both

moleculeswhich leadsto somecomplicationin the discussionof the structure.

Compounds(230) and (232) are both {,.,2-S2CN(H)Ph}Rh(pPh3)} rhodium

dithiocarbamatecomplexes. The Rh-S distancesof 2.4132(6)and 2.3577(6)A in

(230) are significantly different and show a trans effect with Rh-S(2) trans to Te

beingshorterthanRh-S(1)transto B(5) [2.4020(6)and2.4132(6)A respectively]this

is alsothecasewith otherdithiocarbamates,Table6.15. TheS-C distancesin (230)

and (232) are notably shorterthan the typical S-C singlebonddistanceof 1.82 A26I

but longer than the typical S==C doublebond of 1.61 A.269 There is also an effect

on theS-C bond lengths,the longerS-ebondbeingassociatedwith theshorterRh-S
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bondandviceversa. TheN-C bonddistancesof 1.339(6){1.324(6)} A in (232)and

1.320(3) A in (230) correspondwith the averagebond distanceof 1.324 A in

dithiocarbamates(within twice the esd),andaresimilar to the N-C distancesof the

rhodiumdithiocarbamatecomplexesin Table6.15.206

For the rhodatelluraboranecompound(230) the Rh-Te bondlength is similar

to thosedistancesin other 12 vertex rhodatelluraboranes,Table 6.18, and these

rangesaretypical of metallatelluraboranesin general.3•197 Within theTeBlo cage,the

B-B distancesvary from 1.747(4)-1.956(4)A and the Te-B distancesrange from

2.293(3)-2.3924(23)A, which are similar to those distancesin other 12 vertex

rhodatelluraboranes,Table6.18,andtheserangesaretypical of metallatelluraboranes

in general.3.197

The Rh-B bond distancesin (198) (230) and (232) are within the standard

rangeof Rh-B bonddistances,andaresimilar to thedistancesof thetypical 12 vertex

rhodaheteroboranes.206

Infrared spectraof the compounds(197), (198) and (229)-(236)contained

characteristicB-H bandsand bandsdue to phosphineligands. No B-H-B, Rh-H-B

or Rh-H bandswere observedin the IR spectraof (197), (198) and (229)-(236).

Therewerefour characteristicbandsfor thedithiocarbamatecomplexes(229), (230),

(232), (233)and (235). Thesewerethe N-H stretch,the N-H bend,theC---Sbonds

which are also linked to a nitrogen atom and the C-N stretch. There were three

characteristicbandsfor the thioformamidocomplexes(197), (198),(231), (234) and

(236). TheseweretheC=N stretch,theC-H bendof the thioformamidoligandand

the C=.:S band.

The NMR propertiesof compounds(232), (233) and (235) were strikingly

similar. Eachspectrumdisplayedthreeresonancesof relative intensity4:2:3. The

llB{1H} NMR spectraof therhodaarsenaboranethioformamidoderivative(198), (234)

and (236) showed a 2:2:2:1:1:1, a 2:2:2:2:3 and a 2:2:2:2:1 relative intensity

sequencerespectively. The IlB(lH} NMR spectrumof the thioformamido compound

(197) displayed nine resonancesof unit relative intensity consistentwith a fully

asymmetricmetallacarboranecage..The IlB(lH} NMR spectraof thedithiocarbamato

compound(230) had a 2:4:2:2 relative intensity pattern whilst the thioformamido

derivative (231) had a 2:3:1:2:2 pattern. For compounds(197), (198) and (229)-
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(236) all boronatom positionshadao-terminalhydrogenatomsboundto them and

no bridginghydrogenswereobservedin theIH NMR spectrawhich is consistentwith

the closo natureof the compounds.

For thefour dithiocarbamatecomplexes(229), (232), (233)and(235) the13C

avaluesof the carbonatom in the {'72-S2CN(H)R} ligand hasbeenmeasured,and

rangesfrom 207.1-209.9ppm, thesevaluesare similar to eachotherandprovidea.

methodof distinguishingthe mannerin which the isothiocyanateligand is bondedto

themetal. For thethioformamidocomplexes(197), (198), (231), (234)and(236) the

avaluesof thecarbonatomin the {'72-SC(H)NR} ligand hasalsobeen measuredand

are • 180 ppm. Hence,from 13C NMR spectroscopyit is very easyto distinguish

dithiocarbamatecomplexesfrom thioformamidocomplexes.

