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ABSTRACT

This thes j-s descrilles the synthesis, clìårâcterj,zåtion, and

reåcùion studies of severå.l heterobirneLâI1Íc clicyc l ohôxylphosphido-

bridged con¡rlexes. I{eteronuclear compounds are of currenb interest

because unique reâctivj-ty feâtures mâ), resr¡]t fron linl{1ng togetlìer

netâls !¡ith different subsLråi:e reåctivibies. Di- ånd polyr.ruclear

complexes thât contåfn brldging ligânds such as diorg arìophosphido

groups are pârticulârj-ly desj,rable since these ligånds may prevent

frâgnentâtioìì of the co)nìrlexes during reactions. The bridge-âssj-st ed

rnetl.rod of sylìtlìesis is used to prepâre i:he complexes described herein.

This neLhod enploys a phos¡rhide ligând i:o bring tr,ro rnetaf centres

together by nucleophillc displâcement of a chlorÍde ligând lly the

phosphido group, r,rhich than serves âs â brÍdge betueen the metals.

The cornplexes prepared åre studied through the use of 31P{1H},

13¡11¡¡1 , and tH nnr, infrârerl spectroscopy, ând X-rây cryst âllogrâphy.

The doubly-ìrridged complexes of the type ( CO ) 4M( p-PCy2 ) 2Ìf' ( PPh3 )

(ìf = ìfo, fl; |t' = Ni, Pd, Pb) serve ås â prelinínary study to introduce

concepts suclr as tlìe reIâtiorìship betueen 31p¡1¡1¡ nmr and X-ray

diffrâcLion studies, ând the rnetal-metal interåctlon. Seveì.â1. Fe-Ir

and Fe*Rh corn¡rJ-exes are pre¡:ared, due to sinilårities betr.reeÌì

these conpounds and r,'ell*l<nolrn câtâlysts, such âs [,Jill(inson's

câtâlyst, RhCl(PPh3)363. Coordinâtivcly saturated ( CO ) 3 
( Pph3 ) Fe ( p-

PCy2)Ir(PPh3) (CO)2 undergoes several substitr¡tion reactions with

IV



triâlkyl plìosphirles; lre observed that tl.ìe nolecule behaves as â single

entity râther than as tvo sepårâte nìe1-å1 centres. Thc coordinatively

urìsåturâted cornpl,ex ( CO ) 4Fe ( p-PCy2 ) I r- ( COD ) was prepared, and was fou¡rd

to cåtalyLicâlly lrydrogenate styrene to ethyl ìrenzene. FinâIly, the

coordinâtivèly unsâturâted coÍìplexes (CO)3(PPh3)Fe{p-PCy2)Rh(PPh3){CO)

an<ì (CO)4Fe(p"PCy2)Rh(COD) vere prepâred. These complexes readily

undergo sììbstituLiorì, ad.lition, ând ox idât ive-âddit i on reâctions, ând

certâinly r,Jârråni- further study.
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there àre lìo fâiled experiments,

theì"e âre onfy rnore dâtâ.
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CÍI]APTER O}¡E

II{TRG)ItrTION

1.7 Preanble

The åbÍlity of â trânsition netal co¡ìpfex to âctivâte sûìâlf

nolecules is enhanced r¡hen a metal âtorn is surrounded by electron-

donating, stericå1ly demantling trj-aIhyl¡rhosphirre ligands1. Tr,'o-

coordinâte, 14 electron complexes of the type tH{PR3)2J (}l = Pd, Pt; R

= i-Pr, t-Bu, Cy), three-coordinat e , 14 electron complexes of the type

tRhH(PR3)2J (R = i-Pr, ù-Bu, Cy), and fj.ve-coordinâte, 16 electron

conplexes of the type trans-ìf(PR3)2(Co)3 {}l = I'fo, W; R = i*Pr, Cy), are

excellent exânp]es of systerns where the bulhy t r ialkl'Iphosphines have

been used to promote coordinative unsâturation and increased reâctiviby

with srnall sullstråte rnofecules2-S. These complexes are knor,¡n to react

with N2, H2, C2LI¿1, CO, SOZ, and CO2.

This specific reâctivity tovard substrabes such âs the srììâlf

molecules named above should be possible for multi-centred conplexes if

a balance between sterlc ând elecuronic properties is âchieved. The

âpproâch used fn this thesis is tlìe use of bulky dialhylphosphj.do-

bridg1ng ligânds Ín conbinâtÍon r,rith vârious large âncÍllary ligands

(such ås PR3) to produce coordinåtivel.y unsåturâted heteroblmetâllÍc

complcxes. These conpfexes âre intêresting becâuse, ås explâined in



Secbion 1.2, unique clìemical reåctivity mây result frotn bhe close

proxinity of tuo different ¡ìetâfs lrith dl,fferent substrâte actlvity.

7-2 Heteronuclear lfetal-Hetal Bonded Conpounds

The past 10 to 15 years have seen increâsing interest in the

prepâration ând study of heteronucleâr conpounds r,¡ith netâI-neLal

bonds. Tlìe reactions of tlìese conìplexes are especially interesting

because of their potentiål åpplicâtions fn catalysis6. For exanple,

heteronuclear conpounds cân functlon in the folLo¡¿ing \rays | 1) netal*

metâl bonded cornpounds ouglìt to shor+ speclal reåctivity features as a

resufL of cooperåtÍon betr,reen adjacent rnetals and these could then

function as unique homogeneous câtalysts, 2) metal-metal bonded

compounds, particulârily those contâining three or nore netâl âtoms,

may âlso function as 'storehouses' for the release ånd tâl(e-up of

câtålyticâ]ly âctive frâgnents. Suclr clusters are afso being used to

model l;he bonding å¡ìd reåctiorìs of substråtes on metål surfâces.

In this study, we rùiI1 be looking âb het erobimct al f ic compounds

only. There is itìcreäsing evidence thât binucleår trânsition metel

compLexes r'rill- pJ.ay ât least two irìportânt roles ln the sysLenâtic

developmenL of organot rans it ion metâ1 chemistry. Firstty, reIâtively

sinple cornpounds cån serve âs rnodels for nore complex systens, where

fundanental studies of binuclear oxidat ive-addit ions , reductlve-

el"iminâtions, and nigrâi:ory inserbions should âdd slgnificântIy to the

development ând interpretâtion of potymetâllic- or cluster-cåLalyzed

reactlons. Secondly, reaci:1ons of bineLâllic cornpounds should prove



unique ånd useful i¡ì their o!¡lì right. Thj_s poLentiål has been

suggested by recent studics involvinE binetâllic n¡echanisnrs in

reâcbions previously believed to tåke plâce at a single metal site?.

Finally, het erobirnet âl l ic compouÌìds should sho!¡ ùnique reâctivity

features as a result of cotììbining the different reâctiviby properties

of constituent netals6. For exarnple, dinuclear conpounds with eâr'ly-

låte trånsition netåÌ conbinâtiÒns might be âble to polsrize åìld

âctlvåte substrâLes such as CO. Alternatlvely, ând fron a mechanistic

point of view, the lov symmetry ul¡ich heLeronuclear compounds

lnherently possess has been shown to be exLrenefy usefuf for

elucidâting specific sites of reåcLivity and can provide important

lnsight 1tìLo nechânisLic det ai I B.

1.3 Synthesis of Heteronuclear üetal-Hetal Bonded Conplexes

The first heteronucleâr ¡netal-netal bonded conpound !¡âs prepâred in

1933 by Schubert, as itr Figure 1.1 and Equâtion 1.1 belor¿9, and r¿as

fornulated as AgCo(CO)4.xll2O based on chernical analysis alone. A rnore

recent studyl0 has indicated thât the structure is likely that of a

teframeric cotnplex r¡ibh all,ernaLing Ag ând Co(CO)4 units linl(ed via

Ag*Co bonds in ân e igììt-me¡¡ùe red ring,

i) co
K2[Co(cysteirre)2J ---------------- AgCo(CO)4.xl{2O

ii) AgNO3

(7.7'



Figure 1.1: The first

prepared by Schubert in
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bonded cornpound,

In 1959, Chinill prepåred the first heteronetâllic t râns it ion-net åI

cluster, l-FeCoa(CO)12J-, by the reâctlon of Co2(CO)g and Fe(CO)q in

âcetone ât 60"C, as shown in Equâtion 1.2.

7/2 Co2(CO\g + 2 Fe(CO)S -+ [Co(ace¡one)6JtFeCo3(CO)1212 (f .2,

Slnce this tjrne of course, many heLeronuclear species have been

prepared, often vhere the only fâctor conLrolling the reâction is

chance. ln fact, in many cases vhere heteronucleâr clusber conllounds

have been prepared, the onty 'rnethod' r{âs to put all the reâgents in a

flask to see r,¡hât products r¡ould be obtained. t,lhile this method often

provided for novel, interesting con¡rlexes, it r,/as obvious thât for the

synthesis of specific transition meLal corn¡:ounds a more direcb åpproach

vould have to be tâl(en. Thc nost usefùI ând ratiorìâf approach for

synlhesiz j.ng a pol¡netaJ-1i c complex r¿oul.d be to r,¡orh by â stepr,rÍse

synthesisr adding one netal at â tine using nononeric organonetallic

compouuds âs building Ìrlochs, as in Flgure 1.26.
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Figure t.2r Steplrise synthesis of heberonucleår co¡npounds.

For Lhe systelns in Llìis pâper the best synthetic approach ûas the

bridge*âssisted synthesis, outlined befor¿ in Figure 1.3. A bridge-

åssisted reaction is one r,¡hich enìploys å ligând to bring tt,¡o netål

centres together where that ligând then functions as a bridge beLueen

the Lwo rnetâls in the final product. SpecificalIy, we have enployed

the bridge-assisLed substitubion, the nost r,ridely used synthetic route

Lo dio rgânophosphido-br idged het erobinet al I ic cornplexesl2. Tr,ro types of

ligând systems thât nost often pârticipâte in bridge-âssisted

substitution reåctions âre derivatives of group 15 and 15 elernents, p,

As, and S. A châlcogen aton bound Lo â slngle netâl centre ah,rays has

a lone pair of elecLrons which potentialty can be used to donâte to å

second netå1. The netâllo-ligands can therefore displace a ligancl

(such as a halide) on another rnetal centre13, Tlìe inberest in

orgânophosphido (R2P) or ârsenidô (R2As) groups can be attributed to

the real.izatÍon thât these metal-bridgiìrg llgands hâve â stâbility bhat

is independent of bo¡ìdilìg interâcLiotìs betÌreen bhe netâl atoms. This

stâbiliLy is of pârtlcufâr interest in homogeneous cluster catâ1ysis

ç¡here rnetaf*metal bond breâking and formâtÍon ptay an impori:ånt pårt in
the câtâlytic rnechanisn. Utilizâtion of organophosphido or arseniclo

bridging ligands måy prevent undesirable fråBmentåtion of !he cluster



unit or reâction !/ith subsLråte nol,ecules thus stâbllizing Llìe cåtålysL

coÌnplex14.

[n + PR2X + Lr¡-l]fPRzx + L

Ln-1HPR2X --à Li t Ln-ldRzl

fz

Litt-n-lÌrpRzl + lt'Lmx ---. t n-1tt/ 
\",r., * ,,,r,

II X

CI, Br

Cl, Br tlnlll- + PR2X --> L¡ÌÍPR2 + X-

R2
P

/\
LnMPR2 + LmM' -----å Lnlf Ìf'L¡n-l + L

Figure 1.3: Bridge-assisted substitution methods.

According to Cartyls eù.â1 . the najor drawback to the use of rnebal

cluster conpounds as hornogeneous câtâlysts is tlìelr Ínherent tendency

to degrade under conditions âppropriâte for effectÍve câtâlysis.

Therefore nâny high nucleârlty carbonyl clusters undergo frâgmentation

under pressure of CO or in Lhe presence of Lel,Jis basestS, A solution to

this problen hâs been sought viâ the design of nol.ecufes r,rith stable,

flexible supporting bridges cåpable of måintåining the integrity of a

clusber franel¡ork r,rhile ållotring facile lìetâf-ìÌetal bond cfeâvåge ând

refornation.

The fornation of the netål-netal bond is dictâted by the netåls ând

the ligand seL involved in the pårticulâr reåctions. For exarnple grou¡r

15 derivâtives usuâlly only possess one ]one pair of elcctrons, used to



blnd the }1gârìd to the meLål centre, To creåbe â second lone påir of

electrons on the pnlcogen âtom 1t musb be modifieci as in Flgure 1.3.

Thê inlliâI dfnucleâr product forrned does not necessårily håve a nebal-

netâ1 bond. The bond can often be generâted by heâting or lrrâdiating

the dinucleâr product to lnduce lÍgand loss follor,¡ed by closure. The

reactions belol¡ lllustrâte ìfethod t, the rnethocl of choice for thls

thesis. Equâtiotìs 1.4 ând 1.5 lllusbråte formâCfon of ån tnltlåI
product without â ¡netal-¡netal bond and its subsequent trânsfornìåtion

lnto â conplex wlth å mebâI-metâl bondl1.

n-BuLl
Fe(CO)4(PPh2H) --..--.---+ tFe (CO ) 4 

( PPh2 ) 1-
tråns-Rhcl ( CO) (PEt3 ) 2

Phz
P

,/\(CO)3(PEb3)Fe-Rh(CO)(PEt3) (1.3)

l'tez
As

,,, \----+ ( CO ) Z 
( n-CSHS ) lfn Co(CO)4Mn ( AsìleZCl) (CO)2tr¡-C5H5) + iCo(CO)41-

M"2

./A= \---r ( rl-csH5 ) (co)2Hn 

-co(co)3
(I.4'

ïi,
Fe(Co)4(AsHe2cl) + iun(cO)sl- ---) rcor 4F! \,n,ao,, ----,

ï:,
(CO)4Fe 

-Ìfn(CO)4 

(1.S)



1,.4 Phosphide Brldges

The first dlphenylphosphido complexes r,¡ere prepâred by Hayterl? and

ChattlS 25 yeârs âgo, though it is only recentLy thåt interest in the

use of o rgâlìophosphido groups has lncreased. Thfs is probably due bo

the following fâctors: 1) â trenendous recent interest in câtalysls by

brânsitíon netâ1 clusters, 2) the reâlizâtion thât orgânophosplìido

groups forn stâble bridges between two netâls slmilâr to the rnercâptide

ligands, ånd 3) the increased ¡ss 6¡ 31p¡1H] nmr spectrâ for

c hâracte r izâb lon ând sbructure elucidâtion of the resultlng producbslg.

Sone of bhe generâ] advantages of uslng phosphide bridges have aìready

been mentioned, for exånple, they âre åmong bhe nost usèful ligânds for

bridge-âsslsted substitution reectlons.

Tr,ro different LrânsiLion metâls brought into close proxlnity in â

binetalllc cornplex nây dlsplây chenlstry unique fron thab found 1n the

lndivlduâl sepâråted frâgments. Het erobirnetål l lc cenbres have been

forned and stâbllized ln such âltered environnents by construction of

metål-netâÌ bonds, Iigând bridges, or â cÒnbinâtion of bobh structurâl

features. In this regârd, phosphido llgands have been found in sone

insbâncès to provlde particulsrily ståble brldge ânchors wlìich rebârd

fragnenbåtion of the blrnetaltic unit2o. In nost câses in fâcb, the

phosphido-br ldge w1L1 not react with substrâte mofecules, however, thls
1s not â.hrâys bhe câse, as for exanple nlth the complex (MeCp) (CO)ZUtì(f-

ü-BUZP)Ir(COD) (COD = 1,S-cyclooctadlene). In reactions $¡ich H2 bhe

phosphide brldBe âdds hydrogen lo form n(MeCp) (rcA) 2(t-Bu2pTlzL ,

As wås mèntioned at the beglnnlng of this chspter, 1t is well-l ìoun



tìrat bulky phosphine 1igånds can iìnpårt added stabllity to

coordinâtively unsåturâted trânsition netal cornpounds.

Diphenylphosphido-br idged conplexes âre quite connon, due to their eåse

of prepârâtion ând the âbility to compâre diphenylphosphi de with the

common ancillâry ligând, triplìenylphosphine. Thfs study employs the

dicyc I ohexylphosphide 1igând, for tr,¡o reâsons. Firstly, in conpâr'ison

with diphe nylphosphi de , dicyc lohexylphosph ide is a nuch more brrllty

ligand, uhich nây fâcilitâte coordinative unsâturåtion in the final

products, ân importânL fåctor in ox idat ive-addit ion reactions,

Secondly, the dicyc lohexylphosphlde 1Ígând, being ân âlkyl l1gând, Is

more bâsic that diphenylphosphide , ålìd therefore electron denslty

between the tuo netâ1 âtoms should be greater, and shor¡ld increâse the

ståbility of the bimel;allic compÌex. Lilte phosphines, the differences

beLr¿een phosphides depends on both sberic and electronic propertles.

1.5 Chenical Reåct lvity

Until 1982, syntheses of heteronucfear cornplexes far outweighed

studies of their reåctivity. lfore recently, specific rèåcLioÌìs of

heteronucfear conpounds have been invesLigâted, though in nâny câses

meclÌânistic deLails âre stiIl not understood, The follouing sect j-on

outlines the different reâctions that cân be carried out r¡ith

bimetallic species, Sone mechanisLic details âre givèlì where tlrey are

hnor¡n and understood.
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Í) Subsbibution Reactions

Substitution chenistry of ligând-bridged cornpounds has been studied

in sorne detâil. Substitution, by definition, itnplies bhe replacement

of one ligancl irr a complex for another6. ln nearly all the

heteronuclear conplexes whose suìrstitutÍon reåctions hâve been studied,

the leâvlng group hås been CO, and the entering group has been PR3.

In the cese of Iigand-bridged complexes the netâI-metal bond may be

thought of as reserving a position for thê inconing ligand by

occupying â coordinâtion siLe. Thè bridging Iigâtìd itself cån

facilÍtâte ân electronic redistribütion so tlìât a stable internediâte

without â metål-rnetâI bond, r"hich is often Ísolable, can be forned, Irr

câses such as these, subsequenb heåting or irradlâtion can induce foss

of a ligand ând refornâtion of the netal-netal bond.

In the example shown ln Figure 1.4, Vahrenkarnpzz has studied

the substÍtution of phosphine for CO. lnitiâl phosphine addition seems

to occur åt the Mn cenLre, ând tlìen through isonerizâtion the phosplìine

Iigånd rnigrâtes to Fe. The ¡nechanlsrns for this reactlon âre not

understood since the isoìnerizâtion can involve intrâmoleculår litånd

exchange or ligâncl dissoclâtion. Indeed, it is not even hnor,rn hov the

initiâl substitutiorì occurs, since the PR3 ligand can add either to

the lfn centre of an interrnediate r,rhere there is no netâI-netâl bond, or

through PR3 âssociâtion uith the intâct netâI-nebal. bonded corìplex to

cause the bond to breâk.
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Addition Reåctions

An addition reâctlon is one r,rhere a complex incorporâtes a ligând

without loss of âny ol"her 1igåud. There are tr,¡o types of addii:ion

reâctions for heteronuclear com¡.rounds: a) tìrose where a ligand adcìs at

â coordinâtively urìsàl-urated centre r,ritìlout âny disruption of the

netâl-netal bond, and b) Lhose r¿here the lnconing figând âdds across

the netâl-netal bond Lo displ.åce it. Type a) reåctions åre similâr to

the ¡nononucfeâr oxidat ive-âdctit ion reåctions typicâ] of planar Rh(I)

and lr(l) com¡rlexes. An exanple of such a reâction is shown fn

Equation 1 . 623.

ii)

Phz Phz

/\ /\ co
(CO)3(PPh3)Fô-Ir-PPh3 + CO =:: ( CO) q ( PPhs ) Fe'-\tinen3 (1.6)

co co

The second type of âddition reâction involvcs the formal reduction

in tlle metåI-netåI bond order. Using Lhe example above, if ano ìer CO

molecule âdds ât the Ir centre the rnetâl-netal bond is cleâved, âs fn

Equâtion 1.7.

Plt2

,Pt co
,/ \ ,,,(co)3(PPh3)Fe--rti;ttn, + co F-

Ph2
P

,/\
(co)3(PPh3)Fí tI.rCOr3rpph3 ) <1 .7t

Cleavage of the bond occurs r¿here â singlc boncl exists; â reduction

in bond order would occur for a rnult iply-bonded coÌnpf ex. t,llìere â
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bridging ligând ls present the compound vill, in generâI, remâin

intâct. Hol,¡ever, r¿here no bridge exists tìre heteronuclear compound

dissôciates to lts mononucucleâr conponents.

The tr¿o reâctions shor,¡n above illustrate hor; in ån âppropriâLely

designed systen reversible åddition of tvo tvo-electron donor nolecules

cân occur nithout loss of integrity of the complex. Such reâctions âre

unique to polynucleâr complexes and would seern to nâke them extremely

useful in câtalytic reâct ions .

Íit ) Acid-Bâse Reåctions

In bhis case, acid/base reactioÌrs âre exâmj.ned from the Brönsted

sense, i.e. protonâtion ând deprotonâtion. Frorn studies of

llomometâÌlic compounds it is knor,¡n thåt protonation cân occur ât the

netåI-rnetâl bond or åt one of the rnetat centresz4. Because bhe proton

brings ir¡ no efectrons ând does not ål-ter the electron count of a

conpound, it ìnight be expected thåt âddition (or removal) of a proton

frorn a netaf-netal bonded compound voufd have little effect in regârd

to the netal-rnetâl bond, Hovever, subtle electronic effects do exist,

where the âdded proton changes eLectronic distribution by âttrâcting

electron density to itse lf.

If st râigfit f orr,rard protonation j.s desired, then aclds lrith non- or

!¡eâk ly-coo rdi nåt i ng åtìiolìs such as H2SO4, H3PO4, HPF6, or IJBF4 shorrld

be employed. Coordinating acids such as hydrohalic acids can cause

disruption of the rnetâl-meta.l bond with coordinâtion of the ânion.

Ligand-bridged or cluster conpounds âre typicâlIy nore stable Lo
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protonâtlon than cornplexes uith unsupported rnet-al-lnetal bonds. Anionic

cfusters are often protonâtecl under níld conditions to give their

hydride analogues, ås iìl Equåtion 1.B25. protonâtions such as these âre

usuâlIy cårried out usiug notì-complexing âcids such ås H3pO4, for tìre

reâso lls outlined åbove .

tCoRu3(co)13J- 
ttton , tcoRu3g(co) 13J (1.8)

iv) Oxidation-Reduction Reactions

Oxidât ive-âddlt ion ând reduct ive-e f ininat ion reâctions âre inìportant

because nearly all câtâIytic and nany useful stoichiometric processes

involve these tuo types of reactions. Oxi dât lve-âddit ion is â term

used to describe an ubiquitous clâss of reactions r¿here a group A-B

âdcls to, ând thus oxidizes, a netâl cornplex Ìf. For these types of

reâctions both the oxidation ståLe ând the coordinâtion number of the

¡ÌetâI increâse. The reverse reâctlons âre reduct lve-e I ininât ions, !¡bere

both the oxidation sLate and the coordination number of Hìe metål

decrease26.

For heteronuclear cornplexes ox idat ive-âdcli dit on or reductive

elirnination reâctions câtì occur åt one of the rnetal centres or åcross

the netal-metâl bond. Reâctions thât occur ât the netâl centre would

require coordinåtive unsâturâtion and open coordinåLion sites at the

netåf. These reactÍons resenble ox idât ive-addÍt i ons/reduct ive-

elininâtiÒns thåL occur for the square-planar complexes containing

group 9 netals sucÌr as RhCt(PPh3)32? and (:rans-IrCl(CO) (pph3)228,



Equâtion 1.923 is ân exâìtìple of ox idât ive-âddi t ion åt one meùåf centre

for â lìeberobinetâllic cornplex.

PhZ Ph2
PP

,/ \ ,/\/\/\(CO)3(PPh3)Fe-Ir(CO)2(PPh3) +lll (CO)O(PPh3)Fe Ir(CO)2(PPh.ì) (1.9)
./\HII

The åddj.tion of H2 to the Fe-Ir compound lras also dlsplâced tlle

netâl-nìetaf bond, though this 1s not always the câse, The iridium

âboÌn ììâs changed oxid¿ltion sLåtes from Ir(I) to Ir(III), and fron

coordinâtlon nurnber four (neglectlng the netâf-netal bond) Lo

coordinâtion nutnber six.

Oxldat ion-reduct i on reâctions can also occur ât the netal-rnetâl

bond of å heteronuclear conplex, by Íncreâsitìg or decreasing the bond

order, For exarnple, for the com¡:lex MnRe(CO)1929, tr¡o ner,¡

compounds cân be designed through oxidâtion or reduction of bhe Ìfn-Re

bond. As it is, each ¡nebaÌ achieves fts 18 electron vâfency through

tlìe metâl-netal bond, but if the conplex r,¡ere oxidized, a doubly-bonded

conpound r.rould be fornìed Lo sâtisfy the electron counts of the neLals.

Similarly, if bhe corn¡rlex were reduced, the rnetal-rnetal bond would no

longer be needed, and two rnononuclear products r,rould be forrned, as in

Equation 1,10.

( Un=Re ) (CO)10 + 2e- --+ UnRe(CO)10 + 2e- ---r.

tltn(CO)5J- + tRe (CO) sl (1.10)



Of course, if the heteronuclear complex being reduced conLåins â

bridging J.igand, cleâvåge of the netal-netal bond vould not form Lwo

nononuclear complexes, Instead, ås in the ox idat ive-âddit j,o n reâcLion

of Equâtion 1.9, the integrity of the original conplex v¡ould be

preserved.