6.4 EXPERIMENTAL

6.4.1 GeneralMethodology

All reactionsandrecrystallisationswerecarriedout underan inertatmosphere

but productswereisolatedand manipulatedin air. Thin layer chromatography(tIc),

preparativethin layer chromatography(PIc) and all spectroscopicand analytical

analyseswerecarriedout as statedin section4.3.1.

SinglecrystalX-ray analyseswereperformedby ProfessorGeorgeFerguson

andDr. JohnGallagher,Universityof Guelph,Canada(seesection4.3.1for details).

Dr. J. D. Kennedy,University of Leeds,recordedthe IH, liB and 31p NMR

spectra for compounds(230), (197) and (234) on a BRUKER AM 400 MHz

instrument. All theotherspectraincludingall 13C spectrawererecordedon a JEOL

Fr GSX 270 MHz spectrometerby Mr. �D�.�~ O'Leary, University College, Cork.

Elementalanalyses(C, H, N, S and B) wereperformedby Mrs. H. Kelly and Mr.

B. o'Mahoneyat the MicroanalyticalLaboratory,University College,Cork.

The compoundscloso-[3,3-(PPh3)2-3-H-3,1�,�2�-�R�h�A�~�B�~�] (58),6 closo-[2,2­

(PPh3)2-2-H-2,I-RhTeBloHlol(220)97 and closo-[3,3-(PPh3)2-3-H-3,1,2-RhC2BJiIl]

(59)33 were prepared according to literature methods and characterised

spectroscopicallyandby (C,H) microanalysis.Theisothiocyanates(RNCS,R = Ph,
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p-tol andBz) wereobtainedfrom the Aldrich ChemicalCompanyLtd., Englandand

usedas supplied.

6.4.2 ReactionbetweenPhNCSand�c�l�o�s�o�-�[�3�,�3�-�(�P�P�b�~�2�-�3�-�H�-�3�,�1�,�2�-�R�h�~�B�,�H�,�] (58)

Procedure1

To a solution of closo-[3 ,3-(pPh3h-3-H-3,1�,�2�-�R�h�A�~�~�H�9�] (58) (0.109,

0.113mmol)in CH2Cl2(20ml) wasaddedPhNCS(0.15g, 1.13mmol). The mixture

was heatedat reflux for 18h. The dark orangesolution was concentratedunder

reducedpressure(rotatoryfilm evaporator,25°C). PreparativetIc {CH2C12 - hexane

(3:2)} producedca. thirteenbandsof which two werein significantamountandwere

isolated: (a) a yellow band(Rf = 0.4) and (b) an orangeband(R, = 0.8).

(a)Theyellow bandwasextractedinto CH2Cl2andrecrystallisedfrom CH2CI2

- hexane(3:2) as pale orangeprisms of �c�l�o�s�o�-�[�3�-�{�J�f�-�S�2�C�N�(�H�)�P�h�}�-�3�-�(�P�P�h�~�-�3�,�1�,�2�­

�R�h�A�~�~�H�9�] (232) (0.018g, 20.2%). (Found: C, 37.5; H, 4.0; N, 1.9; S, 8.3,

�C�2�5�H�3�o�A�~�B�9�N�P�R�h�S�2 requires: C, 38.0; H, 3.9; N, 1.8; S, 8.1%). IR: J'max(KBr)

3235(m) (NH), 3015(vw), 2925(vw), 2900(w), 2830(w), 2518(vs)(BH), 1582(m),

1518(s), 1485(s), 1468(w), 1428(s), 1422(s), 1380(s,br), 1322(vw), 1178(vw),

1152(vw), 1084(m),99O(s), 820(vw), 740(s), 718(vw), 690(vs) em-I. NMR data

lIB(lH} (CH2CI2, 298K) {orderedas: �~ ppm (multiplicity, intensity)} + 15.6(s,4B),

+8.9 (s,2B), -8.3 (s,3B). 13C (S2CNHPh)207.6ppm, IH (NH) 8.3 ppm.

(b) The orange band was extracted into CH2C12 and recrystallisedfrom

CH2C12-hexane(3:2) as orange-redblock crystals of closo-[3-{,f-SC(H)NPh}-3­

�(�P�P�h�3�)�-�3�,�1�,�2�-�R�h�A�~�~�H�9�] (198) (0.055g,64.2%). (Found:C, 40.1; H, 4.2; N, 2.0,

�C�2�.�S�H�3�o�A�~�B�9�N�P�R�h�S requiresC, 39.6; H, 4.0; N, 1.85%). IR: pmax(KBr) 3030(w),

2900(w), 2830(w), 2540(s,sh)(BH), 2515(vs)(BH), 2505(vs,sh)(BH), 2482(s,sh)

(BH), 1580(w), 1570(w), 1504(s), 1495(s,sh), 1470(m), 1440(w), 1428(m,sh),

1422(s), 1262(w), 1200(w), 1175(vw), 1150(vw),1082(m), 1001(m,sh), 993(s),

910(w),9OO(vw),880(w), 840(vw), 815(vw),750(m,sh),74O(s),689(s)em-I. NMR

data lIBflH} �(�C�~�2�C�I�2�' 298K) {ordered as: �~ ppm (multiplicity, intensity)} + 16.95

(s,2B), + 13.8 (s,2B), +8.02 (s,2B), -8.7 (s,lB), -9.1 (s,IB), -9.7 (s,lB). I3C

{SC(H)NPh} 179.8ppm, IH {SC(H)NPh} 8.6 ppm.
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Procedure2

To a solution of eloso-[3,3-(PPh3h-3-H-3, 1,2-RhAsAH9] (58) (0.109,

0.113mmol)in CH2Cl2 (20ml) wasaddedPhNCS(1.50g, 11.3mmol). The mixture

was stirred at room temperaturefor 4 days. The dark orange solution was

concentratedunderreducedpressure(rotatory film evaporator,25°C). Preparative

tIc {CH2CI2 - hexane(3:2)} producedca. 13 bands. Two bandswereisolated:(a) a

yellow band(R, = 0.4)and(b) anorangeband(Rf == 0.8) (asin procedure1 above).

(a) The yellow band was extracted into CH2Cl2 and recrystallisedfrom

CH2Cl2-hexane(3:2) as pale orangeprisms of �e�l�o�s�o�-�[�3�-�{�f�(�-�S�2�C�N�(�H�)�P�h�}�-�3�-�(�p�P�~�)�­

�3�,�1�,�2�-�R�h�A�~�~�H�9�l (232) (0.049g,54.9%). IR andNMR datawereidenticalto those

reportedin procedure1.

(b) The orangeband was extracted into CH2Cl2 and recrystallised from

CH2Cl2-hexane(3:2) as orange-redblock crystals of eloso-[3-{f(-SC(H)NPh}-3­

�(�P�P�h�3�)�-�3�,�1�,�2�-�R�h�A�~�~�9�] (198) (0.013g,15.2%). IR and NMR datawere identical

to thosereportedin procedureI.

6.4.3X-ray analysisof closo-[3-{J!-S2CN(H)Ph}-3-(PPh3)-3,1,2-RhAsJl,H,l (232)

Crystal Data: �C�2�s�H�3�<�A�~�~�N�P�R�h�S�2�' M =789.67,triclinic, P], a = 12.370(3),b =
14.380(3), e = 18.865(4)A, cr == 99.16(2),(j = 95.04(2),-y :z 107.40(3)°,U ==

3128.6(12)A3, Z == 4, Dc == 1.68gcm·3, A(Mo-KJ = 0.7093A, JL(Mo-KJ == 28.31

cm-1, F(OOO) = 1560, T == 291K, R = 0.036, Rw -= 0.041 for 8613 observed

reflections. The unit cell containedtwo independentmoleculeswhich do not differ

significantly. Oneof thearsenicatomsin theboroncageis disorderedovertwo sites

with the sameoccupancyfactors (Ast 0.864and As7 0.287)in both molecules.