CHAPTER T¡O

DO{JBLY-BRIDGED CO}trLEXES OF Ho-Ni, }lo-Pd, t{o-pb,

}.t-Ni, gÌ-Pd, ând W-Pb

2.1" Introducbion

The initiâ1 investigâtlons lnto the use of dicyc loÌrexylphosphido-

bridglng ligands in heterobinetalJ.ic corn¡:Iexes âre reported in this

châpter. Ai: the tirne of prcpâration of (CO)4H(¡r-pcyùZlI, (pph3),

(Ìf = Ìlo, ll; H' = Ni, Pd, Pt), very fev dicyc lohexyt phosplrido-br idged

complexes håd appeared in bhe literâture; tNi{p-pCy2) <yCy2ph)2J229,

tNi(p-PCy2) <CO\2J229, ând ZrFe ( p-PC y2t 2Cp2<COt g30, and none had been

structut âff). characterlzed by X-ray diffrâction. The synthesls ând

chåråct er iz at lon of these cornplexes are described in this châpter,

along wlth the noleculâr structure of (CO)4llo(p-pcyz)Zpd(pph3).

cyz
COP

""- l,/\òól[-rn'-rnnt
t\./co 'P

cyz

We believed initiâl]y tltât â doubly*bridging

nore stâbiIii;y to ììete robj,met aI l lc compounds due

PCy2 unit would 1ûìpârt

to the i nc reâsed
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basicity of the cyclohexyl group, (as cornpared bo the phenyl rings in

PPtr2) and increased steric bulk of the J.igand. As discr¡ssed in Chapter

One, it is well knor¿n thât vâriations in the size of R groups of

trialhyl- or t r iârylphosphi nes can dramâtj,câ1ly alter the chenical and

physlcal propêrties of their transition metal complexes3t, A bis-

bridging system, being stericâIIy rnore denânding thân â nono*bridgfng

system, ç¡ould make coordinâbive unsâturåCion at one of the metal

centres nore likely, increâsing the lihetlhood of oxidât ive-âddit ion

reactions ât thât metål centre.

Finâlly, in our j.ìlitiâl invcstlgâtions r¿e have påired Ho or W !¡ith

Ni, Pd, or Pt. These early-1âte trânsltÍon netal conbinatiotìs should

prove fÌìteresting since the group 10 efements readily under.go oxidåtive-

addit ion/reduct ive-e I iÌni nât io n reâctions and are catâtyLr'.cåIIy

refevant. The effecL of a second netâl on the nore reactive site can

bè studied when !¡e synthesize these meLâl-netal bonded conpounds,

2.2 Experirnental

i) General

cis-PtC12(PPh3t 232, ydcl.2<yphgt 232, NiCtz(pph3)233, cÍs-

tlo(CO)4(MICSHtO)234, and cis-Ì,t(CO)4(NHC5H19)234, {NHC5H19 = piperidine)

r¿ere prepared by literâLure nethods. NlCt2.6H20 (Baker), Ho(CO)6,

H(CO)5, K2PECI4, PCy2H, K2PdCl4 (Strem), n-Buli, and pph3 (Atdrich)

vere purchâsed and used âs received. TIìF ( tet râhydrofuran ) ånd toLuene
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!¡ere dried by distillåLion from Na-henzophenone ketyl under N2; CI{2C12

r!¡ås dried by distillâtion from P2O5 under N2; n-lrexane wâs dried over

noleculår sieves and degassed r,rith N2 prior to use. All reåctions were

corìducted under ân atnosphere of N2 by standard Scìrlenk techniques4g,

usirìg a double gas/vacuun rnenlfold, syringes for trânsferring liquids,

and side-arn round botton flasks deslgned for vorking under ân lnert

åbnosphere.

3tp¡1g1 nnr spectrâ were obtained at 05.4 ìlHz on a Bruker WH90

spectrometer ât 300K r,rith ån externâI D2O lock, phosphorous chernicâl

shifbs t,'ere rneâsured relâtive to externâl 852 H3pO4 nlth positive

shifts dounfield. Infrâred spectrâ were recorded on a perkir¡-Elner ?B?

grâting spectroneter. Chenical analyses r,rere perforned at Guelph

Chemical Laboratories, Guelph, Ontårio,

ii) Preparåtion of cis-üo( COl4<PC\2H12 Q)

PCyZH (7.5t nL, 36.4 mrnol) r,¡as âdded to â suspension of cjs-
llo(CO)4(NHC5HIO\Z (6.37 g, 78.2 rnnol) ln toluene (40 mL). The rììixture

was stirred overnlght ât roon temperature and the solvent renoved in

vacuo, The resultåÌìt off-r,Ilìite solid r,/ås uashed r¿ith cold diethyl

ether (2 X 10 mL) and dried fn vâcuo, yielding uhite crystâIline

product (7.8f g, 7f7,). 31P nrr (CH2CI2\¡ ó 2S.9 (d, ..rp_rl = 301 .1 Hz),

AnaL calc'd. for C2gH45lloO4P2t C, 55.62; H, 7,68, Found; C, 56.\Zi

H, l , /18,



lil) Prepâråtlon of cis-!l(Co)4 (PCrZHT Z t?l

PCyZH (3.08 rfll-, 74,9 mmol) was âdded to a suspension of cjs-

I,¡(CO)4(NHCSI{1 grZ (3.279, 7.45 nnot) in tofuene (30 mL). The nixture r,¡âs

stirred r'rith r,/ârming to åpproximâtely 60'C for four hours, cooled to

roon temperåture, filtered, ånd the solvent renoved in våcuo. The

resulùint bright yellotr soLid vas recrystâIfized frorn toluene, ylelding

3.51 g (682) product. 31P nrr {CH2Cf2l r ó 10.0 (d of t, J"_, = 812,6 Hz,

Jo,-, = 2I4,5 Hzl , AnaL. calc'd. for C21H46O4P 2lt t C, 48.56; H, 6.71",

Found¡ C, 48.77; H, 6.66.

iv) Prepåration of (CO)4do (p-PCyZ )ZNi (PPhg ) (g)

n-Buli (1.55ìl in hexânes, 5.38 nL, 8,34 r¡nol) uås added v1â syringe to

â THF (20 mL) solution of 7 (2,52 g, 4.L7 Ìnrnol ) ât 23"C. After it was

stirred 10 nlnuLes, this sotution wås âdded dropr.rise over 30 minutes, to â

suspension of NiCl2(PPh3lZ (2.73 g, 4.I7 mrnol) in THF (30 mL)at 0"C, An

imrnediate colour change fron green to dårk orånge r,râs observed. The

sofution was r¡armed to room temperature ând stirred for tr¿o hours and the

solvenb removed in våcuo. Tlìe resultÍìlg darlt orange-red solid uas

extrâcted r,¡ith cold n-hexâne (6 X t0 mL) and cooled bo -20"C for B hours.

The orange-red microcrystâL1ine product r,¡as isolâted by keeping the

recrystaflizåtion flâsk ât âboùt -10"C, rernoving the mother liquor, and

drying bhe solid in vacuo. (If the solutlon is warned bo room tenperâbure

during the isolâtion procéss, only brown oily products result, ) This
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H,yielded 2.73 g of 3 (567,r. Anal. calc'd. for C46Hq9ÌtoNi04pg ¡ C, 59.93;

6.46. Fourrd: C,59.39; H,6.45.

v) Prepåråtion of (CO)4Eo(p-PCyZ)ZPd(PPh3) (4)

n-Buli (1.55M in hexânes, 2.67 tnl-, 4.14 nnol) was âdded viâ syringe to

å THF (20 rnl) solution of 1 (1.18 g, 2,07 mmol) at 23'C. After lL r,¡as

stirred for 10 minutes, this sofutiorr vâs added dropwise, over O0 n:inutes,

to s suspension of PdCl2(PPh3)Z (1,40 g, 2.0'l nmol) iiì THF (30 nL) âb

0"C. The resultiDg dark red solution f,/âs stirred åt roon temperature for

four hours and the solvent removed in vacuo. The residue wâs extracted

with n-hexâne (7 X 10 rnl ) and the solubion volurne reduced to 40 rnl. After

the solutiön r¡as cooled to -20"C for 12 hours red crystals of 4 were

isolâted; yield 0.99 g (487,), Anal , calc'd. for C46H59HoO4p3pd: C,

56.88; Il, 6.14. Foundr C,5?.01, H,6.23.

vi) Preparåtlon of ( CO ) 4Eo ( p-PGl2 )2Pt (PPh3 ) {5)

n-Buli (1.55 U in hexanes, 0.55 nL, 1.01 nnol) wâs âdded viâ

syrinBe to å THF (20 rnl ) solution of 1 (0.31 g, O,St mmol) åt 23.C.

After it nas stirred for 10 ninutes, this solution was ad.ded dropr,rise,

over 30 ninutes, to a suspension of c.1s-ptclz(pph3)Z (0.40 g, 0S1 ¡nrnol)

in TtlF (30 mL) at 23"C. The resul.tlng dark orange solution r,¡âs stirred
for 24 hours ât roorn temperâture ånd the solvent removed i¡.ì vâcuo. The

residue wâs extracted with n-hexâne (S X 10 ¡rL) and the volurne of the
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solution reduced to 20 mL. After the solul-ion r¿as cool,ed to -20"C for

36 hours, orânge nicorcrystâls of 5 r,rere isolated, yfeld 0.ZZ g (41.7.\.

Anal. calc'd. for Cu15H59HoO4P3Pt : C, 52.I0i ll, 5.62. Found: C,

52.44; H, 5.57 .

vil) Preparåtion of (CO)48Ì(U-PCy2)2N1{PPh3) (6)

n-Buli (1.55 M in hexanes, 3.73 nL, 5.?8 nnol) r¿as added via

syringe to a THF (20 rnl) solution of Z (2.009, 2.89 mmol) at 23"C,

After it uâs stirred for 10 minutes, this solution r¿âs âdcled dropr,rise,

over 30 ninubes, to â suspension of NiCIZ(PPh3)2 (1.89 g, Z.B9 nnol) in

THF (30 mL) at 0'C. The dark red-orange solution vâs r,¡arned to roon

temperâture ånd stirred for three hours. The solvent wâs reìnoved in

vacuo, ând the solid residue wås extrâcted r,/ibh n-hexâne (4 X 10 nL).

Afber the solution volu¡ne r¿as reduced slightly and tlre sofution r,ras

coofed to -20"C for 10 hours, red-brown nicrocrystâls of 6 were

isolated; yield 1.73 g 1607,1. This procedure was performed åb -10.C âs

for 3. AnåI. calc'd. for C46H59NiO4P3W: C,54.?1; H, S.90, Founcl: C,

54.7 2 i H, 5.82.

viii) Prepåration of (CO)4W(p-PCy2 ) 2PdtPPh3 ) (?)

n-Buli (1.55U in lìexåt)es, 3.16 rnl, 4.90 nnol) vas added viâ syringe

to a THF (20 mL) solution of 2 (L,70 g, Z,lrg rnmol) at 23"C. After it
wâs stlrred for 10 mlnutes, this solution lrâs ådded dropf,¡ise, over 30



z3

minutes, to â suspension of PdCIZ(PPhg)7 {7.72 g, 2.45 mmol) in THF (30

ùìL ) ât 0"C. The dark orange-red solution !¡as uârmed to room

tenperâture ân.l stirred for six hours. The THF !7âs relnoved in vacuo

ând the solid residue extracted uith n-hexane (6 X 10 mL), The

sofution vâs flltered ând tlìe volune reduced to 30 mL, After the

solution vas cooled to -20'C for 12 hours, orâ¡ìge-red crystals of ?

r'Iere isolâted; yield Ll"lr g, (442, , Anal. calc,d. for C46H59O4p.¡pdWr

C, 52,74¡ H, 5,62. Foundr C, 52.00; H, 5.?1 ,

lx) Preparation of (CO) 4)$t(U-PCy2 ) 2PÈ 
(pph3 ) {B)

n-Buli (1.55 U in hexanes, 0.64 nL, 0.99 nnol) wâs âdded viå

syringe to a THF (40 ¡nL) solution of Z (0.34 B, 0,49 mnol) at 23.C,

After it was stirred for 10 minutes, this solution r,¡as added dropr,rise,

over 15 ninùtes, to â suspension of ci s-ptc l2(pphgl2 (0,99 g, 0.49

mmol) in THF (15 mL) at 23'C. The dark orånge-bro!¡n solution uås

stirred for 19 hours ât roon tenpcrature. The THF wâs removed in vâcuo

ând the orånge-broun residue extråcLed f,¡ibh n-hexåne (? X S ¡nL) The

vofume of tlìe sofubion wâs reduced to S nL, âncl orânge microcrystâls

formed after coolirìg to -20"C for 16 hours; yield 0,240 g | ZT"). Anal .

câlc'd. for C46H59O4P3Ptll: Ç,48,!!; H, S,19. Founcl: C, 48.33; H,

5.09.
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x) Reâctions with SmâIl Holecules¡ CO, H2, Acetylene

a) CO

Cor'ìplex 4, (0.050 g, 0.05 nrnofes) !/ås dissofved in n*hexane (3 nL)

ând stirre under CO (1 âtmosphere) for one hour ât 23'C. The sofution

renained orånge-red in colour. 1¡* 3tp¡1¡¡1 nnr spectrum r¿as recorded

under CO, and showed thât no reâct-ion vith CO had occurred.

bt H2

Conplex 4, (0.050 g, 0.05 nnoles, wâs dissolvecl in n-hexåne âs

âbove and stirred under HZ (1 âtfiìosphere) for one hour at 23"C. The

solubion ågåin shoved no colour change. 31p11¡11 nmr under I{2 showed no

reåction had occurred,

c) Ditsethylåcetylene Dicårboxylate ( CH3COZC=CCOZCH3 )

Complex 4, (0.180 g, 0.t86 mmoles) r,¡ås dissolved ín CH2CI2 (S rnl).

To this r,¡as added dine t hylåc etylene dicarboxylâte (0.036 rnl, 0.3?Z

nnoles). The solutlon r,¡as stirred for I hour, ând turned ljght orange

from orange-red. The volune of the solution r,¡as reduced to

âpproxinâtely bhree mL âtìd tlìe 31p¡1¡.¡t nnr spectrun recorded, revealing

no idcntifiâb1e phosphide-bridged products.
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2.3 Synthesis and Châracterlzât ion of CoBplexes 1-B

In 19?8 Darensbourg and Kunp34 devised â convenlent ând fnexpensive

neLììod of prepâring complexes of bhe bype cis-IlßO) 4L2 r,¡here ll = I'fo, t'¡;

L = group 15 ligand. They lìâd observed tlìât prepåråbion of

dlsubstltuted Ler,¡ls base clerivatives of the group 6 hexâcârbonyls wâs

not â triviâl tâsk due bo cis-bråns isomerlzåtlon of the final
producbs. The process they developed !¡âs based on the reâdy

âvâilâbility of cis-Ìt(CO)4(NHCSH1O)2 ln lârge quåntities ålìd the very

facile replacernent of the pipèridine ligånds ln these species by

phosphlnes. Geoffroy36 has also enployed bhls method to prepâre cJs-

H(CO)4(PPh2H)2, ånd ve have used it here to prepâre bhe complexes cis-
llo(CO)4(PCy2H)2 (1), and cis-ti( CO) 4 

( pCyTH) 2 (Zt 1n good yietds, âs

descrlbed in Equåtion 2,1, below.

cis-U(CO)4(NHCSH1o)Z + ZPCy2H --'> cis-ll(CO)4(PCyZH)2 + 2NHCSHI0 (2.It

1: l{ = }fo (?12)
2: ll=W <6A7",

Both 1 ând 2 shovèd a slngle resonance tn the 31p{1H} ntnr spectrum

ât 25.9 ând 10.0 pprn respecblvety (Jo_,_, = 301.1 and 312.6 Hz,

respectlvely; Jw_p = 274.5 Hzl . Infrared spectrâ (Tabte Z.Z) showed

four u.o åbsorptlons consistent wlth C"_ synnetry ând â cis georÌetry

for these conplexes.

The heterobinetålÌ1c complexes 3-8 vere prepâred viâ the reâctions

outllned in EquatÍons (2.2) ând (2.3) belov. This approâch is knovn as

the bridge-assisted. method6 of rnetal-rnetal bond formation and wâs
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dÍscussed irì Châpter One.

Õis-U(CO)4(PCy7H)2 + 2n-Buli - ---r

ll' CI2(PPItg) 2 + LiZtlf (CO)zr(PCyZrZ'J

Lt2tll(CO)4(PCy2) 21 + ?n-Bul|

- -) (CO)4ìftp-Pcy2)21{' {PPh3)

+ pph3

( 567,>
( 487"'
( /tI7, t
(602,
( 447.'
( 427,'

(2.2t

+ 2 LiC't.

(2.3 )

Ni
Pd
Pt
N1

Pd
PI

3¡
4t
5:
6:
7:
8:

H=|to l{r =

ll = Ìfo Ìlr =
l'1 = Mo M' =l{=tl }r'=
lf = I,l Ìf' =
Ì1 = W Mt =

A red-orange solution of L]-2lll(c}l 4<PCy2) 2J ln THF r.¡as âdded to â

sl.urry of ìl'ClZ(PPhO)2, åÌso in THF, and in eâch reâction ân imrnediate

cofour chânge wâs observed, even ât 0'C. The reâction Uâs åssumed to

be complete frhen the undissolved M'C12(PPh3)2 conplex was no longer

present, resulting in a clear darlt orange or red solution. Atl

conplexes were found to be extrerìely soluble in nost orgânic solvents,

including dietl.ryl ether, Loluene, and n-hexâne, ålìd could be

recrystâllized in rnoderate to good yiclds by coolÍng â sâturâted

n-lìexåne solution to -20"C for 24-72 hours. Tlre MoPd (4), Ìtopt (S),

tlPd (7), ând ttPt (8) cornplexes r,rere found to be alr stâble in the solid

stâte, however, when their solutlons were exposed to âir they rapidty

turned bror¡rr fron red or orånge, indicâting ìat decomposiLion hâd

occurred. The HoNi (3) and 9INi (6) conrplexes were found to be âir-
sensitivê in both the solid stâte åDd in solution; hovever, both r.¡ere

found to be therrnâIly stable and i¡ere âctuâIIy isolated in higher

yields Lhân conplexes 4,5,7, and L This !/âs in nârked contråst to

the PPh2-bridgecl conplex (CO)4tl(p-PPìr2)2Nt(PPh3) prepâred by Geoffroy

ând co-vorkers36, vrhich vâs reported to be obtâined irnpure, in lov
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yieId, ând too unstable for detâiled study. In Geoffroy's experiments,

the ì'ret erobirnet al1ic conplexes ( CO ) 4!l( p*PPh2 ) 2pt ( pph3 ) , (CO)4W(p-

PPh2)ZPd(PPh3), and the WNi cornplex naned above r,¡ere isolated by column

chronatography on âlunina, where the flrst fractions off the colunn

co nt âi ¡ìed tlìe flnaI product.

31p¡1¡11 nmr and infrâred specLrål dâtâ åre in Tables Z.I and Z.Z.

As r'/ith other phosphido-br i dged conplexes, the 31pi1H] nmr speci:rà are

very useful in assigtìitìg rnoleculår structures3?, 38. Details of this are

explained in Sectlon 2. 5.

A sânple 31p¡t¡1¡ nnr spectrunì is shown in Fi6ure 2.1. The spectra

Lrere essentiâIIy Lhe sâme for conplexes 3-8, except for satellites in

the spectrâ of complexes contâining spin !/Z nuclei such âs !l or pt

uith less than 1002 nâturâl abundance. In this vor.h, each complex

shows a dor,¡nf ield resonânce (doul¡Iet), due to tvo bridging pcyz

1igânds, and a¡rother resonalìce (triplet) due to â single terminat pph3

ligand. The tvo sets of resonânces are r,¡ell separated by approximately

t40-225 ppnì depending on the cornplex. The large dor¡nfield shift of the

bridging ligands is probåbly indicâtive of â metâl-metal bond39.

Albhough thls is not conclusive, it hâs been shovn39 thât for rnost

p-PRZ ligânds bridging â netal-mebâf bond the phosphorous chernical

shift is dor,rnfield, (ô +50 + 300 ppm) ancl for the sâme Iigârìcls not

bridgiDg a netal-metal bond i:he resonances åre further upfield (ó +S0 )

-200 pprn), Houever, it hâs been suggested thât exceptions do occur,

and therefore this type of correlåLion should be made only for closely

relâted series of cornpounds supported by X-ray crystâl logrâphy, as in

this r¿orft3O -



Figure 2.1: 31p11¡¡¡ nnr spectrm of (CO)4Ho(¡.r-pCy2)2pd(pph3).
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Table 2.1: 31p¿1¡11 NllR Spectral Dataa

Complex ó{p-PCy2)b ó(pph3) 2J,,r_nc

tfoNi ( 3 ) 210.5dd 49.9t 34.0
ÌfoPd ( 4) 261.2ù 37.8t 2't.4
HoPt(S) 259.6d 48. Bt 60.0

HNf(6) 184.6d 42.3 27.8
t/Pd( ? ) 228.8d 35.41 18.7
t\IPt(8) 228.5d 46.4t 49.4

Jor_"

21199 .6 q-Pcyz , Ìf=Pr ) ,

5238.5 (PPh3, Ìl=Pt )

151 .0 (p-PCy2, Ìt=l,l)
156.9 (p-PCy2, Ìf =W)
140.5 {p-PCy2. H=tJ),

2413.3 rp-PCy7., n=Yt¡,
5121.2 (PPhq, H=Pt )

âRecorded in CHZCt2 solution. bchenical shift unitsr pprn.
cCoupling constãnt units¡ Hz. dAbbreviatÍons: cl = doublet, t =tripleb.

The 31P{1H} nrnr dåLâ âfso ÍndÍcâte that cornplexes O-B all have

structures similâr to thât deterlnined by X-ray diffråction for the Hopd

conplex 4 (Fígure 2.41 , VariâtÍons in chenicâl shifts lrithin Hìis

series of complexes are presunably due to differences in efectronic

properties of the various rnetal centres. Tlre Ni ånd pt complexes' pph3

ligânds slìift to lover field compared Lo bhe pd conplexes, ånd there

seems to be little difference between the [,] ând lfo conpounds, which nay

i-ndlcaLe that the presence of a second metâl centre lìâs little effect

on the Ni, Pd, and Pt âtorns. The brldging pCy2 lÍgand shifts to higher

field for the Ni cornplexes, r,rhereas Pd and pt complexes hâve similâr

shlfts. ln this câse l,here is â shift of âbout 30 ppln to higìler field
for the W cornpounds as conpâred to Ho. It is difficult therefore, to

drav any firm conclusions regârding chemicaf shifts in relatíon to

efecbronic properties. The trends observed ho$ever, âre cotìslstenl;

t'/ith those found for mononuclear com¡:ounds40,



Figure 2.2: Infrared spectrum of complex 5,
(C0), Mo(p-PCv. ) "Pt( PPh. ) ín n-hexane. peaks4 ¿ ¿ 3'
are labelled in uniLs of cm '.
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Table 2,2t fnfrared Spectral

Complex

cis-Mo (CO)4(PCy2Hl 2, 7
cis-t'J( CO) 4 

( PCy2Hl 2, 2
ÌloNi , 3
lfoPd, 4
lfoPt, 5
t'¡Ni , 6
WPd, ?
f,¡Pt , I
âAlt in hexane
br = broâd, m

Datå

ucrrd, cm ¿

2018(s )b, 1923(s), 1903(vs), 18?S(sh)
2O74(s), 1920(s), 1895(vs), 7872(m)
2027(sr, 1943 (n, sh), 1928(s), 1910(vs,br)
2025(s), 1955()¡), 1947(m), 1919(vs)
2029(sl , 2949(t\r, 1925(n), 1904(s)
2015(s), 1935(n,sh), 1917(n), 1894(vs,br.)
2OZ4(sl, 19119(s), 2940(n\, 2910 ( vs )
2022(sl , 1948(m), 1939(m), 1910(vs)

solutions. bAbbreviations: s = strong, v: very,
rnediun, sh = shoufder.

Infrared spectrå of Lhe heterobirnetallic complexes g to I are very

sirnilår, all having âpproxinaLely tlìe sâ¡ne påttern ås thât sho!¡n in

Flgure 2.2. As is expected, eâch spectrun shov¡s a four-bând pâttern for

bhe terninâl CO region, i¡ìdicâtive of cis-l'f(CO)4L2, C"_ geomebry,

The four bands result fron the four infrared-åctive CO stretching

vibrations: 2ar, b and br. The vibrations thât correspond to these

symnetry labels nay be illustrâted if the CO stretching motlon is

clepicted as a vector41, as in Figure 2.3 below.

rVhÈ7rVaa +a1 b1 a1 b2

Figure 2.3r CO stretching notion of the cis-HL2(CO)4 unit.
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In Beneråf, the nunber of infrâred âctive ur-ô bånds ând their

relåtive intensities depend on the locâl symnetry of bhè coordination

sphere. The åctive vibrâLions are those r¡hich have â dipolc nonìent

change, tlrerefore, the nunber of IR active bânds cânÌìot exceed but mây

be less than the number of CO groups in the complexzS. The positions of

the u"(r åbsorptions are shifted to signiflcântIy higher values (10-40

"tn-t) "ornpared 
to those of the precursor secondary phosphlne conplexes.