6.4.4X-ray analysisof closo-[3-{J!-SC(H)NPh}-3-(PPhJl-3,1,2-RhAs2B,H,] (198)

Crystal Data: �C�2�s�H�3�e�A�~�~�N�P�R�h�S�, M = 757.61,monoclinic, C2le, a = 30.874(5),

b = 9.860(2),e = 21.333(3)A, (j == 106.66(1),U == 6221(4)A3, Z = 8, Dc =

1.62gcm-3, A(Mo-KJ == 0.71073A, JL(Mo-KJ == 27.8em-I, F(OOO) == 2992,T =

294 K, R == 0.033,Rw == 0.036for 3343observedreflections.
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6.4.5Reactionof closo-[2,2-(PPh3)2-2-H-2,1-RhTeBloHlol(220) with PhNCS.

To a solution of closo-[2,2-(PPh3h-2-H-2,1-RhTeBIOHlOl (220) (0.109,

0.114mmol)in CH2Cl2 (20mls)wasaddedPhNCS(0.154g,1.14mmol). Themixture

was heatedat reflux for 18h. Theorangesolution wasconcentratedunderreduced

pressure(rotatory film evaporator,25°C). Preparativetic {CH2CI2 - hexane(3:2)}

producedtwo major components:(a) a yellow band (Rr =: 0.4) and (b) an orange

band(R, =: 0.8).

(a) The yellow band was extracted into CH2Cl2 and recrystallised from

CH2C12-hexane(3:2) to give pale orangecrystals of closo-[2-{,f-S2CN(H)Ph}-2­

(PPh3)-2,I-RhTeBIOHlOl (230) (0.OO8g,9.0%). (Found: C, 38.1; H, 4.0; N, 1.9,

C2sH31BIONPRhS2TerequiresC, 38.5; H, 4.0; N, 1.8%). IR: "max(KBr) 3280(w)

(NH), 3030(w),2930(w,sh),2903(m),2838(w),2520(vs)(BH), 1582(m), 1505(m),

1485(s),1468(m),1428(s,sh),1424(s),1360(s,br),1322(vw), 1256(vw), 1180(vw),

1152(vw), 1088(m), 1022(w), l000(vs), 910(vw), 880(m),748(s), 690(vs) em-I.

NMR data lIB{IH} (CH2CI2, 298K) {ordered as: 8 ppm (multiplicity, intensity)}

+21.2 (s,2B), +17.2 (s,4B), -6.3 (s,2B), -10.1 (s,2B). �8�~�l�p�) +36 ppm (broad)at

294K.

(b) The orange band was extracted into CH2Cl2 and recrystallised from

CH2C12-hexane(3:2) to give darkorange-redcrystalsof closo-[2-{112-SC(H)NPh}-2­

(PPh3)-2,I-RhTeBIOHIO] (231) (0.045g,52.8%). (Found: C, 39.7; H, 4.2; N, 1.7,

C2sH31BIONPRhSTerequiresC, 40.2; H, 4.2; N 1.9%). IR: "max(KBr) 3030(w),

2930(w,sh),2903(m),2838(w),2520(vs),1580(w),1499(vs,sh),1493(vs),1470(m),

1440(w), 1430(m,sh), 1423(s), 1260(w), 1199(w), 1085(m), loo8(s), 995(s),

880(m,br),748(s),690(vs)em-I. NMR datallB{1H} (CH2CI2, 298K) {orderedas: 8

ppm (multiplicity, intensity)} +17.9 (s,2B), +12.7 (s,3B), +8.9 (s,IB), -11.4

(s,2B), -14.8 (8,28). 13C (SC(H)NPh)179.6ppm, IH (SC(H)NPh)8.4 ppm.

'.; i'
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6.4.6X-ray analysisof closo-[2-{tf-S2CN(H)Ph}-2-(PPh:J-2,1-RhTeB.oH.ol(230)

Crystal Data: C2sH3lB.oNPRhS2Te,M = 779.22, trielinie, Pl, a = 11.2314(10),

b = 11.2743(9), C = 13.5928(10)A, a == 89.322(6), (j z 69.114(7), 'Y ==

81.043(7)°,U == 1586.72(22)A3, Z = 2, Dc = 1.631gem-', X(Mo-I{J == 0.7093

A, J.'(Mo-KJ == 1.63 cm-l , F(OOO) == 760.69,T == 293K, R == 0.018,Rw == 0.035

for 6126observedreflections.

6.4.7Reactionof closo-[3,3-(PPh3h-3-H-3,1,2-RhCJJ,H1I1 (59) with PhNCS.

Procedure1

To a solution of �c�l�o�s�o�-�[�3�,�3�-�(�P�P�h�3�h�-�3�-�H�-�3�,�1�,�2�-�R�h�~�B�9�H�l�l�] (59) (0.109,

0.131mmol)in CH2Cl2(20mls)wasaddedPhNCS(0.178g,1.31mmol). Themixture

was heatedat reflux for 18h. The orangesolution was concentratedunderreduced

pressure(rotatory film evaporator,25°C). Preparativetic {CH2C12 - hexane(3:2)}

producedtwo components:(a) a major orangeband (R, == 9.8) and (b) a minor

yellow band (R, == 0.4).

(a) Theorangebandwas extractedinto CH2C12and recrystallisedas orange­

red crystals of closo-[3-{,,2-SC(H)NPh}-3-(PPh3)-3,1,2-RhCP9Hll] (197) (0.019g,

22.9%). (Found: C, 51.2; H, 5.3; N, 2.0; S, 4.95; B, 15.6, CnH32B9NPRhS

requiresC, 51.2; H, 5.1; N, 2.2; S, 5.1; B, 15.35%). IR: "max(KBr) 3030(w),

2940(w),2900(vw),2590(m,sh)(BH), 2560(vs,sh)(BH), 2540(vs)(BH), 2530(vs,sh)

(BH), 1580(w), 1502(vs), 1460(m), 1440(w), 1425(m), 1265(w,sh), 1254(m),

1200(w), 1178(w), 1088(s), 1015(w,br), 996(vw), 978(vw), 910(vw), 902(w),

880(w), 844(vw), 800(m,br),752(s,sh),743(s),691(vs) cm-I • l1B and IH NMR data

aregiven in Table6.19. 13C {SC(H)NPh} 180.9ppm.

(b) The minor yellow bandwasextractedinto CH2Cl2 andrecrystallisedfrom

CH2C12 - hexane(3:2) to give pale orangecrystalsof closo-[3-{if-S2CN(H)Ph}-3­

�(�P�P�h�3�)�-�3�,�1�,�2�-�R�h�C�2�~�H�l�1�] (229) (O.OOlg 1.1%). (Found C, 48.3; H, 5.3; .N, 2.55,

�C�n�H�3�2�~�N�P�R�h�S�2 requiresC, 48.7; H, 4.8; N, 2.1%). IR: "max(KBr) 3290(w)(NH),

303O(w),2938(w),2900(w),2830(vw),2530(vs)(BH), 1680(w),1580(w),1502(m),
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1482(m),1470(w),1428(s,sh),1422(s),1350(m,br),1252(w),1178(vw),1152(vw),

1089(s),1020(w),1010(w),998(w),976(w),800(w,br),745(m),690(vs)em-I. NMR

data llB{1H} (CH2CI2, 298K) {ordered as: 6 ppm, (multiplicity, intensity)} +5.6

(s,lB), +5.0(s,lB), -6.9(s,4B),-15.3(s,2B),-23.8(s,IB). 13C {S2CN(H)Ph} 209.9

ppm, IH (Nil) 8.2 ppm.

Procedure2

To a solution of closo-[3,3-(PPh3h-3-H-3, 1�,�2�-�R�h�~�B�9�H�I�I�] (59) (0.109,

0.131mmol) in CH2Cl2 (20mls) was added PhNCS (0.018g, 0.131mmol). The

mixture was heatedat reflux for 72h. The reaction mixture was treated as in

procedure1.