This is indicâtive of å pârtiâl oxidâtion of the Ìt(CO)4 portion. l{etal-

CO l-l:acltbondlng is decreåsed because the electron density is

transferred bo the second metâl centre insteâd of to the fl* orbitâls of

the CO ligând. A r¿eaher H-CO bond resulLs in ìligher stretchinB

frequencies for coordinated CO's. This pârtiâI oxldâtion Ís

interpreted âs resulting fro¡n a H(0) .) lf'(II) dâtive rnetâI-netal bond,

detâiled in Section 2. 6.

2.4 Crystal ånd üoleculår Str¡¡cture of (CO)4Ho(p-pCyZ )2pd(pph3 ), (4)

A perspective vieL¡ of 4 giving bhe âton nunbering schene 1s shoun

in Flgure 2.4, and â representâtion of the inner coordination sphere of

the nolecule is shoun, r,¡ith sonè relevant pårârneters, in Figure Z.S.

The unit cell (Lhe repeating urìj_t tlìât rnâkes up Hre crystal lattice)42

contåins four discrete nolecuLes of 4. TabIe 2,3 outllnes other

crystâllographic dâta, collected and solved ât the University of

Windsor by D. tl. Stephân ând L. Gelnini.
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Table 2.3: Sunnary of Crystål Dåtå, Intenslty Collection,
gLructure Refinenent for (CO)4Mo (p-PCy2)2Pd(PPh"r) ( 4)

formula
so lve nt
crystâI colour, form
à, A
b,Â
c, A

ß, dec
cryståI sysLenì
spâce I roup
volune, Ar
p(calc'd) g/cm3
z
crystâl dincnsions, nn
p, abs. coeff., cnr-1
radiation, (\, A)
tenp, "C
scan speed, deglrnin
scân rânge, deg
bâc kg round/sc atì tine råtiô
dâtâ co I lecbed
unique dâtâ lFoZ > Ao1ozl
number of vârisbLes
R,Z
Rr' z

HoPdP3O4C45Hq9
n-hexane
red-orange, blocks
2L . 47 4( 4'
10.573(1)
ZZ .95tr( 4,
117.53(1)
no noc I lnic
Cc
4627(r'
7.40
4
0.2'l x 0.46 x 0.96
7 .77
MoKa ( 0. 71069 )

24
2.0-5.0 ( 0/20 scân )

1.0 below K1 to 1.1
0.5
6570¡ 20 of 4.5 to
3566
370 (2 bloclts )

3.4r

above K2

50 ( +h, +k. *1)

The overall geonÌeLry of this binucleâr conplex is â conbinâtÍon of

tlìe ÍndividuåI coordination geonetries of the Mo and pd ator¡s. The pd

âton is bonded to the three phosphorous âtorns wjLh an average pd-p

distânce of 2,278(81A. The largest deviâtion from the leâst squåres

plane forned by the Pd ând three p âtons is 0.06?6r\, ancì the p-pd-p

ångles âverûge 119.8(1)". Tlìis is consisLent r,Jitlì â trigonal,planar

geonetry âbout the Pd âtom if rre neglect the Ho-pd interâction. The Ìlo

åtom is bonded to the Lrro bridging p atoms (p1 ånd pZ) ând four

carbonyl carbon âtons. The Ho-p distances are typicâl and average

2,536(1)4. The lfo-C distånces averåge Z.Og(ZlA âìld. also fâIl t,¡ithin

the expected rânge. The C-Ìfo-C and p-Ìfo-C angles are consistent uiLh å

sllghtly distorbed octahedrål geometry, rânging fro¡n 93,6(3)" to



Figure 2.4: ORTEP of cornplex 4, sho!¡ing the âtom nurnbering schene.



P2 cza c



Figure 2.5: Representation of the innêr coordinâtion

sphere of complex 4.



@
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10L,2(7r" âboub the lfo âton. Dâtâ âre lLsted in Appendix 2.1,

The llo(p-PCy2)2Pd core is not plânâr. The dihedral angle betr,,een

the P1-Ìfo-PZ ând P1-Pd-P2 planes ls 13.4", giving the molecule a very

sliglìt butterfly distortion, as shovn 1n Flgure 2.6. The Ho-pd distânce

of 2,760(1)Â is slìorter thên åny yet deterrnined43: i pdNHe2CH2C6H4Ì 
2 { ¡.r-

No(CO)3(r¡-C5HS)]p-Cll, 2.832(Lrl. ånd 2.?88(1)A; tpd(B-rnebhylqufnotine-

C,N)PPhMe2Ho(Co)3(¡-C5H5) l, 3.059(1)A; t pd2Ho2 ( r¡-C5H { 2jt2-
CO)Z(PEb3)21, 2,827(7rl' and 2,855(1)4, The nost sinìilâr structure Lo 4

is thåb of MoPd(U-PhZPpy)Z(p-CO) (CO\ 2Cf7 (py = pyrtdfne)4/1, where rhe

llo-Pd dlsbânce wâs found to be 2.81?(1)4, !¡hich is also 1ongèr thåtì bhè

2.760(t)A found for 4. Tìre llo-Pd dlstance in 4 is equâl to the sun of

the covâlent rsdti4s of the Ìfo ând Pd âtons; â covâIent râdius ls equâl

Lo half the bond length bet!¡een a nolecuLe X-X ln vhlch tr,¡o åtoms X ere

slngly-bonded to eâch other (Ìfo = 1.4S4, pd =:t,O1A). Therefore thfs
distânùe is nob unusuâI or utìexpected, does not indicâte nulbiple

bondfng, ând is consistent with â s1ngle bond betl¡een the netâI âtons.

15.4'

Figure 2.6: Dthedral ångle of the l{(¡r-pCy2)2H' core.

As illustrated ln Figure Z.S, other bond d.isbâtìces and angles in

the Ho(p-PCy2)2Pd core âre conslstent with â Ho-pd bond. For exanple,

the Ho*Pl-Pd and ìlo-Pz-Pd angles are constrâined to 69.?(1)" ând

69,8(1)" respectlvely, vhère we r,¡ould expecb angles of âpproximâbeIy

109" for tetrahedral phosphorous atoms. Similâr]y the p1-Ìto-pz ângle
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has opened uÞ to 701,2(I)" from the 90' expected for an octahedral

cornplex, The P1-Pd-P2 angle is 71.8.'t(I1", closc to the 120" expected

for â trigonål plånâr conplex, Other !¡orkers3O,39c ¡lnu" noted thåt

âlthough the metâl-metâl interâction rnay be desr:ribed âs occurring

through bridging plrosphororrs orbitals, ålI dâtå collected itì this cåse

Índicate â cLosing of the ìlo-Pd dlstânce, ând therefore would not be

interpreted âs being inposed by the plìosphido Iigands.

The diphenylphosphido-bridged cornplex (CO)4W(p-Pph2)2pt(pph3) has

also been characterized by an X-ray dÍffrâction study36, and, simflar

to conpfex 4, hâs â group 6 metâI ând â group 10 metal bridged by

phos¡rhido ligânds. A cornparison r,¡1th (CO)4Uo(¡r-pCy2)2prl(pph3), 4,

illusLrâtes the effect of replâclng phenyl by bulhy cyclohexyl groups

ås sullstituents on tìre bridging phosphorous atoms. The molecular

structures of these tvo conplexes âre very similår, and the

coordination geometries åbout the rnetal atoms åre essentiâlly

ldenticâ1. This fs particrrlarily true for the Ìt(p-pR2)2ÌI, cores, j_n

wlìÍch the bond lengtlrs and angles show little difference; for example,

the W-Pt bond dÍstânce36 * ?,.764ft)A ând the ÌIo-pd bond distânce is

2.760(IrA. The only major difference is bhe larger tt(p-pR2)21{,

dihedral ângle of 15.4" for 4 conpared r,¡ith 2.2. for (CO)4W(p-

PPhZ)zPt(PPhO). A comparison of structural datâ for tlle t r,¡o compounds

is shor¿n i.n TâbIe 2.4.



Table 2.4 Conpârison of
(CO)4Ho(p-PCy2 ) ZPd( PPhg)

StructuråI Feâture

ìl-ll Bond Dfstânce
Dihedral Alìg le
H-P1-l'f'Angle
U-Pz-H'Angle
P1-ÌI-PZ Ang Ie
P1-H' -P2 Angle
P1-Ìf Distance
Pz-ìf Distânce
P1-ìl'Dlstance
P2-lf' Dlsbance

Sfructurâl Dstå for

t^r-Pt

2,.764(7) A
o oo

?0.8(1)"
70.6(1).

100.8( 1)'
1",t"7.8(7t"
2.509(4)Ä
2.50?(3)A
2 .249 ( 3',t 4
2 .266( A',t A

(Co) 4t¡(u-PPh2 ) 2Pb 
(PPh3 )

llo-Pd

2.760(7rA
75.4"
69.1(t\"
69.8(t)"

tot . z(1, "
y,a .19L ) "
2.530(1)A
2.542(Z' A
2.287 <2' A
2.267 (2' A

and

Bulky substituents on the lf(p-PR2)2ll' ring ÍlÍght be expectecl to

produce â nore plânsr structure slnce this pÌânâr1ty r,¡ould reduce

steric interâctions bebveen âdjâcent R groups. Indeed, Jones46 has

found thât for the cornplexes tFe(p-t-Bu2p)C1(plfe3)J2, CoZ(!-t-

BuzP ) 2C1 
( PHe3 ) 2, and tNl(p-t-Bu2P)(Plfe3)J2, brldged by the very bulky

ü-BUZP ligand, the (p-t-Bu2P)2H core 1s essentlâÌfy plânar, as shown

ln Table 2.5 belov.

Table 2.5: Dlhedral Àrtsles Betseen Ë-P1-ü, and FpZ-t.
Conplexes

complex Dlhedral Ang Ie

tFe (p-b-Bu2P )C1(PMe3 ) J2 0"
CoZ(U-ü-BUZP)2C1(PHe3)2 0"
tNj. (p-t-BuzP ) (PHe3) l2 0"
tRh(p-t-BUZP ) (CO) (PNe3)12 0"(CO)4W(!-PPhZ)2Re(CO)3CH3 1. S.
(CO)4W(¡r-PPh2)2Ir(H) (CO) (PPh3) ?.8"
I (CO) 

3 
(C(OHe )Ph)W(U-PPhZ) ZIr (H) (CO)PPh3) J Z. B"

for t(p-PR2 ) 2H'

Reference

46a
46b
46c
46d
47
48
4B

Hovever, 4 contâins not only sterlcâlIy denandlng

dlcyc lohexylphosphldo-brldg 1ng ligânds but elso â reIâtively lârge

âncillary b r lphenylphosphi ne llgând. The rreefold synnetry of bhe
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PPIì3 group superiìnposed on bhe Ìfo(f-PCy2.\7Pd core resulLs in steric

incerâctions bet!/ee¡ì Cy3 and Cy4 (H3ZB - H62 = 2,352A,¡ H4ZB - C67 =

2.9674',, r,/here PhS is erlge on to the face of CyI (HIZB - HS6 = 2.376A),

å¡ìd Ph? is face to face \ritl1 cyz (H268 - c?6 = 3.0354). We presurne

therefore thåt the observed dihedral ângle in the Uo(p-pcyz)2pcl core

occurs sirnply to mininìj-ze Lhese group interâctions. This does nob

occur for (CO)4tltp*PPh2)ZPt(PPh3) since the PPh2 ligands are less

br,rllty, and lt does not Òccur for the p-t-Bu2P conplexes nentioned since

tlìe terminâl ligånds are relatively srnall. It should be noted,

however, thât thís type of bridg ing-t erni nal Iigand interâction can be

very importânt, for example, in the group 9 complexes tH(p-pR2)L2J2, ( l.l

= Co, Rh, Ir), in r,¡hich i¡ìcreâsiìlg the steric bulk of L Íncreâsingly

favoured C>B>A (Figure Z.7 r49,

R2

\¿'\n,r'
,-,, \r.r" \,

R2

L = CO, PR3, etc.

Figure 2.7: Effect of

R2

tt.. z\ììt-tf-
t/ \r/\t

R2

R2

L /\ L\. /\'.M:¡t'

]'/\1\,"
R2

increåsi.ng thê steric bulk of ligånds, L.
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2.5 Correlåtion o¡ 3tp¡1¡-¡¡ Nm ând X-råy Crysbâllogråphy Dåta

As stâted in Sectfon 2.3, sIPttHI nnr spectrâ âre very useful in

åssigning molecular structures, ånd in this section 31p¿1¡11 nnr dâtâ

r¿i]l be compâr'ed to X-ray crystaÌlography data for sèverâl

lìeterobimetal lic conplexes, including 4.

The most obvious and most studied correlåtion l:etr¿een 31p11¡¡1 tl*a

and c rysbal l og rapìric dâüå is thât betueen bhe chemicâl shi.ft of the

bridging phosphide Ìigâtìd ând the netâI-metâI bond disLânce, As stâted

in Section 2.3, a large dot¡nfield shlft is expected for phosphide

ligands tlìaL bridge å netâl-rnetâI bond, houever, exceptions to thÍs

general rule do occur, Therefore, a generslfzatÌon such âs this cân

only be rnâde for closely.-related complexes sup¡:orted by X-råy dâtå.

Table 2.6 gives exânp1es of several conplexes, their p-pR2 chernical

slìifts, and metâj--netål bond distânces.

Table 2.6: ChemicåI Shifts for Bridging Phosphido Ligands vs Xetal-üetal
Bond Di.stances

Complex

(PPH3 ) (CO) 3Ru(p-PPhZ )CÕ (CO) g
(CO)4W(p-PPh2 ) ZIr ( H) (COD)
( CO) 4!¡( lt-PPhZ ) 2Re 

( CO ) 3 
( Cll3 )

(CO) 4tl( p-PPh2 ) 2Pt {CH302CC=CCO2CH3 }
( CO) 3Os 

( p-I ) ( p-PPh2 ) Os ( CO) 3
tCo (p-t-Bu2P ) (Plle3)N2J2
Ni2 (¡t-t*Bu2P ) 2 

(CO) 2(Plle3 )
(CO) 5Cr ( p-t-Bu2P )Rh(COD)
( CO ) 4ìlo ( p-PCy2 ) 2Pd { PPh3 )

tRh ( p-t-Bu2P ) (CO) 2J2"'
tRh (p-t-Bu2P ) <COT ZJZl

M-ll Disbance (A) Ref.

2. ?681(4) Ru-Co 50a
2.893(7, U-Ir 50b
3.015(1) t'l-Re 47
2.764(7' W-Pr 36
2.789(1, Os-Os 50c
2.4I4(7, Co-Co 50d
2.446(2) Ni-Ni 50e
2.738(7, Cr-Rh 46
2.760(7, o-Pd 50f
2.?609(9) Rh-Rh 50g
3.7I7 (t) Rh*Rh 50g

ô ( p-PR2 )

183.6(s)
147.6(s)
1?7.8(d)
18?.1(s)
48.0(s)

214.95( d',,

268 .90(d'
215.0(s)
267.2(d',
402.8(d)
402.8( d,

+tetrahedraf core. lpfânâr nolecuLe



EspeciâIly notåble 1n these examples are the complexes (CO)3Os(p-

I)(p-PPh2)Os(CO)3 t,'ibh a p-PPh2 chemicål shift of 48,0 ppm, even

though a rnebåI-metal bond 1s preseDt, âtìd bhe planar com¡rlex tRh(tj-.t-

Bu2Pl (COl212 wlth a p-t-BuZP chenlcâl shift of 402.8 pprn where no Rh-Rh

bond 1s present.

AnoLher correfsLion thât seens to occur for phosphldo-bridged

complexes is blìåt betr,reen ¡:-PR2 chemical slìifbs and lt-P-M âtìgles,

Carty39c dld establlsh å correlâtlon betl¡een H-P*ll ângles and 31p nnr

chemlcal shifts for e series of relaLed FeZ(p-PPhZ)(p-X)(CO)6)

complexès ånd he ålso polnl"ed out thâb the chemlcal shift vâlue wâs, in

this câse, â very sensitive lndlcator of chânges in bond â¡gles.

Geoffroy30, on the other hånd, structurally ctraracterizecl several

(CO) 
4Í'l{ ¡-r-PPh2 ) 2l{Ln cornplexes36, 48, 51, 52 and trlecl to correlate

structurål resulLs to 31P nr¡r chemlcal shlft dâtâ for these conpounds

ås in TåbIe 2.?. Hosever, no obvtous correlâllon exlsted ânong the

netal-metal distånces, Ìt-P-H angles, and 31p nmr dåtå. These resulcs

point out serlous problerns ln relatlng chemlcâl shlft to H-p-ll angles

ånd nebâI-metâI bonds excepb for closely retåbed compounds,

Table 2.?: Stn¡cturel Pâraleters and 3tp HtR Dâta for a Series of
(CO)4ll(¡r-PPh2 )ZìlTx and Releted CoEpounds

Conpound H-Ìf, A Ìl-p-ü, rteg ô Ref.

(CO)4W(}t-PPh2)ZPt(PPh3) 2.764(1-, ?O.A(1), ?0.6(1) r73.8 36
( CO) 4l{ { p-PPh2 ) 2Pt ( CH3CO2C=CCO2CH3 )

2.795(7t 72.4(t>, ?2.5(1) LB.t.7 36(CO)491(p-PPh2)2Ir(H)(COD) 2.893(1) 74.Zer, 7Z.S<Z) 15?.6 51
(CO)4t¡( U-PPhZ ) 2Ir ( H) (CO) ( PPh3 )

2.8764(5) 72.7(L), 72.9<Lt 132.8 4A
(CO) 3tC ( OHe ) PhJW( p-PPh2 ) 2Ir ( H) (CO) ( PPh3 )

2. 858 ( 1) ?3.0(1), 72.6(7t Lr9.3,

{co)4trl(p-PPh2 )2ZrCp2 g.zrgt.,, ?9.3(B) , Ig.Z(Z't t?2.', å:(CO)4!l(p-PPh2)2Re(CO)3CH3 3.014(1) 76.rßr, 76.2(Z) fil.I Sz
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If any conclusiorìs cân be nacle regardÍng 31pg1¡1i nmr, X*ray

cryst al lographic datâ, ând the presence or absence of a rnetal-metal

bond, r're r¿ould have to say that in order to reach an unambÍguous

conclusion X-ray crystallography must supporL 31p nmr data,

2.6 Thê Hetql-Hetal Bond

Frorn X-ray dâtâ described in Sectlon 2.4 we cân conclude thât å

bond does exj.st betlreen tl¡e t r,¡o netâl âtoms ¡fo ånd Pd. However, a

description of thât bond is needed to better understancl the type of

interåction betueen the two netâl âtorns.

To describe the netâI-netâI bond âs â direct bond t¡¡o conditions

åre necessåry, Firsb there nusL exist some sorL of metâI-metâl

interâctiÕn to give eâch netâl a sâtisfactory efectron count: 1g

electrons for Ho, ånd 16 electronsfor Pd. Secondly, there âre tvo

ânionic PCy2 llgands 1n the cornpÌex, and therefore â totâl netâl

oxidâtion ståte of +2 nìust be âccounted for. The bhree possible

descriptions of the rnetâl-metal bond are:

(a) the rnofecule could be described âs hâving â direct covâfent

single bond between ds I'lo(I) and de pd(l) centres,

(b) the netål-rnetâI bond mây be described as a polar donor-âcceptor

llond between d6 Ìfo(o) and dB Pd(lI), or

(c) the bond nay be a polar. donor-âcceptor bond betueen the tr,¡o

metals in the opposite directlon betf,¡een da Ìfo(II) and drô pL(0).
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Figure 2.8 Descriptions of the retål-metal bond.

ït is difficult to sây uhich descripLlon best fits the molecule

descibed here, since 1t is not hnonn lrhether the interâcting orbitals

on each metal have the såme energy âs in (å), or r,rhether ìe pâÌIadium

or nolybdenuÌn orbitals J.le at hlgher energy, as in (]r) ând (c).

Irr Figure 2,8, (b, ând (c) âre illustrations of donor-

acceptor bonds. On an orbitâl bâsis thÍs sinp]y rneâns thât the rnetâl-

localized orllitåIs that overlâp to form the netal-netaI bonding and

ântibonding orbitals âre of different initiâl energies. Therefore the

borìding moleculår orbitål !¡j.It be closer in energy to one of the

initiâl netal orbitals, and thus the electron density in that rnolecular

orbitål wj.ll be more locålized on or.¡e metal uran the other, ås in

Figure 2.9. A slrnilar sltuâtion aríses for the usual donor-âccepbor

node of li8ånd-netal binding with electron density localized on the

llgarrd. For heteronetallic cornplexes, ân irnportânt question concerns

tlìe strength of these donor-accepLor bonds and the pârLiculâr chemistry

thât nay result as â consequence of their p.esen"*s3.
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Given the infornâtion regârdfng CO stretchÍng frequencles in

Sectior'ì 2.3 and the fact thât the itìitial oxidåtion states of the

netafs were Ho(0) and Pd(II), fornulation (b), the donor-acceptor bond

fron Ho(0) to Pd(II) seens blìe most reasonable explânåtion for Hre

metâl-neuâI bond.

2. 4 Stæary ånd Conclusions

In this châpter, the versatilÍty of the brldge-âssisted synthesis

for phosplìido-br idged heLerobimet al l ic complexes hâs been denonstrated

by its applicâtion to â series of dicyc lohexylphosphido compfexes thât

link Mo or 14 r,/itlì Ni, Pd, ând Pt. The substitution of cyclolìexyl for
phenyl groups âdds stâbflity, as evidenced by the ease of prepârâtion

ånd châråcter izåt ion of the nickel cotnplexes, shere in eårIier

syntheses related conpounds l¿ere unisolåble. This stâbllity is

probâbly due to a combinâtion of Íncreåsed båsicity of the bridginB

phosphorous âtons ând sberic shlelding by the cyclohexyl groups. t,Je
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ålso found tllât on stirring the Ho-Pd complex, 4, under CO and H2 Lhat

no reâctiotì occurred. When 4 r¿as reacted i¡ibh diÌnet hytacetyle ne

dicarboxylate no identifiâble products were observed in flre 31pf1Hl nmr

spectrun. Therefore, although these corûplexes do appeâr interesting,

the presence of tvo dic yc to hexylphosplrfdo-bridges mskes them generally

unreactive.



APPHDIX 2. 1
SËLECTÐ BOI{D DISTAI.ICES AND AI{GLES FOR

(CO)4Ho ( p-PCy2 ) 2Pd(PPh3 ) (4)

Table 1r Distances (A)

Ìlo-l'd
lfo-P1
Ìlo-P2
Pd-P1
Pd*P2
Pd.P3
P 1-C 31
P7-C47
PZ-CIL
P2-CZL
P3-C51

Table 2: Angles

P7-Pd-P2
P 1-.ì'fo -P 2
P1-ìlo-C3
P Z-lfo-CZ
Ct-l7o-CZ
C2-Mo-C3
Uo-P1-Pd
lfo-P2-Pd
Pd-P1-C3t
Pd-P2-C21
Pd-P3-C?1
c61-P3-C?1
P1-Pd-P3
P1-lfo-C1
P 1-l{o -C4
P2-Ìlo-C3
C1-llo"C3

2.750(7'
2.530(1)
2.542(z',,
z.287 (2>
2.267 (Z')
2.280(2,
1.85 (1)
1.85 (1)
1.859(7)
1.86 (1)
1.839(5)

( degrees )

tIg .7 (7'
701".2(7)
84.?(3)

1-70.3(2)
89.9(4)
90.8(3)
69.7 (L
69.8(1)

717 .t(3'
r25 .9 (2\
105. 9 ( 2 )
105.1( 3 )
118.5(1)
1?0.9(3)
93.8(3)
94.0(Z'
86.6(4'

lfo-P1-C31
llo-P2-CIl
Pd*PJ,-C4t
Pd-P3-C51
c51-P3-C61
P2-Pd-P3
P1-Ifo-C2
P2-lfo-C1
P2'lto-C4
C1*llo-C4
L ó-flO -L ¿1

Ìfo-P1-C41
llo-P2-C21
P d-Pz-CIt
Pd-P3-C61
c51-P3-C71

1.848(6)
L .819 ( 6'
2.00 (r)
2.027 (9'
2.027 (B'
2 .051('t ,
r.r4 (r,
'J-. t2 (1-)

7.13 (7)
r.L26(9'

85.5(4)
L23.4(3)
r71 .6 (Z)
727 . 4( 4'
727.5(I)
700 . 4(2,
122.3(1)
87.?(3)
82.0(3)
91.7(3)
94.6 ( 4'

I7 4.3(3',
7r8.2(4'
720 .B (Z )

119.1(3)
118.8(2)
703.3(Z'

P3-C51

lfo -C 1

l7o-CZ
Mo-C3
lfo-C4
c1-o1
c2-02
c3-o3
c4-o4
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CHAPTER THREE

SII€LY-BRIIreED COIIPLEXES OF Fe-Ir

3.1 fntroduction

In this châpter, the chemistry of singly-bridged

dicyc lohexylphosphido complexes is investlgâted, in uhich the t!¡o metâL

centres invo]ved are Fe and Ir. As r¿as shovn in Chapter Tr,ro, a doubJ.y-

bridged system t'¡âs quiLe unreâctÍve. No substi-Lution reactions or

ox idåt ive-âddft io n chenistry was found, and alflrough donor-acceptor

bonds such âs those present in (CO)¿rlf ( p-pCy) 2lI' (pph3) might be

expected to be Iabile, when i:l,¡o bulky dicyc Io hexylphosphide bridges

r.rere present, the rnetâl*netal bond wâs not perturbed. A single

plrosphido bridge on the other hånd, slìould stlII irnpârt stâbility to â

het erobinetâlli c system, rrhile âllor,¡ing uìe trro metâl centres to be nore

accessible to chernicâl trânsformat ioÌìs.