(a) Theorangebandwasextractedinto CH2Cl2 and recrystallisedasorange­

red crystals of closo-[3-{,,2-SC(H)NPh}-3-(PPh3)-3,1,2-RhCAHlI ] (197) (0.051g,

61.4%). IR and NMR datawere identical to thosereportedin procedure1.

(b) The minor yellow bandwasextractedinto CH2Cl2 and recrystallisedfrom

CH2Cl2 - hexane(3:2) to give paleorangecrystalsof �c�l�o�s�o�-�[�3�-�{�~�-�S�2�C�N�(�H�)�P�h�}�-�3�­

�(�P�P�h�3�)�-�3�,�1�,�2�-�R�h�C�2�~�H�l�I�] (229) (O.OOlg 1.1%). IR and NMR datawere identical to

those reportedin procedure1.

Procedure3

Closo-[3 ,3-(PPh3)2-3-H-3,1�,�2�-�R�h�C�2�~�H�I�I�] (59) (0.10g, 0.131mmol), CH2C12

(20mls)andPhNCS(0.018g,0.131mmol)wereintroducedinto theglassmicrowave

reaction vessel as described in section 3.4.3. The solution was subjected to

microwaveirradiation(650W) for 5 minutes. Thereactionmixture wastreatedasin

procedure1. Preparativetic CH2Cl2 - hexane(3:2) producedonly oneorangeband

(R, = 0.8)..Theorangebandwasextractedinto CH2Cl2 andrecrystallisedasorange­

red crystalsof closo-[3-{,,2-SC(H)NPh}-3-(PPh3)-3,1,2-RhCAHlI ] (197) (0.082g,

98.8%). IR and NMR datawere identical to thosereportedin procedure1.
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6.4.8Reactionof closo-[3-{,(-SC(H)NPh}-3-(PPh3)-3,1,2-RhC2B,Hu] (197) with

PhNCS.

�C�l�o�s�o�-�[�3�-�{�7�1�2�-�S�C�(�H�)�N�P�h�}�-�3�-�(�P�P�~�)�-�3�, 1,2-RhC;B,Hu l (197) (0.051g,

0.08mmol),CH2Cl2(20ml) andPhNCS(0.108g,0.80mmol)wereintroducedinto the

glass microwavereactionvesselas describedin section 3.4.3. The solution was

subjectedto microwaveirradiation(650W) for 45 minutes. Theorangesolutionwas

concentratedunderreducedpressure(rotatory film evaporator,25°C) andsubjected

to preparativetic {CH2CI2 - hexane(3:2)}. Thesinglemajorbandwasextractedinto

CH2Cl2 and recrystallisedfrom CH2Cl2 - hexane(3:2) as pale orangecrystalsof

�c�l�o�s�o�-�[�3�-�{�7�1�2�-�S�2�C�N�(�H�)�P�h�}�-�3�-�(�P�P�h�3�)�-�3�,�1�,�2�-�R�h�C�2�~�H�l�l�]�(�2�2�9�) (0.017g,31.9%). IR and

NMR were identical to thosereportedin section6.4.7.

6.4.9 Reactionbetweenp-tolylisothiocyanateand closo-[3,3-(PPhJ2-3-H-3,1,2­

RhAs2B,H,] (58)

Procedure1

To a solution of closo-[3 ,3-(pPh3h-3-H-3,1�,�2�-�R�h�A�~�~�H�,�] (58) (0.109,

0.113mmol)in CH2C12(20ml) wasaddedp-tolylisothiocyanate(0.169g, 1.13mmol).

The mixture was heatedat reflux for 18h. The orangesolution was concentrated

underreducedpressure(rotatory film evaporator,25°C). Preparativetic {CH2CI2­

hexane(3:2)} producedtwo majorcomponents:(a) a yellow band(R, =0.7)and (b)

an orangeband(R, = 0.8)

(a) Theyellow bandwasextractedinto CH2Cl2 andrecrystallisedfrom CH2Cl2

- hexane(3:2) aspaleorangecrystalsof cioso-[3-{"f-S2CNH(p-tol)}-3-(PPh3)-3,1,2­

�R�h�A�~�~�H�,�] (233) (0.024g, 26.4%). (Found: C, 39.2; H, 4.3; N, 1.7,

�C�2�6�H�3�2�A�~�~�N�P�R�h�S�2 requiresC, 38.9; H, 4.0; N, 1.7%). IR: "max(KBr) 3280(m)

(NH), 3015(vw),2925(vw),2900(w),2830(vw),2520(vs).(BH),1580(m),1500(s),

1469(w),1428(m,sh),1422(s),1350(s,br),1305(vw),1175(vw),1154(vw),1087(m),

992(s),912(w), 881(vw),868(vw),809(m),741(s), 690(vs)em-I. NMR dataIIB{1H}
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(CH2CI2, 298K) {orderedas: 8 ppm, (multiplicity, intensity)} + 14.7 (s,4B), +7.8

(s,2B), -9.1 (s,3B). 13C {S2CNH(P-tol)} 207.1ppm, IH (NH) 7.9 ppm.

(b) The orange band was extracted into CH2Cl2 and recrystallised from

CH2Cl2-hexane(3:2) asorange-redcrystalsof closo-[3-{tf-SC(H)N(P-tol)}-3-(PPh3)­

3,1�,�2�-�R�h�A�~�~�H�9�] (234) (0.018g, 20.6%). (Found: C, 40.1; H, 4.4; N, 2.2,

�C�2�6�H�3�2�A�~�~�N�P�R�h�S requiresC, 40.5; H, 4.2; N, 1.8%). IR: "max(KBr) 3030(w),

2900(w),2830(w),2540(vs,sh)(BH), 2518(vs)(BH), 2500(vs,sh)(BH), 1575(vw),

1560(w), 1504(s), 1495(s,sh),1469(m), 1430(s,sh)1422(s), 1254(w), 1199(w),

1180(vw), 1081(s),l001(s,sh),992(s),910(vw), 891(s),848(w), 821(s),745(s,sh),

739(s), 689(vs), cm-I • NMR data llB(lH} (CH2CI2, 298K) {ordered as: 8 ppm,

(multiplicity, intensity)} + 16.95(s,2B), + 13.8(s,2B), +7.9(s,2B),-9.8(s,3B). 13C

{SC(H)N(P-tol)} 178.7ppm, IH {SCHN(p-tol)} 8.54 ppm. '

Procedure2

To a solution of closo-[3,3-(PPh3h-3-H-3,1 �,�2�-�R�h�A�~�~�H�9�] (58) (0.109,

O.113mmol)in CH2Cl2(20mI) wasaddedp-tolylisothiocyanate(0.0169g,0.113mmol).

The mixture was heatedat reflux for 18h. The orangesolution was concentrated

underreducedpressure(rotatoryfilm evaporator,25°C). PreparativetIc {CH2CI2 ­

hexane(3:2)} producedtwo majorcomponents:(a) a yellow band(R, == 0.7)and(b)

an orangeband<Rt = 0.8).

a) Theyellow bandwasextractedinto CH2Cl2andrecrystallisedfrom CH2CI2­

hexane(3:2) as pale orangecrystalsof closo-[3-{,,2-S2CNH(P-tol)}-3-(PPh3)-3,1,2­

�R�h�A�~�~�H�9�] (233) (0.OO7g, 7.7%). IR and NMR data were identical to those

reportedin procedure1..

(b) The orange band was extracted into CH2Cl2 and recrystallised from

CH2Cl2-hexane(3:2) asorange-redcrystalsof closo-[3-{tf-SC(H)N(p-tol)}-3-(PPh3)­

�3�,�1�,�2�-�R�h�A�~�B�9�H�9�] (234) (0.041g, 47.0%). IR and NMR data were as statedin

procedure1.
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6.4.10Reactionbetweenbenzylisothiocyanateand closo-[3,3-(PPh3)2-3-H-3,1,2­

RhAs2B,H,] (58)

Procedure1

To a solution of closo-[3,3-(PPh3h-3-H-3,1�,�2�-�R�h�A�~�~�9�] (58) (0.109,

0.113mmol)in CH2Cl2(20ml) wasaddedbenzylisothiocyanate(0.168g,1.130mmol).