The heterobinetal 1ic cornplexes (CO) 3(pph3 )Fe (p-pCy2 ) Ir (pph3 ) {CO) 2

(2), end (CO)4Fe(}l-pcyz)Ir(COD) (3), shÒwn bef oÌ,r In FÍgure 3.1, âre

prepared via the bridge-åssisted synthesis. Complex Z is prepared by

reåcting LitFe(CO)4(PCyZ) I r¿ith Vasha's compounds4, trans-

IrCl(CO) (PPh3)2. Square planar dB complexes, such as Vasha's conìpound,

have a for¡nal el.ectron counb of 16 and are therefore coordinâtively

urìsâturåted. These Ir(I) species are known to undergo oxidâtive



additioìì reâctions r/ith nunerous addendâ. For example, ürans-

ÏrCl(CO) (PPtr3)2 reacbs rrith HCI to give the ox idat ive-âddit i on product

IrCl2(H) {CO) {PPh3)2. This Ir(III) conplex has a forlnal electron count

of 18 ând is therefore coordinâtively sâturated, ând has å full
octalìedrâ1 coordinatiotì splìere. It should prove interesting tlren, to

study the effect â proxinâte iron âton will have on the reactj.vfty of

the iridium ceni:re in â het erobime Lâl I ic complex.

Conplex 3 is prepared by reâcting 2lltFe(CO)4(PCyZ)l ånd

üråns,trâns-[frCl(COD)ì255 (COD = 1,S-cycfooctadiene ) . This complex is

also coordinâtivefy unsâturâted ât Lhe iridiun centt..e, ând therefore

should undergo sinilår åddition reâctions. As r,reII, 1,S-COD is usually

displaced readily by other ligands such as CO and pR319. Tlìus the

poLenLiâl exists for both addition ând substitutioìì reåctions to occur

r¡ibh the het erobineb âl I ic complex 3.

cyz
nrì Ptu'.. 

,''\
OC Þ- Fe-Iy'_{ CO

,/\ \Ph3P CO 'PPh3

2

Figure 3.1: Conplexes 2 ånd 3.

cyz
oc. ,Pa

*--'nl-ìr."
,/\ \

OC CO
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3.2 Experim€ntal

Í) Generel

Trans-IrCl(CO) (PPh3 )254 and t IrCt (COD) J255 r,rere prepâred âccording

to literåture procedures. n-BuL1, PPh3, PEt3, Pn-8u3, pi-pr3, plÎe2ph,

PlfePh2, tetrafluoroboric âcid-diethyl ether complex ( [lBF4-etheraLe ) ,

Fe2(CO)9, 1,5-cyclooctadiene (1,5-COD), MeI,

bis ( di¡:henylplìosphl no ) ethâne (dppe) (Alrlrich), IrCI3.3H2O, pCy3, pCy2H,

bis ( diphenylphsopìri no ) me t hane (dppm) (Strem), ând dinet hyl âcet ânide

(DHA) (Eastrnan), were purchased ând used âs received. pBz3 was courtesy

D. W. Stephan, University of lJÍndsor. Dimet lrylåc eL âmide hydrochloride

(DHA'HC]) wâs prepâred by bubbling HCI gas through â benzene solution

of DlfA which gâve immediâte formåtion of DMA.I{Ct âs â r,rlìite

precipibåte. The lâtter vas r¿ashed with benzene, dried under vacuun,

ând stored under N2 for låter use. CH7CI2 was dried by disl-iltation

frorn CaH2 under N2; tetrâhydrofurån (TI{F), n-hexane, and i:oluene vere

dried by distillâblon fro¡n Na-benzophenone-ketyl uncler NZ; n-heptâne

ånd diethyl eLlìer uere dried over molecular sieves ând degassed r,rith N2

prior to use. AII reactions were conducted under an NZ âtnosphere

using standârd Schlenk35 techniques, âs explâined in Section 2.2.
31p¡1¡11 nnr spectrå r¿ere recordecì ât 36.4 ìlHz on a Brijker WH90

spectroneter åt 300K lrith ân external D2O lock âlìd at 121 ,S MJz on a

Bruäer Alt300 at 22OK, Phosphorous chenicâI shifts vere rneesured

relative to externål t{3PO4 (852) çith positive shifts dounfield. 1¡1

nnr spectra vere obLåined at 300 l.lHz on â Br;ker AH300 at O00K and are
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reported relâtive to Ìle4S1. L3ç¡1¡1¡ nmr spectrâ vere obtâined ât ?4.s

lfHz on a tsr'uker Alf300 at 300K. lnfrared spectrâ were recor<ìed on a

Perkin-Elner 781 gråting infrared spectroneter using CH2CI2 or n-hexane

soluLions 1n NaCl solution cel-ls. Gas c hrornal-og raphy and måss spectrâl

data r¡ere collected on a Her¡fet t*Packard IIP 5890 gås chì.onâtograph

linked to an HP 59?08 mass selective detector. Sâmples vere analyzed

on a Herrfett- Packard fused silica câpiIlâry column of crosslinked S%

phenyl meLhyl silicone (25 n x 0.20 rnm) operåting at '/0'C. Elemental

ânâlyses were perforned by Cânadiân Ìlicroânåtyt ic al. Service Ltd. , Ne!¡

[,Jestminster, British Columbiâ, Canada.

Preparåtion of Fe(CO)4(PCy2H) (1)

To a sofubion of Fe2(CO)9 (5,0 g, 13.?S rnnoles) in toluene (S0 nì1., )

rrâs âdded PCy2H (2.84 nL, 13.?5 mnoles). The orânge-broun sol.utlon r,râs

stirred for 24 hou¡s at 3S"C, during which time all of the Fe2(CO)9

dissolved. The soìvent uas re¡noved in vâcuo to feâve â bFor,In oil r¿lìich

wâs dissofved in ¡t-lìeptâne (30 rnl) and which uâs recrystâl1izecl by

cooling the solution to -20"C for 12 hours. This yielded å brown

crystâlline soIid, 4.14 g, 7f .29 nmolcs, B2Z. Anal. câlc,d. for

C15H2qO4PFe: C, 52.477,; H, 5.3'lZ. Found: C, 5L067"i H, 6.2f7,.

ii)
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it) Prepârâtion of (CO)3(PPh3)Fe(p-PCy2)Ir(PPh3)(CO)2 e,

n-BuLÍ, (1.65 ml, 1.55U in hexanes, 2,56 rnrnoles) !¡âs ådded viâ

syringe to â red-brovn sofution of Fe(CO)4(PCyZH) (0.938 g, Z.56

nmoles) 1n THF (15 mL). This solutlon innediâteIy turnecl clarìr bror,¡n.

Afber stirring for 10 rninutes, tlìe sofution r,/as âdded dropr,rise to â

yellow slurry of trâns.-Ircl{CO)(PPh3)2 (2.00 g, 2.56 mmoles) in THF

(30 nL) at 23"C. After 20 ninutes all of the trans-IrCl(CO)(pph3)2 hacì

dissolved ånd the resultant orânge-bror¿lì solutlon uâs sbirred for 24

hours at 23'C. The solvent r¿as rernoved in vâcuo ând the renâining

brown oily solid was !¡âshed with hexâne (3 x 10 mL), and tìren exLråcted

uith CH2CI2 (5 x 10 nt,). The volume of CÍI2CI2 soluLion t¡âs reduced to

âpproxirnâtely 10 nL and the sofution wâs coofed to -20"C for tB hours,

yielding orânge nicrocrystâIs of 2. (2.27 g, I.98 rnmoles, ?SZ). Anal .

calc'd. for C53H52FeIrO5P3: C, 57.3f7"; H, 4.737". Found; C, 57.247,i H,

4 .637" .

iv) Preparåtion of (CO)4Fe (p-PCy2 ) Ir(COD) (O)

n-Buli, (0.51 nL, 1.5Ìt in hexanes, 0.B16 nrnoles) was âdded viâ

syringe to a red-bror¿n solution of Fe(CO)4(pCy2H) {0,3009, 0.816

nmoles) in THF (10 mL), The darh bror¿n solution was stirred for 10

ninutes, coo:Led to 0"C, then âdded dropvise to an orânge sofution of

tIrCl(COD)lZ {0.274 g, 0.408 nnoles) in Tf-fF (10 mL) ât O"C. The

soÌuLion inrnediâtely turned ân intense red-bror¿n colour. After

stirring åL 0'C for four hours the sofvent was rernoved in vacuo, and a



55

red-bror'¡tì oily solid resufted. Cornplex 3 uâs unståble åt O"C in bhe

solid si;ate åtìd in solutlon, ând !¡as therefore prepâred ând used in

sibu.

v) General Reactions of Conplex 2

å) Reaction of 2 ¡,rith llel or Dl{A. tlCl

To pârtiâlly dissolved solutions of Z (0.100 g, 0.090 nmoles) in

tofuene (10 nL) were added equfnolâr ånounts of either l{el or D}fA.HCl.

The solutions r¿ere stirred for 18 hours, with no chânge in Lhe orârìge

colour. 3tp¡1¡¡3 nnr inclicâted thåt no reâctions hâd occurred.

b) Reåction of 2 with H2

Complex 2, (0.I42 g, 0.IZB:nnoles) r,ras partially dj.ssolved :in

tofuene (5 nL) and stirred under H2 (one atrnosphere ) ât 60"C for Z0

ninutes !¡ith no change in the orânte solution. 31p¡1¡.¡1 nmr indicâbed

that no reâction had occurred.

c) Reåction of 2 with CO

Conplex 2, (0.2009, 0.180 nrnoles) !¡âs pârtiâll.y dissolved in

tofuene (5 ïìL) ând stirred under CO (one atnospher-e) for two hours

without change in the orange solution. 31p¡1¡1¡ nrnr indicaùed that no

reåct1on had occ urred.
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d) PreparâtÍon of (CO)3(PPh3)Fe(p-pCy2)Ir(pph3){CO)(t-BuCN) (4)

Complex 2, (0,I90 g, 0.77I ¡nnoles) !¡ås partÍâlly dissolved in

toluene (5 ¡nl, ) and t-BuCN (0.019 nìi,, 0.1?1 nmoles) vas added. Afber

stirring at 60'C for 20 minutes a clesr orange solution resulted.
31P{1H} nmr indicated thaL t-BuCN hacl replaced CO on Ir üo the extent

of 502, however, the product proved unisolâble due to persistent

contaminâtion by 2.

e) Prepâration of I (CO)2{PPh3) {H)Fe(p-pCy2) Ir(pph3) {CO)Zl+ BF4- (S)

Complex 2, (0,I20 g, 0.108 nmoles) was parbially dissolved in

THF (5 nL) and HBF4-etherâte (0.02S nL, 0.108 rTìnof es ) was added. After

stirrÍng ât 23"c for 18 hours the volune of tìre solution was redriced to

ca. 3 rnI- ånd then cooled to -20"C for 1tg hours to yield light
yelLor,r 5 (0,044 g, 357.,

vi) Phosphine Substitubion Reâctions

a) Preparation of (CÐ) (PPh3 )Fet¡rpC!2 ) Ir(pR3 ) (CO)2 tR = Et (6), n-Bu

(7), i-Pr (10), Bz (11)l and (Co)3(pph2[e )Fe (ìFpty2 ) Ir(pplrr2tstet {CC)2, U,Z)

To a partially dissolved solution of 2 (0.1S0 g, 0.13S n¡nof es) in
toÌuene (10 nL) vas aclded ttrice the equlnolar ânounb of phospl.ìine.

After stirring for approximately iS minutes aII of complex t dissolved,
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resulting in orânge solutlons. Al1 reâctions mixtures uere stirred for

12 hours at 23"C, ând the toluene renoved in vâcuo. The renaining

oran6e oil t,¡ås l"hen wåslìed witìl diethyl ether (2 x 3 rnl ) to leâve Lhe

product as a yellor,r or yellow-orânge por,rder. The yields and elementâl

ânâlysis dâtâ åre sumnârized in Table 3.1.

b) Preparation of (CO) g ( PXe2Ph )Fe ( ¡rPCy2 ) Ir(PPhA) (CO)2, (8), and

(CO)3(PPhB )Fe (p-PCyZ ) Ir(PCy3 ) (CO)Z, (9)

To a partially dlssolved sofuLion of 2 (0,150 g, 0.13S mnoles)

in toluene (10 nìl ) r,¡as added ttrice the equinolâr arnount of either

Plle2Ph or PCy3. After stirring for âpproxinâtely 15 ninutes cornplex 1

dissolved conpletely, Ieåving an orångc solution of B or an orange-red

solution of 9, The reaction nixtures were stirred at 2O.C for 12 hours,

and the toluene r¿as rernoved 1n vacuo. The rnininum anount of diethyl

ether was added to dissolve the remaining orânge oil, and ttre ether

solutions r¿ere cooled to -20"C for 24 hours, preclpltâting orânge-

yeIlor,r nicrocrystâls of B, and orâ¡ìge nicrocrystals of 9

Table 3.1: Yields ånd Elenrenbal Analyses Results for phosphine
SubstituLion Products of (CO)3(PPh3)Fe(p-PCy2)Ir(pphg) (CO)2

Pl.tosphf ne Elementâ1 Anålysis

calcufated foundfo r¡nu 1a

Yield

grâms 7,

PEr3, 6 0.143
Pn-Bu3, 7 0.150
Plfe2Ph, B 0.072
PCy3, 9 0. 0?9
Pi-Pr3, 10 0.081
PBzg, 11 0.732
PPh2Me, 12 0.176

68
67
58

7,C 7"H 7,C 7,H

C41H52FeIrO5P3 50.96 5.43 51.2? S.53
C47H54FeIrO5P3 53. ?4 6.15
C43H4gFeIrO5Pg 52.36 4.92
C53H76FeIrO5Pg 56.40 6.26 55,43 6.52
C44H5gFeIrO5P3 52.41 5.81 52.43 S.6g
C55H61FeIrO5P3 58.19 5.08 56.39 4.92
C43H4gFeIt^05P3 52.35 4.91 51.11 4.?5
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viÍ) PrepâråtÍon of (PPh3 ) (CO) 
3Fe ( ¡r-PCy2 ) Ir(CO) (PphO ) (13)

f,lhen a solution of 2 (0.200 g,0.180 mmol.es) in toluene (10 mL) uâs

refluxed for one Ììour, CO loss frorn Ir occurred to tl¡e exLent of S0Z

åccording to 31PttH] nmr. Furùher heâtlng of the orange-red solution

resulbed iD decomposition to â brov¡n coloured solul-ion. The ¡:roduct

I.¡as not lsolâble due to perslstent contâminâtion by 2.

viii) Prepâråtion of (PPh3)(CO)3Fe(p-PCy2)Ir(CO)(PCy3) t14)

Cornplex 2 (0.200 g, 0.180 nrnoles)was pârtially dj.ssolved in toluene

(10 rnl ) and PCy3 (0.100 g, 0.360 mlnoles) wâs âdded. After refluxing

for one hour ând renoving the toluene in vacuo the rernâiniDg red oit
r!'âs dissolved in diethyl eLher. Afber cooling Hre solution at -20"C

for 48 hours, solid product precipitâLed frorn solution br¡t resulted in

unsâtisfåctory elemental ânålysis, probabì.y due to plrsophine

co nt åni nât ion ,

ix) Preparåtion of (CO)4Fe (p-PCl2 ) Ir{COl3 (15)

A solution of 3 (0.200 g, 0.300 rnmoles) in toluene (10 nl,) r,¡as

stÍrred under CO (one atnosphere) for one hour. The toluene r¡as

re¡noved in våcuo and the residue dried in vacuo for four hours bo

renove 1,s-COD. D-llexane (2 nL) t¡as âdded to dlssolve Ure product,
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ând åfter cooling to :20"C for 48 hours red 15 r,Ias collected, (0.096 g,

s07" ) .

x) Preparation Òf (Cû)4Fe (p-PCyZ ) Ir(PCy3 ) (CO)Z (16)

To a red-brown soluLÍon of 3 (0.136 g,0.204 nìnoles) in toluene (10

nL) !¡âs ådded PCy3 (0.05'/ g, 0.204 mrnoles) åt 23.C. The soLution r¿as

stirred ât 23'C under CO (one âtnosphere) for t\ro hours, duri_ng r,rhich

titne no colour chânge was observed. The toluene wås removed in vâctìo

ârìd the bror,rn residue dried ln vacuo for four hours to renove l,S- COD.

The residue r,/âs theìì dissolved in n-hexane (3 rnl ) and cooled to -20"C

for 48 hours to yleld red-bror,¡n 16 (0.099 g, 56T"r.

xi) Preparation of (CO)B(PEtA)Fe (p-PCy2 ) Ir(pEtg ) (CO)2 <I7,

To a THF (10 nL) solution of 3 (0.2I7 g, 0.J27 rnnoles) r¿as added pEtq

(0.09? mL, 0.654 mmoles). The darh red-brovn solution uas stirred for

three hours at 50"C, r.iiùhout â chånge in colour. The THF r¡as renoved

in vâcuo, ând the red-bror,Jn oil t,rås dried in vâcuo for two hours to

renove 1,5-COD. Toluene (4 rnl ) r¿as added Lo dissofve the oil, and

âfter cooling to -20"C for 24 hours brol¡n nicrocrystâIs of 1?

precipibâted (0.1"28 g, 487,t.
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xii) Prepâråtion of (CO) 
3Fe ( p*PCy2 ) { ¡i-dppe ) Ir( CO) (COD) (19å) ånd

(CO)3Fe (y-PCy2 ) (1r-dppe)Ir(CO)2 (18b)

To â THF (5 rnl ) solution of 3 (0.109 g, 0,164 rnrnoles ) r¿as addecì

dppe (0.065 g, 0.1"64 rnmoles). Tlre red-bror,/n soluLion !¡as stirred for

18 hours ât 23"C wfbhout colour change. 31p¡1g1 nmr fndicåbed an

âpproxiDâte 3:2 ratio of conplex 18b to cornplex 1ga. On wârning thfs

solution to 50'C for tlìree hours, 31p{1g} nmr itìdicâùed complete

converslon to t8b. The THF was removed 1n vâcuo, and the resuftant red-

bror'¡n oif r,¡as dried in vâcuo for four hours to renove 1,S-COD. ToLuene

(4 mL) vas added to dissolve the solid, ând âfter cooling to -20"C for

24 hours yielded red-brovn lBb (0.0U9 g, SZ7,).

xiii) Prepâråtion of (C0) 
3Fe (¡r-PCy2 ) {p-dppn) Ir(CO)2 (19a, b, and c)

To a THF (10 rnl-) sofutj.on of 3 (0. ZfI g, 0.327 mnoles) trâs âdded

dpprn (0.126 g, 0.327 nnofes), The red-brotrn sofution r,/âs stirred ât:

50"C for three lìours duri¡ìg r,¡hiclì Lj-nìe there vas no col-our change in

the solution. The THF r¡as removecl in vacuo ând the red-brot¡n oily
residue r¿as dried in vâcuo for four hours to remove 1,S-COD. 31p¡1¡11

nmr showed the forrnâtlon of rree products, 19a, b, ând c.
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xiv) Prepåråtlonof (CO)4Fe(p-PCy2)Ir(THF)* (Z0l

A solutlon of 3 (0.200 g, 0,300 mmoles) in THF (10 rnl") r,Iâs stirred

uììder H2 (one âtmosphere) for one hour. The TllF was re¡noved 1n

vâcuo ând the residue dried 1n vacuo for four hours to remove 1,S-COD.

n-Hexane (2 nL) was added to dlssolve the brown oily solld, r,rhich did

not preclpitâte product frorn solution âfter cooling to -20"C for one

week.

xv) Hydrogenation of Styrene by Conplex 1

To a bror¡n solution of conplex 7 (0.027 g, 0.040 nnoles) in TIIF

(10 mL) wâs âdded styrene (1.10 ¡nL, t.0 g, 9.62 nmoles). This

solution !¡âs naintåined under H2 (one stnosplìere) ât 23.C. Z0 pL of

the reaction solution wås renÒved ånd dj.luced in Z mL THF, and S ¡_rL of

bhls solution was analyzed by GC-MS, The dilutlon ând inJectlon

procedure r,ras begun ât Cine zero, arrd repeated âìrproxlmâtely every 15

mlnutes for one hour, ând then every hour for the folÌouing three

hours, arrd flnâlIy ât eight hours,

3.3 Synthesis and Characterlzâtion of CoEplexes 1 and Z

In 19?8 Treichel and cor¿orkers56 reacted Fe2(C0)9 ând. severâl

nonodentâte prÍnâry and secondary plìÒsphines to yleld monosubsEltubed
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Fe(CO)4(PR3) and Fe(CO)4(PR2H). f,le have used this method to prepåre

Fe(CO)4(PCyZHl in 827, yleld, as did GeoffroyzS to p."p.r"

Fe ( C0 ) 4 
( I,Ph2H ) . The product is recl*bror,¡n in colour, ân(l 1s âÍr-stâble

for short periocls of time both as a solid ând in solut_ion. Equâtion

3.1 l¡elov oublines the general synthetic procedure.

tofuene
Fe2(CO)9 + PCyZH *--------+ Fe(CO)4(PCy2H) + Fe(CO)S

60 "c
(3.1)

Compound 1 shows a single resonånce 1n ¡¡" 31p¿1¡11 nmr specLrum åt

ó54.63 ppn (J"-r, = 344.3 Hzt. The infrared specbrum shovs four u"o

âbsorpLiolìs, colìsistelìt- r,/Íth C2- synnetry, as expåined Ín Section Z.O.

Complex 2 wâs prepàred usitìg Llre bridge-assisted me rod6 of

synthesis as outlined in Equations 3.2 ând 3.3 belor,r.

Fe(CO)¿r(PCy2l{) + n*Buli ----+ Lj_tFe(COt4(pCy7.t) + n-BuH (S.Z)

Li tFe (CO)4( PCyZ ) I + tråns-IrCt(CO) (pph3)Z 
--å

(CO)3(PPh3)Fe(p-PCy2) Ir(PPh3) (CO)2 + LiCl

A bror¿ll solutioÌì of LitFe(CO)4 {pCy2)1 rrås ådded to â yellorr slurry
of tråns-Ircl(CO)(PPhg)Z in THF, The reâction r¡as assumed to be

cÕnplete r¿hen all of the undissolved trans-frcl(CO) (pph3)2 had

dissolved, resulting in ân orânge-bror¿n sofuLion. The product rnås

found to be only pârtiâlly soluble in most solvents, although more

polâr CHZCIZ was the nosL suitåble solvenL for recryståIlizâtio¡ì in

good yield, ?52. Conplex 2 is air sbâble in the solÍd. state ancl also
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in soluLion for a very short tirne period, decomposing to a bror¡n

coloured solutlon within five minutes. Geoffroy23 lras ¡rrepared a

similar complex, (CO) 3(PPh3)Fe(p-PPh2) Ir(pph3) {CO)2 by the sane met}rocl,

and âfter colunn chronatogrâphy on alunina reportecl å y:ield of 377,.

1¡u 31p¡1¡13 nnr ând infråred specl,ral dåtå for conpfex 2 are shor¡n

in Tables 3.2 and 3,3 respectively. Figure 3.2 slìor,rs the 31p{lH} nmr

spectrun for cornplex 2. All_ resonances âre velJ_ separated; the

do!¡nfield doublet of doublets ât ô148,9 ppm is due to the bridging pCy2

ligand, the doublet at ô?4.31 ppm is due to Lhe pph3 ligand on Fe, and

the doublet at ô10.72 pprn is due bo PPh3 on Ir, The position of bhe

resonânces of the PPh3 ligands ls based on datâ presented by Geoffroyz3

for (CO) 3(PPh3)Fe(p-PPh2) Ir(PPh3) (CO) 2 for uhich the p-pph2 resonance

occured at ó114.1 ppn, thât for PPh3 on Fe ât 6,14.2 ppn, and that for

PPh3 on Ir ât ó11r,0 ppn. It is also supported by results presentecl in

Chapter Four for (CO)3(PPh3)lie(p-pCy2)Rh{pph3) (CO) (vIde infra), where

the resonance for the PPh3 on Rh is eâsily identifiable âs occurring

upfielcl at 624,6 ppm âs â doubl.et of doublets due to phosphine coupling

to the phosphide ând Rh. Phosplìine âtoms on Fe åre co¡nmonly found i¡ì

the ô50-80 ppm .ang"57 in 31p nmr sllectrå. As r,rås explâined in Clìapter

Two, the dor,rnfield slìift of the y-pCy2 lftând is probâbly ân indicâtion

of â netâl-netal bond. The targe coupllng constant of IIg Hz for
PPh3(lr) coupled to p-PCyZ suggests thâb the ligånds hâve å üråns

geonetry, since âccordi[ìg to eståblislrecl corre].ations58, those

conpounds uith coupling consbânts (2Jp_p) betûeen p âboìns in tlìe ralìge

740-2ZS Hz r,¡ould be expecLed to have å Lrâns ârrangeìneììt of phosphorous

1Ígands, whereås those rlith coupling constânts in the range of 9-ZS Hz

slrould have a cis arrangement.



Figure 3.2! 31p¡1¡¡¡ nnr spectrun of conplex z,

{CO)3(PPh3 )Fe (p-PCy2 ) Ir (PPh3 ) (CO) 2.
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The infrâred specLrum of conpound 2 is shor,¡n in Figure g,O. Ib is 66

dffficult bo distirìguj.sh CO stretching bânds belonging to cårìlonyls on

Fe from those belonglDg to cårbonyls on lr, though general assignments

can l¡e nade by referrin6 bo Figure 3.4 belor,r.

o

oc- I pcu,'-..!..'-''
phcp-le\rr-l

c
o

Cv,>
Þico
| ./'tu-l'a.o
I
P

Ph3

Cz- symrnei:ry

3 u"o bands: ?ar + b2

C"- synnetry

Z u"., bands: â, t b"

Figure 3.4¡ Assignnents of the cårbonyl stretching bands for the

lnfråred spectrum of conplex 2.

The nunber of bands in the infrâred spectrum ând their inuensity

depends largely on the symrnetry âbout Lhe mebal to rrhicìì the cârbonyls

åre attâched. Therefore, because each netal. âton hâs âppì'oxirnâte C2_

synmetry, as depicLed in Figure 3.4, five carbonyl stretching bands ere

expected and observed. The intensities of these bands are not eâsily

predicted, however, iL is knor'¡rì that the rnore synnetric vibråtions lìåve

srnâller extinction coefficients, and thereforc bands due to synnetri.c

vibråtions are less intense thåtì those d.ue to asymrnetric vibratlons.4l
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Fígure 3.3: lnfrared spectrum of complex
(c0) 

3 
(Pph3 )Fe(¡r-pcy, ) r¡1 pph3 ) (co ) 2,

3.



3.4 General Reåcbions of 2

fn order Lo study Llìe basic reâctivity of conplex 2, several

different i:ypes of reâctions r,rere ¡rerforrned. Since complex Z is

similår in struci:ure to (CO)3(pphB)Fe(p-pph2)Ir(pph3){CO)223, r¿hich was

found to have a metal-metal bond by X-ray crystâIlogrâphy, iL mây be

assuned thât this type of netâI-neLâl iDterâctiorì also exlsts in Z. A

formâl electron count !¡ould suggest tlìâL â donor-âcceptor bond exists

betr'reen dB I¡e(O) and ds Ir(I), so thât bo Ì netâls câÌì be considered to

be coordinatively sâturâted vith 18 electrons. Therefore, âny âdditfon

reâctions that do occur must be at re expense of the netal-metal bond.

Simple addition reâctlons vere åtbempLed by reâctinB 2 r,¡ibh CO or

t-BuCN. CO does noL add at either neLål centre, supporting the Ídea

thåt coordinâtive sâturâtion exists at both netâ].s. FurthernÕre,

addition of CO across tlìe metål-rneLal bond does not occur. At rougÌì

t-BuCN does substitube for one CO ligând on Ir to the extent of SOT",

t-BUCN does not add to either netâI or across the metâl-tnetâl bÒnd.

Ox idâL ive-âddit ion reâctions with nolecules such ât lfeI, H2, and

HCI r¿ere also underLahen to test bhe reactivity of the Ir centre. fire

observed that conplex 2 does not undergo oxidative åddition reâctions

vrith HeI, H2, or HCl. This rrâs shown by 31p¡1¡.¡1 nnr, in r¿hich no

change in the specbrurn of 2 r,râs observed.

Finally, protonâtion of the compì.ex r¿as âttenPLed by reacting 2

r'¡ich âcids suclr as HCl a'd HBF4, No reåction wâs observed 'rith l,{cr, but

HBF4 afforded a hydride cornplex, S. This is probabty d.ue to the fåct

thab HBF4 is â nuch stronger acÍd than HCI. The hydride cornplex S was
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characterized by 31p¡1¡¡1 ând 1H nnr. ,Ihe 31p nmr specbrun of g

indicates bhåt â11 ¡rhosphorou.^ åtoms in the molecule are coupred to each

other. An overlapping doublet of doublebs at ó148.91. ppn due to p-pcyz

shows cis coupling to both of bhe terminal ¡:hosphines. The three bor-rd

coupling constânt betueen PPh3(Fe) and pph3(Ir) is 9.6 Hz. The 1H nmr

shor¿s a doublet of doublets at ô-11.2 pprn. Since protonâtioìl of a

binetâlllc conplex could occur ât elther netâl centre or ât the metal-

metal bond, â selective decoupling experirnent r¿as devised to identify
unânbÍguously the sÍte of protonation. The p-pCy2 resonânce lrâs

decoupled first, yielding â doublet for the 1H spectrum. Tl.¡is doublet

uas âttributed to coupling of IZ.j IIz betr¡een the hydride ând a

terminal phosphorous âtom. Tlre pph3(Fe) resonânce r,ras decoupJ.ed nexb,

ând dÍd not chânge the 1H spectrun, indicât:ing thât the hydride vâs noL

bonded to Fe. Finally, the pplì3(Ir) resonance r,ras decou¡rled, yielding

a doublet r,¡fth a couplitìg constânt of 19.0 Hz, due to couplirìg )retr,¡een

the bridging phosphorous âton ând the hydride. The resutts of the

selective decoupling experinìent åre shor,¡n in Figure 3.S. The presence

of a slrarp band at 2O7Z cn-I in the infrâred sJreccrum of complex S is
âlso consisLent !¡ith a Lerminal metål llydrlde compound. The proposed

structure of 5 is shown Ín Flgure 3.6.

oc..

OC>-'F

Plt3P

,!
Ir'.:pph.

co

cy2
P

e-

c0

Figure 3,6r Proposed StrucEure of CoBpIex S.



Figure 3.5: Resulbs of selectively decoupling lH froo, 31p in cornplex

5, I (CO)3{PPhg)Fe (p-PCyZ) Ir(pph3 ) (CO) (H) l+tBF4l-. Spectrurû a) futl
undecoupled specbrum, b) decoupled fron 31p at ô155.61 ppn,

c) decoupled fron 31P at ô51.49 ppm, d) decoupled from 31p åt 65.Z2

ppm.
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It is interesting to coÌnpare bhese results uith those found by

Geoffroyz3, who reported â series of re:ìctions of CO and tf2 !¡j.th

(CO)3(PPh3)Fe(p-PCy2) Ir(PPh3) {CO)2. For example, on nåinbâining â CO

âtìnosphere over ( CO ) 3 
( PPh3 ) Fe ( ¡-PPh2 ) (PPh3) (CO)Z he clâj.ms thât the

(CO)6 cornplex shown belor¿ in Equâtion 3.4 is formed !¡here addition of

CO has caused the loss of the donor-âcceptor ìÌìêtâI-nìetâl t¡ond.

Plt2
P

/\
(CO) 

3 
(PPhO )Fe-Ir (CO) 2(PPh3 ) + CO

Slnìilår]y, on reåction t¡lth Hz

Equâtion 3. 5.

Ph2
P

/\
(CO) 3( PPh3lFe-lr (CO)Z ( PPhg ) + Hz

Phz

/\
,/\

--"-+ (CO)B(PPh3)Fe Ir(CO)3{PPh3 ) (3.4)

the netâf-rnetâI bond is lost, âs in

Phz
P, ,/\/\(CO)O(PPhA)lìe lr{CO)2(pph3) (3.S)

/\HH

to!¡ârd âddition of tigânds to

slnce the Ir(I) aton appears to be

For cornplex 2 cleavage of the metâl-rnetal bond does not occur in

âny âdditioìì reâctions. Since the only difference between

(C0)3(PPh3)Fe{p*PPh2)IrtPPh3)(CO)Z and conplex 2 is the nåture of ìe

phosphide brldge, it cân be concfuded bhat bhe increâsed bâsicity and

sberic bulk of the ¡-PCy2 Ìigând inpârts some type of stâbiliby to the

netâl-metal bond, nâk1ng the complex unreâctive to substitutj.on ând

Òx idat ive-åddit io tì .

Slnce conpound 2 is unreâct1ve

displâce the netâl-metal boncl, and
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inert tor'rârds ox idât ive-âddit iÒ n, r,,'e bherefore decided tÒ âttempt the

therrnal displâcenent of CO from Ir. in order to generâte coordinative

unsâturåtion ât that metâl. f,,lhen complex 2 is refluxed in â toluene

solution for one hour a 1:1 rnixtuFe of complex 2 and cornptex 13 is
produced. 31p¡1¡¡¡ nnr shor¡s thât for 13 the pph3 on Ir is now cjs to

the p-PCy2 unit, the zJue_eer," coupling constânt having been reducecl to

18.8 Hz from t'18.2 Hz. This data ls consist-ent lrith thåt of GeoffroyzS

and r¿ouLd leâd us to befieve thât CO has been removed, reslìltiùg in â

cis disposition of the phosphorous âtorn on Ir, âs in Figure 3.?. This

coordinâtlvely unsaLurâted conplex vould be useful in further

reåcbivity studies, hor¿ever 13 could not be Ísolâted in ¡:ure form, due

Lo persisteÌìt conLâÌniììâtlon by 2.

cyz
oc. ,P. co

\/OCFTe-I{-!CO
.,.\\Ph3P CO PPh3

Cvo

^rr P

\.,/\
oc>-Fe_l

PhqP CO

./'""r

\o
2

Figure 3.?: Coversion of 2 to t3

13
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Table 3,2r 3tp¡1¡¡¡ NHR Dataa for conplex z ånd Derivâbives

Conplex ó(p-PCy2)b

1-

2 14{J. 90dd
4 t3z.70dd
5 165. 61dd

6(PF.) ó(Pr,_) 2Jr,e.'r'*- 

"

20 .6
t8 .2
42 .5

1-7 .3
I7.t
79 .1
16.8
15. B

16. 5

78 .6
25.r
r7.z

C 2tt¡p-e-

6
7
I
9

10
71
t2
13
14

149 . TSdd
150. 1Odd
145. 11cld
143 . ?1dd
143. {J9dd
152.1?cld
11t8. 91dd
135.82dd
120. 52dd

54. 63sd
7 4.37d 70 .7 Ztl
78.92d 1"4.99d
51.49dd 5. 72dil

?8.64d -5.6?d
?8.51d -I3.64d
37. 54d 9. 45d
77.69d 23.3td
't7 .96d 31.60d
?8. 90d -8. 15d
58.02d -13. 59d
?5.49d zz.Izcl
76.18d 39.40d

778.2
z0B .2
r7 .0
9.6e

1"6t+,7
165. 5

r77 .9
153.5
163. 3

!71r.2
773 .4
18. 8
74.7

aRecord.ed as toluene solut-ions. bchemicâI shift units¡ ppnì,cCoupling corìstant units¡ Hz. dAbbreviations¡ s = singlet, d =doublet. " "J"o._"r,

Table 3.3: fnfrared Spectrâl Dåtå for Coraplex Z ånd Derivåtives

Conplex

1b
2
5
5
7
B
9

10
I7
L2
14

u.." {cm-1)â

2051(s),c 19?9(s), 1943 ( s, trr ) , 1910(w)
198'/(n), 1951(s), 1926(s,br), 1887(r.¡), 1B'tg(w)
20'12(n',, 2039(s) , 20?.O(s), 1992(sh), 1979(s,br)
19'l9(n), 1943(s), 1914(s,br), 1888(s), 18?1(sh)
1978(v), 1944(sl, 1917(s,br), 1891(sh), 18'/S(sh)
1986(r¿), 1948(s), 1921(s,br), 1B'/9 ( sh )
1983(n), 1945(s), 1918(s,br), 1884(s)
1985(n), 7947(s), 7922(s,brl, 1885(s)
1985(n), 1950(s), 1925(vs), 18Btì(n,br)
1983(m), 1948(s), 1921(s,br), 1894(sh), 18't5(sh)
1961(n), 1930(s,br), 1886(s,br), 1Bt1(rn,br)

åRecorded in CHZCIZ solubions unless otìlerwise specified.rrRccorded in n-hexane so l ut ion,cAbbreviations: r'r = veak, rn = nedium, s = strong, br = broad,
sh = shou lcler.
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3,5 Phosphine Substibution Reåctions

Complex 2, ås nâs slìor?n in Section 3.4, is inert to su]lstitutÍon of

the Fe-Ir dâtIve bond ând oxidâtlve âddltion ât the Tr centre. tie

therefore chose to sbudy phosphine -^ubstftution reâctions of Z for tr¿o

reasons. FirstIy, by substiLuting other phosplrines for PPh3 r¡e could

deterrnirìe whetlìer this variâtion âffects only the substituted metâl or

r,rhether the conplex åcts âs â binetâ]llc entity 1n vhich this

perturbåtion affects boLh metâls. Secondly, l)y substituting for Pph3

by rnore bulky phosphines tÌìe possibility exists for the generation of

coordinâLive unsâturâtion âb one of the metâl centres due to steric

resbrictions. Infrared specLroscopy should provide a good indication

of the electrorÌic effects, thât is, uhether both rnetâls or only one is

âffected by the substitution. 31p11¡¡t nnr cân be used to noniLor the

sites of reâctioì1. A coordinâtion shíft of 15-30 ppm should occur on

going fron the free to the coordinated phosphine, lus indicâting that

substitution lras taken place.

Conplex 2 reâcts r¡ith several phosphines in a Z:1 râtio to produce

phosphine substitution producbs. l'lhen reâctlons were performed ât a

1:1 rnolar râtio nixtures resulbed, in wl.rich only lralf of the sbârLing

rnateriâl reacted r,¡ith the phosphine ligand. This is probably due to â

solution equilibriun l¡et!¡een 2 and the substitubion product. A 1002

excess of PRO rlrås added to drive the reâction to the formation of

producL. 1¡u 31p¡1¡¡1 nìnr specLrâ !/ere very sinifâr to thât of cornplex

2 shor¿n in FiBUre 3.2. SubstituLion pâtterns frere follo!¡ed by noting

the change in chernicaf shifts of the phosphlnes on Fe and fr, vhere â
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chemical shift chånge of 10-20 pprn for the plìosphine on â pårLlculâr

metâI indicated thât substitution had occurred ât that rnetal.

One nouLd expecL more basic PR3 groups bo eâsily substiLute for

PPhg, especiåIly when the cone angles of the incoming phosphines are

snâl]er thân thab of PPh3, since this r¿ould afso reduce âny steric

congestion in the coordinâtion sphere. The phosphlnes PEt3, pn-llu3,

PCy3, Pi-Pr3, and PBz3 â1I suìtsbibuted cleanly for PPh3 on Ir to form

conplexes 6,7,9, 10, and 11, respectlvely. Dâta Ín Table 3.4 sìror¿

tlrat all of these phosphines âre more baslc than pph3, although pBz3

has approxinately the sane bâsicity as PPh3. For the nost pârt

substitution for PPh3 by PR3 occurred ât Ir, probably due Lo reduced

steric hindrânce at Ir âs compâred to Fe. There r¿ere exceptions to

this observât1on, noted below.

Exceptions to substiLution at Ir occur for the cotnplexes g and 12,

iD which Pl'teZPh ând PPh2He res¡:ectl.vely have substiLuted for pph3.

Complex I is the only compound for vhich substitution has occurred

excfusively ât Fe. Plfe2Ph has the smâllest cone ângLe, at 122", and

therefore substiLution ât Fe is probably not unexpected. The fact

thåt tlìe other phosphines used j.n thj,s series, âll more basic than

PPh3, substltute âb Ir is probably due to less overal.f steric

congestion ât Ir âs conPåred to Fe.

Complex t2 is anomalous in this series of substitution reâctions

because substitutlon occurs at both netâIs rather than just one. This

måy lle becåuse PPh2He Ís only slightly less bulky than ppìr3, ând 1s of

approxirnâteIy the same båsicity. All of the substitution producLs åre

â result of both steric ând efectronic properties, and both rnust be

considered in order to explain the site of substitution,
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Table 3.4: Electronlc Påråneters, Cone Angles31, and phosphorous
Chersicâl Shifts of the Varlous Phosphlnes Used in this Study.

PRO uâ ( cm-1)
PPh3 2068.9

cone angle, 0, (degrees) ðPR3 (ppm)59

PEt3 2061 .7
Pn-Bu3 2060 .3
PUeZPh 2065. 3
PCvo
Pi -Pr3
PBz3 2066.4
PPh2lle 2067.0

aElectronic Paraneter¡ the A., carbonyl :locte of Ni(CO)3L in CH2C12.

An interesting point to note regarding the fnfrâred specbra of the

sullstitution products is thât, re8ardless of !¡hich metåI centre

undergoes the phosplìine subsLitution reâction, aIl of the CO

stretcììing bânds shift to lower rÌavenumbers by åpproximately the sâme

ânouDt. This !Ìould lndlcâte thât the noÌecufe is behaving more fihe a

single èntity ratlìer thån tuo sepårate rnetåI centres. An explanation

for thj.s behâviour rnay be thaù the change in elecbron density, due Lo

Ehe substitution of more basic phosplrines for pph3, is dispersecl over

both ÌnetåIs, âffecLing the entire molecule. A sanple IR specbrum of
(C0)g(PPh3)Fe(p-PCy2)Ir(PEt3)C0)2 Ís shor,rn in Figure 3.8, r{here Ít cen

be seen thât the first three bands retain their generâf pattern ând

tlre last i:wo r'reâk bands have become more weah. For other subscitution

products such as those contaÍning PPh2lle, pCy3, and pj-pr3 these lâsb

tno bânds nay over lap.

Flnally, it should be noted that although tr¡o nofes of phosphine

are added to drive the reâction to conpì.etiorr, only one final product

is ever obtained. ìlultiple substitution is seen only for the pph2lle

product, buL not for any otlìer plìosphitìe. I,le do not see cleavâge of

the metâl-netâl bond, which rnây occur, although it rrâs shor¿n to be

2056 . 4
2059 .2

145
132
132
ILL
1?0
160
165
136

-6 .6
-20 .0
-.J¿. .J

-46 .0
+?.0

+19. 3
-12.9
-28.0



Fígure 3.8: Infrared spectrum of complex 6,
( c0 ), ( PPh, )Ie(p- pcyZ ) Ir( pEr3 ) ( co)2, in cHrClr.
Peaks are Iabelled in unit.s of crn '.
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unlikely from otlìer åddition reâctions âfreådy performed. There is

âl-so r'ìo evidence of phosphine exclìånge at room temperâLure on bhe 31p

nlnr tirne scale, since ¿11 31p¡1¡11 nnr spectrå recorded shor¿ecl r¡ell

resolved peaks.

Unfortunately, none of the phosphlne substitution products

prepâred thus far are coordinatively unsåturated, and therefore le

sane problem !/ith unreâctivity thât exÍsted for conplex Z is ]ike]y to

occur with these compounds, Houever, (CO)3(pph3)Fe(p-

PCy2)Ir(PCy3) (COl2, 7, contâjns Lhe very bulky pCye ligåncl, r,¡hich has

â cone angle of I7O", ât Ir. It night be possible to elininâte CO

thermally to produce a complex r,¡lìÍch is coordiìlâtivefy unsåburåted åt

Ir, and r,¡hich r¿ould be stabilized by the lârge pCy3 anri ¡r-pCy2

ligands. Conversj.on of 7 to tlìe coordinåtively unsâturâted. complex i4
ttâs åfforded by heating 7 to drive off CO. Since it proved difficutt
to isolate 7 free of plìosphine contâminâtion, 14 r,ras prepared by

reacting 2 r¡ith Lr,¡o equivâle¡ìts of pCy3 ålìd heâting this nixture. The

31p¡1¡1¡ nmr spectrum of 14 shor,¡ed â cis årrangenent for the p-pCy2 and

PCy3 groups, indicåting that CO had been 1ost. Isolâtion of pure

nâteriâI lrâs difficult and complex 14 therefore coulcl not be used for
large scale reâction studles.

3.6 Prepårati.on ând Charåcterization of (CO)4Fe(È-pCy2) IT(COD) (3)

[,le lìâve shol7n thât tlìe geÌìerâtion of coordin:rtively unsâLurâted

conplexes viâ 2 fron Vasha's cornpound, âIthough possible, is
relatively lnprâcbicâl. Cornptex 3 is coc¡rdinatively unsâturâted ât
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Ir, and 1,5-C0D is easily displaced by PRl and CO, This complex is

therefore more likely to undergo reâctÍons thân r,Jâs conplex 2.

Complex 3 wàs prepåred in Lhe usuåI mânner, by reâct-ing

2LitFe(CO)4(PCy2)l r,¡ith tIrcl(COD)lZ ât 0"C, resufting in ân intense

red-bror¡n oil r,¡hlch decomposed âbove 0"C in both the solid stâte ând

in solution. It r¡as bherefore ilrepared and used in situ in reâctioìls

t'/itlì vårious reâgeni-s (vide infra). 31p¡1¡11 nmr showed only one

product, indicating that cornplex 3 had been prepared in quåntitative

yleld. Equations 3.6 ând 3.? outline the synthesls of cornplex 3.

2 Fe(CO)4(PCyZ) + 2 n-Bt)L! --) 2 LitFe(CO)4(pCyZtJ + 2 n-BuH (3.5)

2 LitFe(CO)4(PCyZr) + lIrCl(COD) )2 -u Z (CO)4Fe(p-pCy2)Ir(COD) +

2 LICL (3.?)

31p¡1¡-¡1 nnr and infrâred spectrâl dâtå for conpfex 3 are shorin Ín

Tables 3.5 and 3.5 respectlvely, The 31p{1H} nnr spectrum of g ât

220K shovs olìe single resonânce åt ó201.39 ppm due to the ¡t-pCy2

ligand. As explained in SecLion 2,3, bÌris dolrnfield shift is probably

indicative of the presence of a metal-rnetaf bond between Fe ând Ir.
The chemical shift value for the bridgÍng l_igând is not unexpected in

comllârÍsÒrì to (llecp)(CO)2urr(¡-r-L-Bu2p)Ir(COD)21, r,/ith a chernicåI shift
of ô184.9 ppm for bhe bridging ligând, The infrared spectrum of a

shor¡s bands âssignâble to termin¿ìI CO's only. [,le vould expect, rriflì

Cr- synrnetry åt the Fe âtom, to see four bânds in the infrâred

specùrum, but insteâd six bânds âre seen. Thls could possibly be due

to the forìnâtlon of different isoners in solutiorl åt roon temperâbure,
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thôugh the 31p¡1g3 Drrr spectrun ãt ZZ\K gives no eviclence of this.
Joneslo also observecì add:ttiônâl u.-o bânds for' (ÌfcCp)(CO)zUn(p-t-

Bu2P)ll(COD) (M = Ir, Rh), !¡here three ur-,] bands for eâch conplex t¿ere

observed, r.rhen only tr¿o CO nolecules !/ere present. This r.ras ex¡rlainecl

by Jones as the formàtrion of isoìners ui t ànd uÍLhout seìni-l)ridging

cârllonyls, Horrever, Geoffroysob did observe the expected number of

bands for the co¡nplexes (CO)4Ìt(p-PPhz)ZIr(H)(COD) (ìf = !J, lfo, Cr), and

for (CO)3Fe(p-PPh2)Ir(Cl) (COD), four and three bands, respectively.

Tab1e 3.5: 31p¡1g1 NXR Dataa for Conplex 3 ånd D€rivatives.

conplex ô{p-PCy2)b ô(pF-) ó(pr,-) "Jr"_"o.. J'n_rr. "J""._"r,
3 201.39sd

1S
16
t7
18a
18b
19â
19b
19c
20 130. 06s

âRecorded as toluene solutions. .bChernical shift unltsr ppm.cCoupling const-ânt uniLsr Hz, dA]¡breviat ions : s = singleb, d
doublet.

Infrared spectrel Data for CoDpIex A ånd Derivatfves.

ur-,a (cn ,)o

201,2(s)b, 2000(s), t9B2(s) , 1962(\1), 1939(w) , 7920(v)
2082(\r',, 2037(s), Z0!Z(st, 1998(s), !967 (Íir, 1940(r,,),
t9I9 (¡,t ) , 1849(ru), t8Z4(\,r,
2047(¡,tl, 1998(rn), 1.9S?(s), 1943(s,br), 1BB9(sh)
2078(sh), 2053(sh), 2035(sh), 2013(s), ZOO0(s),
1.980(n), 1961( sh ) , 194J,(sh)

âRecordetl âs n*hexâne solutions. bAbbreviâtions¡ s = sLrong, n
nedium, V = ruealt, br = broad, sh = shoul_der

160. 75s
1,25.74d 22.97d 1?0. 0
151.92dd 50.8d -4.24d, L2.2 163.4
28.50dd B?.13d 2Z.42cl 40.I B.s

148.02dd 69.83d 1.14d 2s.5 1?5.0
16?.31dd ?3.39dd 25.60dd 29.4 2or!.! 87.2
186.35dd 62.15dc1 -3.Z7dd 26.3 1,7I.9 61 .7
139.39 54.50 8.80 not resolved

Table 3.5:

Conplex

3
15

16
a7



3.7 Prepâråtion ånd Charâcterizat ion of Substitution products of

Coaplex 3

Cornplex 3 r,las preparecl specificâlly because lt can be synthesized

by a direcù route, resufting in â nolecule thât is coordinåtivefy

unsåturåted ât the lr centre, arrd because it contâÍns a 1,S-COD ligand

on Ir vhich is generâ]ly labi1e. tlhen complex O is reacted r,¡ith

vârious reagents, reâctions câll occur â) ât the coordlnâtively

unsâturâted Ir centre, b) to displace the 1,S-COD ligand, or c) åt the

netat-netâl bond. 31p¡1¡1¡ nnr ând infrared spectrâl dâtâ for cotnpfex

3 ând derivâtives of 3 are in Tables 3.S ånd 3.6 respectively.