The mixture was heatedat reflux for 18h. The orangesolution was concentrated

underreducedpressure(rotatory film evaporator,25°C). PreparativetIc {CH2CI2 ­

hexane(3:2)} producedca. 10 bands. The single major band was extractedinto

CH2Cl2 and recrystallisedfrom CH2Cl2 - hexane(3:2) as pale orangecrystals of

�c�l�o�s�o�-�[�3�-�{�.�,�,�2�-�S�2�C�N�(�H�)�B�z�}�-�3�-�(�P�P�h�3�)�-�3�,�1�,�2�-�R�h�A�~�B�9�H�9�] (235) (0.018g,19.8%).

(Found:C, 39.2; H, 4.3; N, 1.8; S, 7.6, �C�2�J�1�3�2�A�~�B�,�N�P�R�h�S�2 requiresC, 38.9; H,

4.0; N, 1.7; S, 8.0%). IR: J'max(KBr)3306(m)(NH), 3035(vw),2900(w),2830(vw),

2520(vs) (BH), 1595(vw), 1575(vw), 1500(s,br), 1470(s), 1442(m), 1423(s),

1378(m), 1318(m,br), 1230(w), 1180(vw), I I 55(vw), 1088(m), 1022(w), 993(s),

740(s), 692(vs) em-I. NMR data IIBeH} (CH2CI2, 298K) {ordered as: 8 ppm,

(multiplicity, intensity)} + 14.87(s,4B), +7.9 (s,2B), -8.9 (s,3B). 13C {S2CN(H)Bz}

207.9ppm, IH (NH) 6.4 ppm.

Procedure2

Closo-[3,3-(PPh3)2-3-H-3, �1�,�2�-�R�h�A�~�B�,�H�9�] (58) (0.109, 0.113mmol),CH2Cl2

(20ml)andbenzylisothiocyanate(0.0168g,0.113mmol)wereintroducedinto theglass

microwavereactionvesselasdescribedin section3.4.3. Thesolutionwassubjected

to microwave irradiation (650W) for 5 minutes. The orange solution was

concentratedunderreducedpressure(rotatory film evaporator,25°C). Preparative

tIc {CH2CI2- hexane(3:2)} producedca. 10 bandsof which two were in significant

amountand were isolated: (a) a major orangeband (R, = 0.8) and (b) a minor

yellow band(R, = 0.4).

(a) The orange band was extracted into CH2Cl2 and recrystallised from
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CH2Clr hexane,(3:2) asorangecrystalsof closo-[3-{ �'�1�2�-�S�C�(�H�)�N�B�z�}�-�3�-�(�P�P�h�~�-�3�, 1,2­

�R�h�A�~�B�9�H�9�] (236) (0.047g53.9%). (Found: C, 40.6; H, 4.4; N, 2.0, �~�3�2�A�~�­

�~�P�R�h�S requiresC, 40.5;H, 4.2; N, 1.8%). IR: "max(KBr) 3030(vw),2915(w,sh),

2900(w), 2820(w), 2530(s,sh)(BH), 2510(vs)(BH), 2495(s,sh)(BH), 2475(m,sh)

(BH), 1543(m), I478(vw), I462(m), 1439(m), 1418(s), 1411(w,sh), 1250(m),

1175(vw), 1148(vw), 1081(m), 1018(vw), 992(s,sh),982(s), 905(vw), 863(m),

745(m,sh),736(s),688(s)em-I. NMR dataIIB{lH} (CH2C12, 298K) {orderedas: 8

ppm, (multiplicity, intensity)} +17.1 (s,2B), +13.6 (s,2B), +10.7 (s,IB), +6.9

(s,IB), -6.4 (s,2B), -10.7(s,2B). 13C {SC(H)NBz} 181.1ppm, lH {SC(H)NBz} 5.3

ppm.

(b) The yellow band was extracted into CH2Cl2 and recrystallised from

CH2CI2-hexane,(3:2) as paleorangecrystalsof closo-[3-{'12-S2CN(H)Bz}-3-(PPh:J)­

�3�,�1�,�2�-�R�h�A�~�~�H�9�] (235) (0.OO3g3.3%). IR and NMR datawere identical to those

reportedin procedureI.
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