Complex 3 wâs stirred âs â toluene sofution under one atnìosphere

CO for 30 ninutes, whereupon the solution chânged col.our fron intense

red-brown to red. 1¡u 31p¡1¡¡¡ nnr spectrurn of conplex 15 under N2

showed â silìgle peåk at ô150.?S ppm, indicaLing that the metâl-metâl

bond was rebâined, tlhen the 31p ,lmr spectrurn of 15 under one

atmosphere of CO is recorded no other peaks are observed, indicating

thåt the metål-netâI boud is retained under excess CO. 13Ct1H] nmr

under N2 indicâtes thât free 1,S-COD is present in sofution, ând r,re

concfude thât åt room tenperâture under one atnosphere CO the 1,S-COD

1igând is replaced ìry bhree CO's. Tl.ìe infråred spectrum of 15 slìor¿s

u.-o bands due to têrmitìsl CO's (2082 to 1919 cm-11 and bands ât 1g49

ånd 1824 cm-1, t,rltich rnay be due to sernl-bridging or terminal CO's.

Compari.ng iìlfråred spectrâ of 3 and its CO âdduct 15 indj.cåtes thât

the band at 1982 for 3 is no longer present in 15; insteåd ner¿ bands

âppeâr ât 1967, 7849, and 1824 cm-1. The proposed structure of this
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cornplex i.s slìoun irì Figure 3.9.

Fi6ure 3.9: Proposed structure of conplex 15.

We also attenpted to displace 1,S-COD by pCy3 ând CO in hopes of

prepâring â coordinâtÍvely unsåturåted compound. [,lhen an equinolar

ânount of PCy3 is stirred vith 3 under one atmosphere CO, â slight

colour change from red-bror¡n to orange-.bror,/n is observed. 31p¡1¡1¡ n¡¡

shovs tr.7o doublets âb ó125.'/4 ppn ând 622.97 ppn due to p-p0y2 and

PCyr ligands respectively, when the spectrum is recorded under N2.

Tlre coupling constånb of t70.! Hz betr.reeìì the bridging phosplìide ând

ternìinâl phosphine indicâtes tråns geonetr),. If the 1,S-COD ligând is

displaced, then the expected structure of t6 r,rould be that slìor,/tl in

Figure 3.10. If cornplex 16 is rnainbåined under â CO åtmosphere ând

¡¡" 31p¡1¡11 n)nr spectrurn recorded, peâks due to compfex 16 and cornplex

15 are observed. There are no peaks âltributâble to a cornplex Uhere

the nìetâl-metâl interâction hås been lost due to âclditionâI

substitution by CO, and there åre no obher resonânces due to othre

Pcy3-subsi; it ut e d species. Therefore, r¡e can conclude thåt 16 is

coordinâtively sâturâted at fr, as in Figure 3.10.

cy2

":5,4,n¿:,*/ \o \.o
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cy2
oc^ço'\. ,r' \

OCF'-Fe_lrãCO
,z t'. \Ot. CO pcy3

Figure 3.10: Sbructure of Conplex 16.

The 1,S-COD ligand can also be replaced by uni- and bldnetâte

phosphines to forn conplexes cornparable to conpound 2 and its
phosphine-subst i t uled derivåtives. Complex 1?, (CO)3(pEt3)Fe(p-

PCy2)lr(PEt3) (CO)2, is synblìesized by reâcting 3 r,¡itìì Lr,¡o molâr

equivâlenbs of PEt3 at 60"C. Dispfâceìnent of 1,S-COD occurs, follor,¡ecl

by rearrangement of tì1e plìosphine ligands, 1¡u 31p¡1¡11 nnr sltectrum

of 1? has â simllâr pâttern to thaL of complex Z; a doublet of

doublets ât ó159.9 ppn due to yt-pCy2, a doublet ât ó60.9 ppn due to

PEb3(Fe), åtìd â doublet ât 6-4,2 ppm due to pEt3(Ir). The "J*,o_"r.
couplirrg constånt of 1,63.lf Hz indicâtes Lråns geonetry. A L-rans

couplÍng constânt betueen the bridging phosphide ând the terninâf
phosphine on Ir vould âlso indicåte thât 1? is coordinatively

sâturâted, since for the coordinâtively unsâturated conplexes 13 and

14 Lhe phosphine on fr shj,fted to a cjs position on loss of CO.

Additionâl CO nolecules rnay be present Ín the form of unreacted

stårting rnâteriâI, Fe{CO)4(PCy2ll), and therefore the fornâtion of the

coordinatively såturâLed complex 1?, (CO)4Fe(p-pCy2) lr(pCy3 I rcO) Z,

r'¡hÍle not desired, is also not unexpected.

The 31Pt1H] nnr specLrun of 1? is conparable to that of cornplex 6,

(CO)3(PPh3)Fe{p-PCy2)Ir(PEt3) {CO)2. The chenicâl shifts for the



bridging phosphides differ by tuo ppm, ô1S1..9 ppn for i?, and ð149.?

ppm for 6. Sirnilarly, the dlfference in chemÍcal shifts for pEt3(Ir)

is 1.5 pprn; ó-4.2 ppm for 17 and ð-S.? ppm for 6, I,re cån conclude

then, solely on the basis o¡ 3tp¡1¡11 nmr clâtâ, thât the structure of

conplex 17 is similâr to that of the relåted complex 6.

The infrâred spectrum of complex 1? also has a very similår for¡n

to thåt of complex 6. Five bands at 2003, 1959, 1949, 1912, and L886

cnì-l due to terninâf CO¡s r,¡oulcl indicâte that 1? is coordinâtively

sâturåted. t'Jith the exception of bhe first, the positions of aIl of

the bands for 1? are âlso slniâlr ùo those for. 6, The proposed

structure of co:nplex 1? is shor¡n Ín Irigure 3.11 below.

cyz
oc.. .zP\ g,o

o"-J¡/-\1¡;-6ç
,/\ \Er3P C0 .PEr 

3

Figure 3.11; Proposed structure of conplex 1?,

(CO) 
3 

(PEt3 )Fe (p-PCy2 ) Ir (PEb3) (CO) 2.

[,lhe tì conplex 3 r¿as stirred ât room temperâture r,,fth one no]-âr

equivâlent of the bidentåte phosphine dppe, two compouncls vere formecl,

31p¡1¡¡3 nmr dåtâ lnclicated thåt the dppe noeity wâs in â bridgiDg

node between the Lvo metâI âtorns, not chelâtecl solely to the lr atom,

Complex 18a, with 31p¿1¡1¡ nnr cheÐfcâ1. shifts of ðZB.S ppnì (doublet of

doublets) for the lrridging phosphide, óB?.1 ppn (doublet) due to the

phosplrine at Fe, and 622,4 pptr. (doubtet) clue to the ¡rhosphine at Ir,
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does not have a metal*netâl interâction. This is Lhe flrst tine thåt

loss of the nìetâ1.*ìnetal bond has been observecl for âny Fe*Ir complex

in Lhis system, ând r,Je llelieved complex 18s to be the intermediete

complex shor.rrì i¡ì Figure 3.12, en route Lo re fornatior.r of cornplex

18b. The ci..; coupling constant betr,¡een the bridging phosphicie and tlìe

phosphine on lr itìdicâted that âì.ìother. ligand rnust be present on the

Ir âtom; lre fornulaLe complex 18å âs ( CO ) 3!.e ( p-pCy2 ) ( p-

cì¡rpe)ïr(CO)(COD).

cy2

.ru;-Ð
Figure 3.12: Structure of coÞplex l8a, the only Fe-Ir complex in this
study where cleavage of the EetåI-netal bond has occurred.

Conplex 1Bb r¿as then generâbed by heâting the sofutiotì of 3 ancl

dppe to 60"C for tlrree hours. 31p¡1¡1¡ nmr indicâLès thåt only con¡rlex

18b, (CO)3Fe{¡r-PCy2)(p-dppe)Ir(CO)2 hâs beèn formed. The 31ptl.H} nrnr

specLrurn of 18b is simllår to thât of complex Z ând its pllosphoroìls

substitutiotì derivâtives: a doubleL of dor.¡blets at ô148.0 pprn due Lo

V'PCyZ, a doublet at 669.8 ppn due to phosphine on Fe, and a doublet

ât ó1.1 ppn due to phosphfne on Ir. Thcre is no evldence of a complex

contâinint a chelating bidentåte phosplìine ligand; dppe bridges both

netal âtoms. The ürans coupting constant of 1?S Hz bet!¡een bridging

phosphfde and plrosphine on rr woufd seem bo indicåte .ìât coordinåtive
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sâturåtion exists åt bhe Ir centre. The additional- CO ligancl again

has probably corne fronl Fe(C0)4(PCy2H).

1¡"31p¡1¡¡t nnr spectrutÌ for iBb can be compâred to that of complex

12, (CO)O (PPh2llelle (p-PCy2) Ir(PPh2ìfe ) (CO) 2. The chemjcaf shifts of

U-PCyZ åre âpproxinately bhe sarne for both compounds, vhich nay

indicâte thât the bridglng phosphide has approxinately the sane

environrnent in both cornplexes. Hor,lever, in complex 12 re ¡rlrosphine

on Fe resonates âL slightly hÍgher fleld (óS8.0 ppm) than rat of 1gb

( ô69.8 pp¡n) , sinilår Lo the phosplrine on Ir: ô-13.6 p¡rrn f or 12, 6-1.I
ppm for 1Bb. These dÍfferences mây ârise becâuse of â ring effect

that exists for the bridging dppe ligând. The slrnilârity in the

31p¡1¡1¡ nÍìr spectrâ of the conptexes r¿ou1cl flrerefore indicâte â

sinilârity betr'ree n their sLructures.

fnfrared spectral dâtâ fÕr 18b indicate thât flve CO rnolecules âre

present, since f:[ve ur-.) bânds ârise. The shape of the spectrun ânc.l

ur-o bând positions âre very sÍrûilâr to those of conplex 12, uith the

exception of the bând at hÍghest energy, t,/hich is âpproxirDâtety Z0

cn-1 hÍgher thân the highest energy band for !2. This observâtÍorì

âIso occurred for complex 1? cornpared to coìnplex 6. The proposed

strucLure of compound 18b 1s shor¿n in Figure 3.13.

cyz

ocroç ,,P. co..\ ,,/ \octTé-rr-co
ll

PhzP PPhc'\l\-J
Figure 3.13: Proposed strucutre of conplex 1gb,

(CO) 
3Fe (p-PCy2 ) ( p-dppe ) Ir(CO) 2.
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Final.Iy, cornplex 3 l¡as also reåctêc[ uÍth the more constrâined

bindentate phosphine dppm, resultlng in the fonration of three

complexes, 19a, b, and c, shown in Figure 3.14. Tlre 31pt1H] nrnr

spectrun indicâtes thât in all i:hree cornplexes dpp:r is bridgiìlg the

two metâl âtoìns, not chelating to one or the other, sirnilâr to bhe

situations for cornplexes tBa ancl l8b. Heating the mixture to 60"C for

three hours does not drÍve the reâctiorì to the forrnâLion of one

product. 1¡" 31p¡1¡¡1 nnr spectrun of this system indicâtes tÌìât

compfex 19å probâbly still has 1,S-COD ligâted to Ir. Direct

compârison of 31P nnr dåtå for 19a and cornplex 12 indicai.es a large

dÍfference in both chenicaf sììift for the phosphÍne ligan<ìs on fr and

Lhe 2J'e-er,. coupting constânts: for 12, a chenicaf shift of ó-13.6

ppn ås co¡npared to ó25.6 pprn for 19a, and 2J¡,e_e.,- coupling constants

of I73 Hz for 72, 204 Hz for L9a.

Conpound t9â is probâbly the precursor for compound t9b. In 19a,

dpprn has displaced CO on Fe and added ab Ir, Complex t9b shor,¡s

subsLitutioD of Lr¡o CO nol.ecules for 1,S-COD at Ir. The 31pt1H] nrnr

specLrum of 19b as conpâred to thât of 12 is very sinìifâr, both in

chenicâl shlfts of the phosphines and in phosphide-phosphine coupl j.ng

constânts. Hor+ever, the cl.ìenicâl shifts for the brÍdging phosphides

differ by âlnost 40 ppnr ð186,4 ppn for 19b, ô148.9 ppn for !2. This

large shlft difference is probâbly due to the riìlg constraint ôf dppn,

r,rhich r,/âs not seeD to the sa¡ne exLent for lgb r,¡lre n dppe was the

bridging ligand. Cornplexes 1Bb and 19b lrave very sÍmilar 31pt1H] n*.

spectrå, and the fornulation of 19b as å coordinâ!ively såturåted

compound is not unreåsoDâble.

1¡" 31p¿1¡1¡ nmr spectrun of 19c is not fully resofvecì, even at



220K, Tlre forrnulation of 19c ls tentâtively proposed as (CO)3Fe(1t-

PCyZ)(U-dpprn)Ir(CO), shown l.n Figure 3.14, since bhe chenicål shÍfi;

for the phogtphlne on Fe is simiÌâr to that of 12. However, the

plìosphine on Ir has shifted further dounfj,eld in compârison to 12,

indicating that this centre mây be coordinâtiveLy utìsâturated.

cYz cyz

î}A<þ;s,z\rl;
PhaP PPho PlrcP PPho"V" "V

Cvo*.ti,z\
ocJFi 

-Itr<cottPheP PPhc.\,,,
t9c

Figure 3.14: Proposed structures of complexes 19a, b, and c.

3.8 Prepårâtion and Characterization of (CO)4Fe ( ¡rpcy2 ) Ir(TTIF)X

(2Or. Hydrogenâtion of Styrene by Conplex 3.

It has been shot¡n by Osborn60 that in coordinâting solvents such

ås åcetone, ethanol, or TIIF, the conplexes DITCOD)L2lClO4 (M = Rh, Ir;
[- = tertiåry plìosphine) react wit h H2 to give the isolable complexes

IIIH2L2S2JCIO4 (S = solvent). CrabLree6l has also shor,rn that in CH2CI2

the complexes tIr'(COD)L2JPF5 (L = PPh2lfe, pph3) in the presence of a

suitable substrâte alhene under H2 at 0"C becone ìrighly active

câtalysts for alherre hydrogenâtion. Cornplex g is sinìitår to these

conplexes, and in order to debermine if g is useful as â hydrogènåtiotì

câtalyst, it t¡âs reâcLed r¿ith orìe âtmosphere I{2 fn THF, a polar
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coorcliÌìåting so1venL. 31P{1H} nmr shows one singlet ât ð1{j0.06 ppn,

wlìether the sample is maintâined under I-lZ or N2. 13ç¡191 nmr does not

shov any resonâlìces due to 1,S-COD, bub sharp peahs at ó68.0 pprn and

ó25,? ppm do ârise, åttributed to coordinated THF. 1H nnr shows no

evidence for â netâl hydride. However, âlI peâks ir.r the 1H nmr

spectrurn are extremely broarì ancl unresolved, uhich mây indicâte ttrât

soìne type of fluxionâIity exists in cornplex 20.

[^le âssuned fron nnr evidence that r,¡hên complex 3 wâs reâcted ui l

IlZ, 1,S-COD was hydrogenated to cycloocbâne. Since Íre did not

observê âny high field resonarrces in Lhe 1H spectrurn, even åt ZZ\K, ve

also assumecì that THF had filled the open coordinâtion sites on Ir.

The âbility of conplex 3 to hydrogenâte other rnolecules !¡âs tesbed by

nâintâinÍng com¡rlex 3 under one strnosphere I-{2 with one gran of

styrene. Samples of tììe reâction solution uere removed àt specific

tlne periods ând subjected to GC-ìIS ânâlysis to nonltor the results.

Tlre peaks due to sbyrene and resultant eLhyl benzene r,lere integrated;

resufts of this experinent âre shoun in Figure 3.15.

Complex 3 does cåtâIyze tlìe hydrogenåLion of styrene t;o ethyl

benzene under one âtnosphere H2. at 23"C, Turnover nurìbers are of the

ortder of 5.5 hr*1. The turnover number 1s deflned as Lhe nunber of

noles of producL per rnole of catâlyst ¡rer hour62. For exâmple, at 1SO

ninutes, 55 x 10-2 mrnoles ethyl benzene r,lere produced. This fs equal

to 0.22 mmoles ethyl benzene produced per hour; dividing by mrnoles of

3 (0.04) gives the turnover number of S.S h-1 . After Hìree hours the

âmount of ethyl benzene produced fâiled to increåse, presumâbly due to

deåctj.våtion of thè catâlyst.
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3.9 Sumary and Conclusions

In this chapter, the synbhesis ând reàctivity of tr,ro singly*

bridged conplexes r,¡ere invesLigâted: (CO)3(Pph3)Fe(p*

PCy2)Ir(PPh3) (CO)2, con¡rIex 2, and (CO)4Fe(p-pCy2)Ir(COD), conptex g.

Complex 2 did not undergo oxidåtive*âddition, nor did it undergo

åddition reâctions r.rith nolecules such as CO or t-BuCN. However, by

using â strong acid, f{BF4-etherate, the Ir centre !/as protonated. By

reactj.ng complex 2 lrith varlous phospìrines to form substltution .

products, it wâs shoun thåt the èntlre (CO)O(PPh3)Fe(p-

PCy2)IrtPPh3)(CO)2 nolecule r,¡ås âffected by substj,tution, råther than

âfFecLing only the site of substitutlon. The added phosphine

generally displâced PPh3 on Ir due to lriglrer basicities of the

incorning phosphines and fer,¡er sberic restrictlons ât Ir. Hor,rever,

there vere exceptÍons, in the câses of PPh2He, which displåced pph3 on

botlr Fe ând Ir, and Plfe2Plr, vhich displaced PPh3 on Fe on1y.

The unreâctivity of compl.ex 2 uås believed to be due Lo Lhe

coordi¡ìåtive såturation that existed at bour metåls centres. Attenpts

to renove CO or to prepare â coordinatively ùnsâturatecl cornplex by

reâcting 2 r,¡ith â bulhy phosphir¡e and heating the ni.xture resulted in

side products ând contâmiìlâbion by phosphine. Therefore, in order to

åIleviåte problems vith contamllrants, tlìe coordinåtively unsâturâted

conpLex 3 r,ras prepared by a direct route. fn reâctions with CO, or

PCy3 and CO, the 1,S-COD llgând r,¡as eâsily displâced ât roon

tenperàture ând under one âtnosphere CO without fornâtlon of side

products. 1'herefore it may prove to be relâitvety st raig ht fo rt¿ård to



thernàlly displace CO from ej.ther of l"lìese tr,ro complexes, to generate

coordinâtive unsâturâtion ât Ir.

Wlren conplex 3 r¡as reacted vith H2, one producir resulted, wlìiclr ve

believed to be (CO)4Fe(p-PCy2)Ir(THF)x, 20, frorn nmr evidence. Since

20 hydrogenai-ed 1,S*COD to cyclooctâne, ne âttenpted the catalytic

hydrogenation of styrene, and found turnover nulnbers to be of the

order of 5.5 hr-1. tJhile this number is 1o!/, it does shor¿ that a

bimetâllj-c Fe-Ir systen is câpåble of câbâIytic lìydrogenation.
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CIIAPTER FOUR

SI$GLY-BRIEED COHPLEXES OF Fe-Rh

4.7 fntroduction

The reâcbivity of singly-bridged dicyc lohexyl phosplri do conplexes

is greâter tlìân thåt of doubly-bridged species, as t'e observed ill
Chapter Three. Coordiìlâtive ùnsâturâtion åt Ir in the conplex

(CO)4Fe(¡j-PCy2 ) Ir(COD) fåcilitåted the hydroge¡ìåtion of styrene to

ethyl" benzene. Hovever, the Fe*Ir systeìn r,Jâs a relativefy poot..

catâlyst in compârison to rnonorruclear Rh câtâlysts such as

RhCl(PPh3)463 and iRh(COD)(PR3)2JC1O450. Si¡rce Rh is a Ìess basic

tneLal than Ir, it is more likely bo be coordinåtively unsâturatecl ând

therefore is more likely to undergo oxi dât ive-addit ion ând generâl

åddit i.on react ions .

In thls chåpter, we tâke the sâme approach âs in Chapter Three to

synthesize cooFdinâtively unsaturâted Fe-Rh coìtpounds. Complex t,
( CO ) 3 

( PPh3 ) Fe ( p-PCy2 ) Rh ( PPli3 ) ( CO ) , sho!/n itì Figure 4.1, is ¡rrepared by

reåctj.ng trans-RhCl (CO) (PPh3)26l+ !¡ith LiiFe(CO) 4) {pcy2) 1 uslng the

bridge-âssisted âpproâch. Complex Z, (CO)4Fe(U-pCyZ)Rh(COD), shown in

FiBure 4.1?, i.s prepared by reåcting tRhCl(COD)65 r,¡ith

zlitFe(C0)4(PCy2)J at -10'C, Both of these compfexes, due to their
coordinâtive unsâturâtion ât Rh, should reaclÍly reâct with rnofecufes
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such âs C0, PR3, and H2. Complex

reâctive, since 1,S-COD is eâsily

shoul-d ågâin prove interesting to

has on the chernicâf reâcLivÍty of

2 should prove to Ìre especiâlly

displaced by incorû1ng ligands. It
j.nvestigåte Lhe effect the Fe aLonì

Rlr .

4.2 Experirnenbal

i) Generaì

Fe (Co) 4(PCy2H) 66, RhCI (Co) (ppÌrg) 264, and tRhCt (COD) J265 r,rere

prepared by literåture rnethods. Fe2(CO)9, ü-BuCN, HeI, pEt3, t,S-

cyclooctâdiene (COD), n-Buli, pph3 (Aldrich), pCy2H, RhCl3,3H2O (Strern)

lrere ¡:urclrased and used âs received. Tetrahydrofuran (THF) and toluene

t¡ere dried by distillâtion fron Nâ-benzophenone ketyl unrler N2. D¡fA.HCI

uas prepâred hy bubbling HCI tlìrough a benzene solution of

dinet hyl âcet ani de (Eastnan) under NZ ând r,râshing ìe l¿hlte precipltâte

r,/ith benzene. All reactioììs were conducterì under. ân aùnosphere of N2 by

sLândârd Schlenk3s techniques described in Section 2.3.

31Pi1H] nmr spectrâ r,/ere obtâlned ât 121.S lfhz on a Brüker AìfgOO

spectroneter from 220-300K. Phosphorous chenicåI shifts were measured

refâtive to H3PO4 with positive shifts dor¿nfield. Infrared spectrâ

liere recorded on a Perhin-El¡rer ?Bt gråting spectrometer. Elernental

analyses were performed by Canadian Microânâlytical Serivce Ltd., New

[,Jestniìlster, British Co ]ulnbi a, Canada.
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ii) Prepârâtion of (CO) g(PPhO )Fe t p-PCy2 )Rh (PPh3 ) (CO) ( t )

n*Bull (0.935 nL, 1.45 ¡nmoles of 1.55 Ìf solution in hexånes) r,/âs

addetl vta syrínge to â brown sofution of Fe(CO)4(PCy2H) {0.S30g, 1.45

mrnoles) in TIIF (10 mL). This solutlon r,¡as stirred for 10 minutes tllen

âdded dropr'risc to a yeflor,r slurry of trans-RhCl(CO)(PPh3)Z (1.00g, 1.45

trunoles) in THF (10 mL) at 23"C. Tììe resultâDt orange-broran soluLioìl

wâs stirred for 24 hours ât roon tenperåture, thcn tåken to dr.yness in

våcuo. The remaining solÍd r¡as extråcted !¡ibh boluene (4 x S mL), ând

the extractions r,¡ere conbitìecl, reduced in volume to 10 nL, and cooled

to -20"C for 24 hours to yield orânge nj.corcryst-åls of product (0.94 g,

657"). Anal . calc'd. for C52H52O4P3FeRh: C, 62.87I; H, S.Zg"l. Found:

C, 62.607"i 11, 5.297".

iii) Prepårâtion of (CO)4Fe (¡r-PCyZ )Rh(COD) e,

To a bror,¡n solution of Fe(CO)4(PCy2tl) {0.89 g,0,243 rnnoles) in THF

(5 nL) uâs âdded n*Buli (0.15 nL, 0,243 nìmoles of 1,511 in hexanes).

Tlìe solution turned darh brovn on addibion and Uas stirred åt rootn

tenìperâture for 10 ml:nutes. The solubion rrâs then coofed to -10"C and

added dropwise to an orange solution of tRhCI(COD)12 (0.60 g, 0.IZZ

rnmoles) in S nL TLIF aL -10"C. An imnediåte colour change from orânge

to very intense orange-bror.¡n v¡as observed. Stirring r,/âs continued for
three hours ât -10'C, then the solution was tåken to dryness itì vâcuo

to leâve a bror,¡n-bfack oif, Due Lo deconposition of the product above



-10"C in bhe solid stâLe and in solution, complex 2 r¡âs prepared ând

used in situ.

iv) Reåctions of (CO)3{PPh3 )Fe (¡r-PCy2 )Rh(PPh3 ) (CO)

â) Reactj.on of 1 r¡ith CO (Conplexes 3a, 3b)

Conplex 1 (0.050 g, 0.050 mmofes) vâs dissolved in toluene,/

toluene-dg (t:1) (5 nL) and stirred under CO (one âbrìosplìere) for 30

ininutes. The solution darkened slightly from orange to orânge*red.

1¡¿ 31p¡1¡¡3 nmr spectruìn vas then recorded under CO âtnosphere.

b) Reåcbion of 1 wlbh PEtg (Conplexes 4â-4d)

Complex 1 (0.050 g, 0.050 mmoles) wâs dissolved in toluene,/

toluene-dg (t:t) (5 nL) ând PEt3 (0.00?0 nl,, 0.050 mnofes) r¡as adde<ì.

After stirring for 30 rninubes the solution renâined orânge. The

31p¡1¡11 nnr spectrum ¡râs then recordecl.

c) Reåction of 1 wibh t-Br-¡CN (Complexes 5å-5d)

Conplex 1 (0.055 g, 0.055 mmoles) !¡âs dissol.ved in toluene/

toluene-dg (1¡1) (5 nl,) and t-BuCN (0.006 nL, 0.0SS mmoles) r¿as adrìed.

Afùer 30 ninùtes no cofour chânge in the solution !¡âs observed ând

¡¡s 31p¡11-J1 nnìr spectrurn rras then recorded.
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d) Prepâråtion of (CO)3(PPh3)Fe(p-PCy2)Rh(PPh3)(H)2 (6)

Complex t, (0.050 g, 0.050 mmoles) r,¡as dissolved in toluene,/

toluene-dg (1:1) (5 nL) ând stirred llnder H2 (one âtnosphet-e) for 30

ninubes. The solution darher¡ed stightly frorn orange to orânge-red.

The 31P{1H} nnr spectrun wâs then recorded under HZ âtnosphere.

e) Prepârâbion of t(CO)3(PPh3)Fe(p-PCy2)Rh(pph3)(He)l+tIl- (7,

Complex 1 (0,050 g, 0.050 mmoles) r./âs dissolved in toluene,/

toluene-dg (1:1) (5 rnl ) ånd llel (0.0030 nL, 0.0S0 rnnoles) was added.

AfLer stirring for 10 ninutes a red fluffy precipitâte forrned. The

red sr¡Iutfon uas filtered into an nmr tube and the 31p{1H} n¡n.

spectrurn t¿as recorded.

f) Prepåråtion of (CO)4Fe(U-PCyZ )Rh(pphg ) (H) (Ct ) (B)

Complex 1 (0.050 g, 0.0S0 n¡roles) rnâs dissolvecl in toluene,/

toluene-dg (1:1) (5 rnl ) and DÌfA.HCl (0.006 g, 0.0S0 nnoles) r.ras addert.

After stirring for 30 ninutes no colour change in the solì.ìtioD !/âs

observecl ând t¡le 31p¡1¡1¡ nnr. spectrum t¡âs recorilecl.
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v) ReåctÍons of (CO)4Fe (p-PCy2 )Rh(COD)

a) Reactfon of 2 r,¡iLh CO

Corìplex 2, (0.150 g, 0.40 nìmoles)rrâs stirred under CO (olre

atÌìosphere) in t ol ue ne,/to lue ne-dg ( 1:1) (5 nL) for 30 ninutes, durlng

!/hich tine the solution changed colour from very intense broun to red-

bror,/n. N2 replaced CO ând the 31p¡t¡11 nnr spectrum r¿as recorcled.

Preparation of (CO)4Fe(p-PC,'Z)Rh(PR3 ) (C0)2 IR

Cy (10)l

Er (9),

A to luene,/to luene-d8 Q:7) (4 nL) solutlon of Z (O.IOO|, 0.264

nnìol-es) ând one nolar equivalent PR3 r¿ere stirred under CO (one

åtnosphere) for 30 minütes. The solutions cìrangecl cofour to orange-

brot,rn for PEL3 and orange*red for PCy3 r,/.iuhln five ninutes. After

stirring for five hours Lhe volune of the solution vâs reduced Lo

âpproxÍrììâtely 3 nL ând cooled to -20"C for 48 hours. This yielded

orånge microcrystals of 9 and orange-red ¡nicrocrystâIs of 10,

c) Reaction of 2 with H2 (Conplexes 1ta-11c)

Complex 2, (0,150 g, 0.40 mmoles) vâs st_irred under H2 (one

åtnosphere) itì toluerìe/tofuene-dg (1:1) (S mL) for 30 mfnutes, durÍng

r,¡hiclì time the solution clranged colour from very intense brovn to red-

bror¿n. N2 replaced II2 and the 31p¡1¡1¡ nnr speccrum !,¡ås recorded.
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4.3 Preparation and Châracter izât ion of (CO)3(PPhg)Fe(U-pCy2)Rh(pphg(CO),

(1)

Conplex l was prepared viâ the br fdge-âss Íst ecì nethocl outlined in

Châpter One ând dctåilecl befow in Equâtion 4.1.

LitFe(CO)4{PCy2)) + trans-Rhcl(CO) (PPh3)2 --)
(CO)3(PPh3)Fe(p-PCy2)Rh(PPh3)(CO) + LiCl (4.L

LitFe (CO)4( PCy2 ) ì r,ras reåcted r¿ith tråns*RhC1 (CO) (pph3 ) 2 in THF,

and the reâction ças assumed to be complete r,rhen âlI of the Lråns.*

RhCl(CO) {PPh3)2 hâd dissolved. Recrystallizâtion fron toluene yieldecì

1 as orange nticrocrystâls in 652 yield. Conrplex 1 vas found to be

soluble in solvents such as tóluetìe and CL\2CI2, but insoluble irì nost

other orgânic solvents. It is âir stable for short periods of tfme in

the solid sbaLe, ånd decomposes råpidly Ín solution t,rhen exposed bo

âir.

Conplex t has been fulIy chårâcterized by å single crystal X-ray

diffraction study thât shor¿ecì the sbructure to be flìât in Figure 4.1.

1¡s 31p¡1H1 nmr spectrun of 1 (Figirre 4.2) is futly consistent rrith

the structure determined by X-ray diffraction. The doublet of

doul:Iets of douìrleLs at 6167.2 pp¡n is åttributed to re p*pCy2 ligand,

vhich couples to both PPlr3(Fe) and PPh3(Rh), as uell âs to the Rh

âtom. The dovnfield slìift of this resonânce is probably due to bìte

presence of â lnetâl-ÌÌetal bond, and this is supported by X-ray

crystâllogrâplìy. The doublet at ó?8.0 ppm due to pphq(Fe) corrpled bo



Figure 4.2: 31p¡1¡¡1 nnr spectrun of conplex 1,

(CO)3(PPh3 )Fe (p-PCy2 )Rh(PPh3 ) (CO) .
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Figure 4.1: Structure of coroplex 1, {CÐ)3tpph3)Fe(p-pty2)Rh(pph3) (CO).

p-PCy2 is in thè expected region fôr phosphine ligands bonded to Fe57,

âs vâs discussed jn Chåpter Tlrrr:e, and the doublet of doublets ât

ô34.8 pprn is ¿ìssiBned Lo PPh3(Rìr) coupled to Ir*PCyZ ând Rh. Tìle cjs

coupling llett/een ¡.r-PCy2 and PPhe(Rh) of 79./+ Hz is ål.so consistent

r,¡:ith the cìcte rrninerì structure. 31p¡1¡¡1 n:nr ciata âppeâr iìl Table 4.8.

Table 4.1: Infråred Spectrâl Dåbâ for Cornplex 1

Conplex u".' ( crn-1) å
1 (nujol) 1991(s), 1950(s), iB96(s) , 7A4Z(s)
1 (hexanc) 2038(r,¡), t9B0(s), 19S0(s), 1900(v)

âAbbreviâtions: s = strong, nì = mediunì, r¡ = v¡eah.

The solid staLe IR spectrum shor,¡s the presence of a serni-bridging

carbonyl , discussed in Section 4.5. In n*hexane solution alI the u..:)

stretching bands have shifLed to considerâbly higher vavenuml¡ers so

that the seni-bridglng unit is no Longer presenL. The presence of re

semi-bridging carbonyÌ mây in pârt be due to crystâl pâcking forces

t,¡hiclr are not present vhen the nolecule is in solutioì1. Figure 4.3

shor'Js both the solid state and solution spectrâ for cornparison.
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4.4 X-Ray Crystal Structure of (CO) 3(pph3 )Fe (¡r-pCy2 )Rh( pphg) (CO) (1)

Orâlìge cryståIs of l were gror,¡n by cooLing â toluene solution to

'20"C for 72 hours, A perspectlve vier¿ of 1 glvlng the aton nuÍìbering

schene ls shown in Figure 4.4, ând â representåtio¡ì Òf the inuer

coordinâtion sphere of the nolecule fs shor,rn, !Ì1th relevânt bond

distânces and angles, in Fj.gure 4.5. The unib cell conbâlns four

discrete rnolecules of 1. T able 4,2 gives other c ryst âl log râphic

psrâneters ând data, collected and sofved ât the University of Wlndsor by

D. !1. Sbephån.

Table 4.2: Sr¡mary of CrystaÌ Data, fntensity Collection, ånd Structure
Rêf inerent for (C0) 3(PPh3 )Fe (p-PCy2 )Rh(PPhO ) (CO) ( 1 ) .

fornulå C52H52FeO4p3Rh
crystâl colour, form orange blocks
â, A 23.746ßt
b, A 1"0 .4r4t2)
c, ,E 19.829(3)
Ê, degrees 100. 91( 1)
crystâl system nonoc l inic
spâce group PZtl 

"volune, Â3 4Ba3 a1)
p (câIc'd) , g/cm3 !.g7
Z4
crystâl dlnensions, mn 0.69 x 0.48 x 0.44p, âbsorptlon coefflclent, cn-1 'l .!I
rådlâblon (\, A) UoKq (0.?1059)
tenperâture, 'C 24
scån speed, deg/min 2.0-5.0 (O-ZO scån)
scân rânge, deg 1.0 belol¡ Ka1, 1.0 âbove K(xz
background/scân tlne râtio 0.S
datâ collected 6810
unlque dåtâ (F.2 ) 3oF.2) 5041
nunber of vâr1âbles 244
R, 7, 6. Bs
Rv, Z ,t .,14



Figure 4,4r ORTEP of complex 1, showing the åton nunbering sche¡¡e.





Figure 4.5: Representation of bhe inner coordination sphere of

complex 1.
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In this heterobi¡netallic cornplex the netâls l¡e and Rh åre llridged

by å dicyc tohexylphosphide unit. The Rh âtom is further coorclinated to

â PPh" ligând, one CO, and the Fe metâl cenLre. THe ångles p3*Rh-pl,

P1*Rh-C1, alrd C1*Rh-Fe are al] r,rithín the rânge for squâre pÌânâr

geoìnetry, but tììe Fe-Rh"P3 ångle of 53.7(t)" gives Llìe Rh âton â

distorted square planar geoìnetry. The Fe âton 1s coordlnâted to the

ìr-PCyZ ligând, one PPh,ì ligånd, ând t hree CO tigâtìds, givÍtìg it â

Lri8onâl bipyrårnidâI teonetry. The Fe*P dj.stânces åre typicå1,

âverâging to 2.24'l(ZrAi Fe-C distânces âverâge to 1.852(9)4, and also

fåll uitlìin tìte expected rângè. Selected boì.ìd distâtìces and angles are

listed in Appendix 4.1.

TIìe Fe-Rh bond length ls 2.660(t)1\, consisbent uith â metâf-netal

bond. Known Fe-Rh bond distânces rånge fron 2.568 to 2,615467, and

2.660(t, 1s slightly nìore thân the sum of the covalent r'âdii of the

atons: Fe = 1.204; Rh = 1.354; sum = 2.554. The complex cân be

fortnulaLed âs ìlâving a donor-acceptor bond betr,reen dB Fe(0) and då

Rh(I) centres, Lrith F'e functioning âs â tno electron donor to Rtr, and

the phosplrido IÍgand functioning as â uninegâtive llgålìd to bâlånce

the +1 charge at Rh. Electron counting schenes would then provide Fe

r,¡itlì 18 electrons ând Rh nith 16 electrons. The ¡:rinciples behind

these åssignments !/ere discussed ì.n Chapter TUo, in t/hlch the conplex

(CO)4ìto (U-PCyZ )Pd(PPhg ) uås investigâbed.

cyz

¿\
Fe ---) Rh

Figure 4.6r The Fe-Rh donor-åcceptor bond.
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The Rh centre, with â formâl 16 electrÒn counb, is coordilìâtively

unsâtur'âted. In the solid stâte it r,rould appear that the enpty

coordiantion siLe is fiIled hy C2 in tììe for¡n of â seni-bridBing

carbonyl betrreen Fe ând Rh. Tlre Fe*CZ distance of 1.815(9).4 is

sorner,¡hât longer tlran expected in cotnpârison to the oflrer Fe.'C

distânces. 'Ihe Rh-CZ distânce of 2.3?3(8)A is on.ly 0.5.4 longer than

tlre Rh-C1 distance, !¡hich j.ndicåtes that so¡ìle lnteractj.on may be tåkiug

place. Evidence for this is shoü¡n 1n the solicl stâte infrårecl spectru

of conplex 1, r,lhere thê u.-.' bând åt IB¿12 ctn-I trould be due to te seni-

bridging cârbonyl group. In n-hexane solution, this band is not

present, ând. insteârf another llånd âppèars at 2035 crn-1 . There are tr¡o

possible explânâtiorìs for the seni-br:idging carbonyl , r,¡hich is present

in tlre solid stâbe â¡ìd âbsent itì solution. The semi-bridging carbonyl

nìây be filling the e¡npty coordlnâtion site ât Rh, or it rnay be due to

crystal påcking forces present ilì tlìe solid ståte but not j.n solution.

The senl-bridging cårbonyl is discused Ìnore thoroughly in Section 4.S.

It is difficult to compare the structure of 1 r,/ith the structure of

the coordiììâtfvely såturàted ¡nolecul.e ( CO ) 3 
( pph3 ) Fe ( p-

PPh2)Ir(PPh3) (CO)2 solvecl by Geoffroyz3. The lre atorn in the Fe*Ir

conplex is âIso trigonâl bÍÞyrânidal, âs is the Ir aton. fn fact re

Fe-fr distance of 2.9604 is lon6er than expected, tlìouglì sone netâI*

metal. interaction does occur. The conplexes (C0)3(pEt3)Fe(p-

PPhZ )Rh( PEt3 ) (CO) ând (CO)3 (PPh3 )Fe ( p-pph2 ) Rh(pph3 ) (CO) were atso

prepared by Geoffroyz3, but tnere not structurâl1-y characterlzed.



tt2

4,5 The Seni.-Bridging Cârbonyl

unsynmetricâ1 or serni-l)ridging cårbonyr u.ir-s cån be loosely defined

by the câse r¿here the tuo netâl-cârbon distânces vâry by nore Uran 0.zsil.

The following section puts for!¡¡ìrd å sinple and useful r,/åy bo explåin

the occurrence of sernl-bridging carbonyl groups. These lcleâs by no nìeans

represent â finål dogrna, but serve orrly as guidelines by vllich to

understând tbe ânonalous CO group.

The fi.rst exam¡rle of â semi-bridging carbonyl rrås reported in 1961

by Hoctr and Ìfi11s68 of the compounrì shovn befor,r in Figure 4.'1.

oc Ho.'\ L ,,CHgoc--t/lY
^./ \#\",.

Hol!/
-F"..=-cori< \a, 'o

Figure 4.?: C4{CH3)2(OH)2Fe2(CO)6, the firsb reported exånple of a

complex r.rith å semi-bridging cårbÐnyl.

Tlrey believed the carbonyl group circled âbove vås unusual ín i:wo

respects: 1) the Fe-C-O angle r,ras only 168", and Z) the disLârìce frotn

i;he carbon aton to the other iron âton was only 2.4gA, co.siderably less

thâr'ì bhåt expected for nonbondecì contâct.

In i:he case of complex l Lhe sarne feåtures åre seen, vhere re

Fe-CZ- 02 ângle is 767,Z(7)', and the Rh-C2 distance is only 2.3?g(B)A.
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Cotton69 âncl tlilkinson propose â series of steps âs â râtionalizåtÍon

for tlìis ¡rhenomenon, and they are outlined belor¡.

1) The nuììber of valence shefl. electroìls on each rnetâl âtorn is
counted neglecLj,ng the metâl-meta1 bond ând treâting tììe anornålous fjo

group as a nornal terninâl CO group. The F'e aton in conlllex 1 then has

the con¡rlete set of tB vârence shell electronsr !¡lìereâs i-f ue count the

Rh as Rh(I), it hâs only 14 valence shel.l electrons.

2l Since the structure of compound 1 indicåbes tìle presence of ân

Fe*Rh single bond, trro electrons fron re 1.8-electron Fe atom are used to

form a donor bond (explâined in Section 2.6) to the 14 electron Rh åLon.

3) The formation of the FeìRh bond gives â ìlighly polar electron

distribution, violâtÍng PaulÍng's e lecLroneut ral ity principle, since

tlrere are ådjâcent åtoms of opposite formål chârges, .i"1 ånd -1 .

4) Tlris châr8e inbalance is resolved by the anomalous CO group,

r"hich uses one of its r* orbitâls to accept electrou density fronr the Rh

âtorn rrhil.e still strongly l-bonded to bhe Fe ston. The nature of the

bondlìlg interâction is shor,¡n beloli in Figure 4.8.

y¡)t orbítal

Figure 4.8: Sketch showing how electron density fron a fitled d orbital
on Rh cån be partially trånsferred into one of the r¡+ orbitals of a CO

group thåt is principally bonded to the adjåcent Fe âtom.
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4-6 Reåctions of (CO) 
A 

(PPh3 )Fe ( ¡r-PCy2 )Rh( PPh3 ) (CO)

ReâctioÌìs involving severâ1 dj-fferent types of Tèagenl-s uj.Il give

â good indicâtiorì of the reâctivity feâtures ôf â specific type of

conplex. As was seen in ChâpLer Three, the coordinåtively såturâted

conplex ( C0) 3( PPh3 )Fe (¡r-PCy2 ) Ir (PPtr3) (CO) 2 did not undergo âddition

reâctions, but phosphine substitutio¡t occt¡rred readily. Conplex 1 is

coordinaùively unsâturated ât the Rlì cenl-re and therefore it is much

rnore 1ihe1y to undergo ox idât ive-âddit io n reaci:ions. Also, addition

Òf molecules such as CO uiIl occur to fill the empty coordination site

at Rh, or even to replâce the Fe+Rh bond to sâturâte the Rh centre.

Ox idaL ive*addit io n is ålso nore lihely to occur åt Rlr as cornpared to

Ir, since Rh is â seconcl ror,¡ element, Iess bâsic thân Ir, åncl is

equaÌ]y ståble in both the +1 and +3 oxidâtion stâtes. FinalIy,

subsi:itution reactions rnay also occur to displace pph3 or CO on either

metâ1 âtom. 31p¡1¡'J1 nnr dåtå for âll products fornert âppeâr in 1.able

4.3.

i) Reâction of 1 with CO to form Complexes 3a and 3b

The additlon of CO to the coordinâtively unsåturâted complex

1is a logical stårting point in studying the reâcbivity of 1,

Addll-lolr of one molecute of CO mây occur at re Rh centre to fill the

coordinâtion sphere, or tt¿o mol.ecules of CO rnây âdd to displâce ùhe

metâl-melâl bond.
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f,lhe n a toluene solution of complex 1is stirred for 30 m1nutes

under one atmosphere CO, tr.ro producbs are forrned, sìlonn belou ilì

Figure 4.9. In both câses CO has adclccl at the Rh centre, câUsing

rearrângeìnent of PPh3 to Lhe Èrâns position, âccording to 3lpttHl nmr.

cyz
oc'. zP\ PPhc\,/ \ -.-OCr>-Fe- Rìr'-

'/, \ \
PtryP/ ìo -co

Cva

OC. ,Pr Co
tt 

,/ \OC>Fe-RhkCO
',/\ \PhSP CO 'PPh3

Cvn

oc\ . ,zP\ ..co\/ \ ./.OC>__Fc_Rh.<CO
-,,, \ \0c c0 'PPh3

3a ob

Figure 4.9: The formation of conplexes 3å ånd 3b.

ProducL 3a ls blre CO adducb of compl.ex 1, â complex sinilår in

sLrìlcLure to (CO)3(PPhr )Fe (p-PCy2) Ir(pph3 ) (CO)2, discussed in ChaPter

Three. Product 3b on the otl.rer hand, is ehe result of both CO

âddiLion at Rìr as uell âs CO substitution for pphg åt Fe. 31pt1H] nrnr

âb roon ternlleråture gives â r+ell resolved spectrun for 3b, a cloubl-eb

of doublets at ó189.9 pprn dr.re to ¡j-pCy2 coupling tÒ pph3(Rh) and Rh,

and a doublet of doublets at ó38.8 ¡rpn due to pph3(Rh) coupling to

p-PCy2 and Rh. Hot¿ever, excirauge occurs åt Rlì in conplex 3a at roorn

tenperåture, resufting in broad, unresolved resonânces for.. p-pCy2 and

PPh3(Rli). As bhe tetnperåture is cooled to Z/+OK, ìe lleåhs resofve to
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l-he expecLed doublet of doublets of cloublets at ó196.6 pprn due to

ìi-Pcyz coupling to PPh3(Fe), ppìr3(Rh), ancì Rh, a doubfet due to

PPh3(Fe) ârises ât ó77.4 pp:n, ând a doublet of cloublets due to

PPhg(Rh) âr'ises ât ô36.0 ppln rìue to coupling to ìl-pC)¡Z and Rh. If the

CO atmosphere is rernoved, conplexes gã and 3b reverb to conpfex 1.

Figure 4.10 shor,rs Llìe våriàble temperât ure 31p¡1¡11 nrnr spectra for

this systen f rorn 240*3001(.

Additj.on of CO at Rh is not unexpected, due to the coordinâtive

unsaturâtion thåt exj.sts there. For the conplexes ( CO ) 3 
( pR3 ) Fe ( l.r-

PPh2)Rlr(Plì3) (CO) (R = p¡,, ¡¡¡23 âddit:ion of CO ât Rh also occurred,

ând these reactlotìs r,¡ere also reversible. I-lor,rever, Geoff roy23 di.d not

report â substitution reaction of CO for pph3 occurring ât Fe.

SubstlLution nay occur in order to reduce steric crovding ât I¡e due to

interâctio¡ìs betueen PPIìQ(Fe) ånd the lJ-pcy2 lÍgand. Substitution of

co for PPh3 åt Fe miglìt relieve thrs sbrain. since r¿e clid not observe

su¡rstitutlorì for PPh3( Fe ) by CO for (CO) 3(pph3 )Fe tp-pCy2 ) Ir( pph3 ) (CO) 2,

the presence of the RÌr âton mây afso have sonc effect olr reâctions at

Fe, This is not completely unexpected, sj.nce in Llìe prepårâtion of

het erobirnetål f ic cotnpounds we hope to observe metâI cooperât1vity.

IJor,rever, it is surprising since such reåctlons åt_ Fe have noL )reen

observed in s irnl f âr cornpounds.

ii) Reåction of 1 with PEt3 to form Conplexes 4a-4d

Reacting conl)l,ex 1wi r one mofâr equivâleììt of pEta (ùould

presumably yield sÍmi1år substj.tution products to those observed for



Figure 4.10: 31p¡t¡1¡ variable temperåture rìr spectrå of

conplexes 3a and 3b, from 240K to 300K.
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(CO)3(PPh3)Fe(p-PCy2)Ir(PPhgt (CO\ 2. l,lowever, ]recause t is

coordinâtively unsâturâted at Rlr, it is rnuch nore reactive ånd forms

four products in reåcl-].ou rüiLh åìl equi¡ûolâr anount of pEt3.

The lot/ fje:td portiôn n¡ ¡¡" 31p¡1¡¡Ì nnr s¡.rectrum of cornpounds 4a*

4d at 2201( j.s shor¿t.l in Figure 4.J1. Tìre five sets of resonânces

due to p-PCy2 (including colìplex 1) ar.e r,¡ell separaterì âncl ve cân

cleârly see thât there is no )nâjor product, but thât an âpproximâtely

equal ratio of all five exisLs. Figure 4.12 shows the upfielil portion

e¡ ¡¡s 31p¡1HÌ nrnr spectrun ât 220K. The resonances due to phosphine

on Rlr are not as dlstinct âs resonânces clue to !t-pCy2, but unâmbiguous

åssig¡ìmenLs of couplitìg constânts can be made. The proposed

structures of products 4a to 4d âre shov/n in Figure 4.10.

The nost strâight forÞ/ard reåction occurs for product 4d, r,rhich is
tlìe sr'.mple substitution of pEt3 for pph3(Rh). 1¡e 31p¡1¡¡] nmr spectrum

for 4d shor¿s a doublet of doublets of dou)rlets at ô156.9 ppm due to

t-PCyZ, a doubìet ât ó80.4 ppm due to pph3(Fe), and a doublet of

doublets ât ó21.2 ppm due to PEt3(Rh). The difference between the

31¡1¡¡1 n'n. spectrun of thj.s compound anil thaL of cornplex 1 is the

tråns coupfing bet!¡een p-PCyZ ånd PEt3(Rh) of ZIO.9 IIz, j.ndicâùing

lhâL rearrångement hås occurred.
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cy2
ot'...,/\ 

,/P?hs
OC¿FFe 

-Rh'
,/ \ \--0C CO rLt e

cy2

,a'oocrF-Fe-Rh,
*/ \o \rrr.

4a

cy2
ot'..,,Ä 

,.PPtßOC>t"g-P¡'
onrrl \o \.o

cy2 Cv.
ot'... ,z\ .r'o

OCFFe 

-Rh'o./ \u \rrno "l)'oÄ¿'",nrrl \.o \"'u
4b 4d

FÍgure 4.13: ForrDâbion of complexes 4a-4d.

1¡" 31p¡t¡11 tìt¡r spectr.un of 4â is iìlt.er.estÍng, since it shous a

doublet of doublets of doublets ât ô183,9 pprn, buL no resonânces in

the PPh3(Fe) regiotì. This indlcâtes Lhåt there nust be tr,¡o phosphines

bonded to Rh, and Índeed t!¡o doublets of doublets of doubl_ets are

observed at ô30.2 ppìn ånd ó8.0 ppm due Lo pph3 and pEtq respecLively,

The 2J,.,¡,-r'e,." coupling constânt of ZI2 Hz indicates that pEt3 is 1n

the tr¿ìns position. lle believe thât pEt3 has dÍsplaced CO on Rlr,

insteåd of substitut:in6 for PPh3(Ilh), and that re displâced CO ligånd

hâs migrâted to Fe ånd furbher replacetl pph3(Fe), giving 4å.

Products 4Ìr and 4c eâch contâin only one phosphine ligand. The
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31p11¡¡3 nnr spectru¡n of 4b shor,rs â doubÌet of doublets at 61??.4 ppn

due to ¡,r-PCy2 ând a doublet of doublets åt ó31 .S ppn, prcsumably due

'Lo PI']h3(Rh). Product 4c also sllol¡s â doublet of doublets ât ô162.2 ppn

due to Ìr-PCy2, âììd â doublet of cloubfets aL ó1g.3 ppm cìue to pEL3(Rh).

Both shor,/ tråns coupling betwcen ¡r-pCy2 anrl pR3. In fact, âll the

coupling constants for 4b ând 4c âre r,¡ithin tr,¡o ber.tz of each other.,

indicating thât they hâve simj.lar structuFes, âs in Figur-e 4.13.

l,¡e cân mâke several observations regârding the resuLts of this
substltution reaction. Firstly, r,¡e can differentiâte betr¿een pph3 anrl

PEt3 on Rìl by differences in their coordinåted 31p nmr chemicaf

shifts. PPh3 ligated to Rh âppeârs bet!¡eetì ó2S-3S ppm, and plt3

llgated to Rh âppeârs betr,¡een ó5-25 ppnr. These results âre not

unexpected due to tlìe different basicities of the br¡o phosphines.

Secondly, in conpârison to (CO)3(pph3)Fe(¡r*pCy2)Ir.(pph3)(CO)2, it is
obvious thât the coordinâtive unsâturâtion of 1 provides for several

types of reâction pâth!¡åys. Simple substli;ution of pEb3 for pphS Is

one of Lllese, and ¡rroduct 4d is expected on Lhe basis of bhe phosphine

suÌlstitutÍon reâctions reported in Chapter Three. Thirdly, product 4d

is tlìe only product in r,Ihiclì PPh3 on Fe has been retained. SinÍlår to

product 3b, CO has displacerl pph3 on Fe ln Lhrèe of bhe forrr proclucLs;

31p¡1¡¡¡ n)nr shotrs â single peâk at ô*6.0 ppn due tÕ free pph3.

Additionål CO rnolecules may be ¡rresent in blìe form of Fe(CO)4(pCy2H),

âs r,Jâs seen j_n Châpter Three. [,le believe urat the Iìe portion of

complex l nay be behâviììg as a "CO sink", in which any CO nolecufes

present in sofution vill ligâtc to Fe at re expense of phosphine.
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iii) Reaction of 1 r.¡ith 
'-BûCN 

to forn Conplexes Sa-Sd

ïn the reaction of conplex 1\/ith t-BuCN, !¡e ìnighL expect to

see products sirnilår to t-hose r:bserved r¡hen 1 r¿as reâcted uitlr CO,

since CO and t-BuCN åre j_soelectronic ¡nolecules. I{or,rever, on reåcting

1 r'¡ith one nolar equj.vålent t-BuCN, products Sa to Sd are observed,

ând these are outlined below in Figure 4.14.

cyz
oG, ,rP\ cNr-Bu

oc--¡l--ì'á.n
*/ \o \oon,

cy2
oc.. ,zP\ -cNr-Ilu

oc.-'È/-\h'"
pr'rp/ \o \orn,

5c5â

cy2

5d

oc". ,P\ PPho

oc;þ{}*/
r r,3n/\o \.o

L

Cyc

oc.. ,rP\ cNr-Bu
". ,/ \ .,/-ocF-Fe-Rh/
.// \ \

oci' lo \PPh3

5b

Figure 4,14r Fornâtion of conplexes Sa-Sd.

cy2
ot'..,/\ 

./cooC>J'é-Rh(
PhsP/ \o \cNt-Bu



Product 5c is tlìe result of substituiton of f-BuCN for CO ab Rh.

This cornplex is coordinâtj.vel,y utìsâturatecl at Rh, alrd bhe 31p¡1¡11 n,n,-

spectrun shovs the expected patLerrì: a dor¡blet of dor:blets of

doublets at ô165.9 ppn due to y-PCy2, â doublet at ôT9.S p¡rn clue to

PPh3(Fe), and å doublet of doublel-s at ó35.3 pprn due to pph3(Rh).

PPlr3 at Rh has Lrans geolnetry, presurnably because t-BuCN is å tiìore

bulky ligând than CO.

Product 5d is an ânonâ1)¡ in thj.s series, since pph3(Rh) hâs been

dispJ.aced by t-BuCN, ulìile I,PhB(Fe) ììâs been retâined. 1¡g 31p¡1H1

nìnr spectrun Òf thls product shor,/s s doublet of doublets at ó146.0

ppn due to U-PCyZ, ând â doublet ât ó'/6.6 pprn due to pph3(Fe).

Products 5a and 5b âre very sitÌilâr. In Sa, t-BuCN has addecl at

Rh to form the coordinâtively sâturatecì product, nhile for Sb, t-BuCN

has added ât Rh, câusing loss of CO to form the coordinåtively

unsaturâted product. The mosb obvj-olìs difference in blre 31p{1H} nmr

spec:tra of these tuo conìplexes is the differences in che¡rical shifts
of the p"PCyZ ligånds. For complex 5a Llìe resonânce due to ¡_r-pCy2

occurs at ó191.9 ppm, ând for. complex Sf, the resonance due to ¡r-pCy2

occurs åt ô180.3 pprn. In botl.¡ Sâ ånd Sb pph3(Fe) hâs been replâced by

CO, as we observed for com¡:lexes 4a-4c.

We can make å direct coìnpârison bettreen prodcut Sa and (CO)4Fe(p-

PCy2)Rh(PPh3) (CO)2, 3b, since both conplexes âre coordlnåtively

sâturated ât Rh. The chenìicâl shifts ând coupl.ing constânts in tìle
31p¡1¡¡¡ nnr spectrå of these two complexes differ by no more thån two

ppm or i- r,/o hertz, respectively. These similâritJ,es ârj.se because CO

ånd L"BUCN âre isoefectronic species, ând âs such, would not âffect

large differences in ¡¡" 31p¡1 Ì nnr spectrâ of 3b ând Sa.
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iv) Oxídat ive-Addit ion Reåctions of 1

It is r,¡èIÌ knor,rn l-ìtåt oxidâtive*addi.tÍon reactioìrs âre more

1tl(eIy to occur at coordinatively unsåturât ed centres26. Therefore ve

expect thåt cornplêx 1 r,¡j.ll oxidâtively-âdd molecules sucÌ¡ as H2, I,feI,

and HCI to fÒrm coordinâtively sâCurâted Rh(IlI) species.

When a tofuene solutÍon of 1 is stirred ullcler one atmosphere II2

for 30 minutes, tr,/o products åre formed in ân approxinâte 1;1 râtio.

The first hâs been observed prevJ.ously, cornplex 4b, (CO)4Fe(p-

PCy2)Rh(PPh3) (CO). Tììe second compl.ex is the oxidat ive-acldi t i o n

product 6, ( CO ) 3 
( PPh3 ) Fe ( p-PCy2 ) Rh ( PPh,r ) ( I-l ) 2 . 1¡s 3tpg1H1 .*.

spectrum of tllis complex shor/s the expected doublet of doublets of

doublets at ó196.6 ppn due to p-PCy2, a doublet ât 6.f ?.4 ppn due to

PPh3(Fe), and a doublei: of doublets ât ô32.0 pprn due to pph3(Rh). The

PPhg ligând on Rh is ûrâns to V-pCyZ, The proposecì structure of

compfex 6 is shor,rn 1n Figure 4.15.

cyz
*-.. ,r\ ,t'

çç-_f(_þ¡,_u
et,3e/ \co \0.n.

Figure 4.15: Proposed sturcture of complex 5,

(CO) O(PPh3 )Fe (}r-PCy2 ) Rh(PPhO ) ( H)2.
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1¡" 31p¡1¡¡1 tììnr spectrun of 6 bears close resembÌåDce to thât of

conpouncl 3a, (co)e(PPh3)Fe(¡-pcy2)Rh(pplr3) (co)2, in that the cher¡ical

shifts of botlr Lhe p-PCy2 and the pplr3(Fe) ligands are equal, as are

the tJ,-,r,-o". ând 2J¡_,r,-e,.,. coupllng constânts. Tlìis sirnilar.ity would

seen to inply thât l_he chemicâl shift of flre p-pCy2 ligand does not

de¡rend on the oxidatioÌì state of Rh. TL" J,,o_*,, ând Jp_RÌ, coupling

constatns âre âpproximâtely 25 l,lz higher for cornplex 6 bhan for 3a,

ånd this difference is probâbIy due to ìe chånge in oxidaLion state

f¡o¡n Rh(I) in 3å to Rh(III) in 6.

Conplex 1 also reacts with ìfeI to forn product 4b and the salt
t(CO)3(PPh3)Fe(¡-PCy2)Rh(PPh3)(lte)l+tIl-, rrhich preci.PÍtated from Hìe

reåctiotì mixture âs â red solid. 1¡" 31p¡1¡¡¡ nmr spectrum of this
complex shows a doublet of doublets of doublets at ó1g6.1 ppn due to

l-PCyZ, a doublet al- ó75.2 p¡rrn due to pph3(F.e), ånd a doublet of

doubfets ât ó28.1 ppm due to pph3(Rh). The 2J'e-eRh coullÌing constânt

of 206,5 Hz indicâtes that Pph3(Rh) is in the tråns posÍtiotì, The

mosb unusuål property of the spectrutn of complex ? is tìre J"_o,,

coulrling const-alìt of 74.5 Hz, 
'rhich is âpproximately 30 Hz lower t-lìan

âny other Jp_Rh coupling constânt. The reasons for Hris rìây be the

presence of the methyl group ât Rh, ancl the chåìl8e iìì oxidâtiÕn

ståte from Rh(I) to Rh(III). The proposed structure of conplex T is
shown in Figure 1t,16.
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cyz
oc'. ,,Pr Me

', /' \ ,/
OCFFe-Rhz

'/\ \
Ph3P/ \o \PPh3

+ tIl-

Figure 4.16: Proposed structure of

t {CÕ) 3( PPh3 )Fe ( p-PCy2 )Rh{PPhg ) ( He ) l+t I l-, conplex ?.

FÍnaIIy, complex 1 ox idat ive Ìy-adds HC1 to form compound O,

(CO)4Fe(p*PCyZ)Rh(PPh3) (H) (CI), and 4b in an approxirnâte 1:Z râtio,

1¡" 31p¡1gi nÌnr spectrurî shovs â cloublet of doutrlets at ôt8g.0 ppnì due

to p*PCyZ, ând å doublet of doublets ât ô36.9 ppm due to pph3(Rh).

The zJ¡,e-eor. cotrpling constânt of 19B.0 llz indicåtes that pph3 is

trâns to V-PCyZ. ftr conplex 8, PPh3 at Fe has been displaced by CO,

unlihe conplexes 5 and 7, t/hich retâined pph3 ab Fe.

It r¿ou1d seem tlìâL for all three oxidåtive-åddition reâcLions â

cornpeting reâction to for¡n product 4l¡ is also occurring. This nrsy be

because CO is conpletely rernoved fron Rh in âll three reâctions,

sirnilar to tlìe reåction of 1 r,rith PEt3. Free CO may bhen reâcL r,Jith 1

to form 4b in â11 four reâctions. There nây aÌso be free CO

âvâilâble j.n the forrn of Fe(CO)4(Pcy2ll), as r¿e saw in Châpter Three.

4.7 Preparåtion and Characterizåtion of (CO)4Fe(¡.rpCy2 )Rh(COD) (2,

Complexes such âs HilkinsoÌì's câtâIyst, RhCl(pph3)363, and tRh(¡.1*

PPh2) {COD)12, prepârecl by I(reter ancì }leeh19, are l<nor¡n hydroÉ{enâtion
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càtâlysts. Tlìe similârii;y of conpound 2, ( CO ) 4Fe ( p-PCy2 ) Rh ( COD ) , Lo

these conplexes r./årt-ânts il,s syntììesis and the investigåtion of its

reâction properties. Conplex 2 contâins the eâsjly cl:Lsptacecì :1 , S-COI)

ligând, and as r¿as shoun in Chapter.Three, replâcenent of 1,S-COD by

molecules such as CO and PR3 provided ner,/ co¡npounds uith additiotìât

side products.

Corn¡rlex 2 was prepared by reâcting t!¡o noles LitFe(C0)4(PCy2)J

L'ith onè rnole tRlrCl(COD)J2 as in Equation 4.2. Conplex Z coulcl not be

isolated as a solid, but only as a black oil. It r,ras therefore usecl

in situ for reactj.ons r,¡Íth CO, H2, and PR3 {R = Et, Cy) r¿ith CO.

2LitFe(C0)4(PCyZ', I + tRhCI(COD)i2 -) 2(CO)4Fe(¡-PCy2)Rtr(COD)

+ zt.ic,I ( 4.2,

1¡u 31p¡1¡11 nnr spectrun shoÌ,/s one doublet do!¡nfield àt 6!42.6!

PPn, J¡,e-nu = L28.8 Hz, iì1dicâting thàt â netål-rnetâI bond may be

present. TIìe infr'âred spectrun of 2 in ¡¡-hexane solution shovs six

bancls, nore thân the four expected due to C,,, syrninetry åbout the Fe

âton. The band at 183? "r-1 ,nay possibly inclicate thåt a seni-

bridging carbonyl is present, âs nâs seen for complex t. The additional

bands may be due to isornerizâtion between a complex thal- has â semi-

bridging carbonyl, ând one that does not, and both nây exist in

solution åt room LeìnperâLure, On Lhe basj.s o¡ 31p¡t¡1¡ nmr and infråred

spectral evidence, the proposed structure of conplex Z is shovn in

Figure 4.1?. Tables 4.4 and 4.5 contâÍn 31p{1H} nnr ând infrâred

spectral data, respec t ive ly.
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Figure 4.17: Proposed struccure of conplex 2.

Table 4.4r 31p¡1¡¡1 l{HR Dataå for Cotsplex z ånd l}erivåEfves

Complex ô(pCy2)b ô(pRh) rJuo_"*r" J,_,"_*,, J"_*.,

2 !4?..6dd L,:8.g
8å 277.5d 89. g
Bb t72.9d 103. 3
Bc t6.Zd !I7.9
9 179.Bdd 26.1dd 192.0 8r.4 100.8
10 1?3.1dd s1.9dd t87.I ?9.0 99.6
11A t74,9d 99. 6
11b 194.8d 89.9
11c 216.5d 105. 9

âRecorded in boluene solutlons a\ 220K. bChemical shifb urrits: pprn.cCoupling constâtìt unlcs: Hz, dAbbrevlatlons: d = doublet,

Tab1e 4.5: Infrared Spectrel Ðata for Coqlex 2 end llerlvatlves

complex u.o { cm-1) a

2 zo?S(r¡)b, 2040(m), 2004(s), 198?(s), 19?1(s),
1837(m)

9 2050(w), 203S(w), 200S(w), 1993(s), 19?3(s) ,

1949(n), 1882(rù), 1835(m)
10 2033(s) , 2004(w), 1985(r.r), 19?0(s), 1960(s),

1949(sh), 1905(w), 1837 ( w)

åRecorded âs hexâne solutlons unless otherwise speclfled.bAbbrevlâtlons: s = sbrong, n = nediurn, r¡ = r+eak.
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4.8 ReåcLÍons of (CO)4Fe ( p*PCy2 )Rh(COD)

As r,¡e observed in Chapter Tìrree, bhe coordinâtively unsåturâted

coìnPlex (CO)4Fe(p-PCy2)Ir-(COD) was easily prepared ând reacted vlth
severål reagents, including CO, and PR3 and CO, to displâce the labile

1,s-COD ligand. I'his conplex ålso câtâlyzed the hydrogenation of

styrene to ethyl benzene. Compound 2 should also react r/ith tlìese

reâgents. Agåin, reåctions cån occur at a) bhe coordinâtively

unsâturâted Rh centre, b) to displâce the 1,S-COD ligând, or c) ât the

metâl-netâI bond. 31P{lH} nìiìr ând infrâred spectral dâtâ âre shorrn in

Tal>Ies 4.4 and 4.5 respecLively.

Conplex 2 wâs stirred under one atmosphere CO for 30 minutes,

during r,rhich tiìne the solution turlìèd red-broun in colour. 3tp¡1¡¡1

nmr shor¿ed three doublets, indicating thât three products r+ere fornecl,

Ba-Bc, slrown in Figure 4.18.

cyz
oc.r 

^ 
..co

"./ 
\./OC>.Fe-Rh'<rCO

oc" ìo

ot"...,2\ 
,.coOCÞ-Fe-Rh'/

oc/ \o \.n

cyz
oc'.. /\ ..co
ocÈ:F{ ìn'lco
*/ \oo/ \.o

cyz

8a 8b 8c

Figure 4.18: Proposed sbructures of conplexes 8â-8c.

The 31P{1H} nnìr spectrutn of products Oâ-Bc shor,¡s â lârge doublet

ât ð217.5 ppn due to 8a, the coordinâtivefy sâLurâted CO âdduct. A

doublet at 8772.9 ppn 1s attributed to 8b, the coor.dinâtively
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unsâturåLed product, Ffnâlly, a doubleb âL ó16.2 ppm fs åttribubed to

8c.

Formulations of the structures of coÍrpolexes 8a*8c are bâsed on

comparing tìnr dâbâ for 8a-8c to tlìât of (CO)4Fe(p-PCy2)Ir(CO)3,

conìplex 1, anrì its CO âdduct, 3a. 1¡s 13ç¡1H1 nnr spectrurn of
(CO)4Fe(p-PCyz)Ir(CO)3 indlcâted thât 1,s-COD r.¡âs dlsplâced by CO, and

Lherefore we belleve thât the sâne type of reaction uith CO ât Rh

takes place in complex 2. Product 8â has â dot¡nfield shift of the U-

PCyZ ligend, sinllâr bo product 3a, ånd fs Uherefore llelteved. to be

coordfnâtfvely såturâted. The slnflår chemical shifts of the ¡r-pCy2

Ilgands for conplex 1ând 8b indicâte that 8b is probâbly

coordlnåtÍvely unsâturåbed, The upfleld shlft of Uhe resonâ¡tce due to

U-PCyZ in conpJ.ex 8c indicâLes thât tlìe Fe-Rh bond hâs been dlsplâced

hy CO. Thls ls the first tlme that reactfon of CO r,¡Ith any of the

heLeroblnetâI I lc complexes Ìnentloned here has proceeded to dtsplace the

netâl-netâI bond.

When conpound 2 is reacted wlth PR3 under one âtnosphere CO, the

coordinâtively sâLurated products {CO)4Fe (p-PCy2)Rh(PR3 ) (CO)2 (R = Et

(9), ând Cy (10) âre forned. 1¡s 31p¡1H1 nnr specbra for the

conplexes âre slmiÌârr â doublet of doublets ât ôt?9,9 ppn and ô1?3,1

ppnÌ, ånd â doublet of doublets ât ô26.1 ppm and ô51 .9 pprn for g atìd 10

respecbively. Both phosphlnes have brans geometry, as shown by

2J¡,r-r,"r, coupllng constânts of 792,0 ânct 18?,1 Hz for 9 ând 10

respectlvely. The infrâred spectrâ for 9 and 10 are also similar,

both shouing the expected sfx band patbern, Both Fe ând Rh exhibit

C2- symnetry, âììd therèfore four bands are expected due to cårbonyls

âttâched to Fe, and tr¿o bands âre expected due to cârbonyls âttâched
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Complex 9 is an :irìteresting compârison to the very sinìiIâr con¡rlex

4c, (CO)41ì.e(¡r-PCy2)Rir(PEta) (CO). The p.-PCy2 31p¡1¡11 nìrìr chemicål

shift of 9 is åpproxi.mâtely 1? p¡rm higher tlìân tìlât of 4c, and the

PEt3 chenÍcåI shift of 9 is âpproxirnâtely 10 l)pm higlìer tha¡r thaL of

4c. Coordinåtive saturåtion åt Rh then, seems to cause the 31P

resonånces to shift to lo!¡er fielcl. I,le can use this correlâtÍôn âs a

very ge¡ìeral indic¿ltion of coordinâtive saturation. Using the same

argunents, !/e cân say that conplex 10 is also coordinåtivel,y

saturaLed.

tlhen conplex 2 is reacted r,rith H2, 31p¡1¡-¡1 nmr at- 220K indicates

thal- tlìree products åre fortned, 9å-9c. If bhe reaction proceeds in â

similår rnânner to that of ( CO ) 4Fe ( p-PCy2 ) I r ( COD ) , tlìen one of tl.ìe

three products rnay be (CO)4Fe(p-PCy2)Rh(Tl{F)". It is difficult to

formulâbe tlìe structures of any of these conplexes soJ-ely on the basis

o¡ 31p¡1¡11 nmr dâtâ. 1II nmr did not show the presence of any netâl

hydride peaks. Further investigâbions of these complexes nåy prove

them to be useful hydrogenâtion câtâlysts, sirnilâr to (CO)4Fe(p-

PCy2 ) Ir(COD) .

4.9 Sunnary ând Conclusions

Coordirìat-ive unsâLurâtlon at Rh provided for rnuch nore reâctive

heterobj-netållic Fe-Rh complexes vhen compared to similår Fe-Ir

conplexes prepared in Châpter Three, Co:nplex 1 reacted t,r:ith reagents

such ât PEt3, CO, ar.rd t-BuCN resulting in several different types of
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substitutÍon ånd åddition llroducLÞ-. The Rh atom in t also urìderuent

oxidåtive*âddition r,/hen reâcLed lrith HZ, Hel, and HC1. In aIl

reâctio¡rs, ât least one product r¿as forrned j.n uhiclì CO displaced PPh3

at Fe.

Reâctions lrith complex 2 provced to be less definÍtive tharì Lhose

observed for slrntlar Fe-Ir conplexes. Reâctions r.rith phosphines and

CO seened to be reIâtively straightforvard, producing coordinal-iveIy

sâturâted cornplexes in vhich the 1,S-COD ligancì hacl lreen cÌisplaced by

PR3 and CO. The reåction of cotnplex 2 and CO provided us l,ribh Llìe

fÌrst p-PCy2-brldged cornplex, in this sbudy, in !¡hich the netâl-netâl

boncl r¿as clisplâced by CO. lJhen cornplei 2 uas react-ecì r,rith I12, tTrree

unidentifiâble products sere formed. Hovever, furtlìer j-nvestigåtions

iDto this systeÍì nây prove it to ba a nore uselful hydrogenation

câtàIyst than was (CO)4Fe(p"PCy2)Ir(COD), due to the increased

reâctivity ât Rlì,
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APPBIDIX 4.1
SELECTED BOND DISTANCES AHD A¡èGLI:S FOR
(CO)3(PPh3)Fet¡,r-PCy2)Rh{PPh3) (CO), (1 )

Table 1: Distånces (A)

2.660(1. )

2 .254(2)
2.282(?.)
1.896(8)
2.373(B)
1.850(6)
1.850(5)
1.84?(5)
1.861(8)
1.85?(B)
7.16 (7'

Rh-Fe
Rh-P1
Rh"P3
Rh-cl
Rh-c2
P 1-C 11
P7-C27
P1-C31
P3*C?1
P3-C81

Ife-P2 2.235(2)
Fe-P3 2.259(2,
Fe-CZ 1.815(9)
Fe-C3 7.7 69(9,
l'e-C4 7.773<9)
P2-C4t r .832 ( 6)
P2-C51 1.853(B)
P2-C6L 1.836(6)
cr"or 1.12 (r,
c2-o2 1. .1.6 ( 7)
c4-o4 7.71 (7)

Table 2: Angles ( degrees )

Fe-Rh-P1 15U. tì(1)
Fe-Rh-P3 53.?(1)
Fe-Rh-Cl 110. ?(3)
Fe-Rh-C2 41- .8 ( 2,
P1-Rh-P3 106.0(t)
P1-Rh-C1 90. 1( 3 )

P1-Rh-C2 135.5(2)
P3-Rìr-C1 153.0(3)
P3-Rh-C2 77.1,(Z)
c1-Rh-cz 95.2(3)
Rh-Pt-c11 LIs.2(2)
Rh-P1-C21 tZZ.3(2)
Rh"-P1-C3t 11L.7 (Z>

CLI-PL-CZ7 1"00.3(2'
c1t-P1-C31 105.?(3)
lZFPI-C3L 70L.9(2t
Rh-P3-C?r tZ0.B(3)
Rh-P3-C81 720 . L(3'
C71-P3-CB1 IO2.9(3'
Rh-c1-01 174.3(B)
Rh"cz-oz 174.8(6'
Fe-C3-O3 178.5(?)
Pr-c17-CI2 118.9(/r)
P1-C11-C16 72L7(/!)
P7-C2L-CZ2 121.4(4)
PL-C27-C26 118.5 ( 5 )
PI-C31-C32 II5.2( 4)
Pl-C31-C36 1"24.8( 4)
P3-C7I-CIZ 111.s(5)
P3-C7I-C76 116.3( 5 )

Rh-Fe-P2 126.4(7,
Rh-Fe-P3 54.5 ( 1)
Rh-Fe-C2 60.6(3)
Rh-Fe-C3 I42.8(3)
Rh-Fe-C4 80.1( 3 )
P2-Fe-P3 I75.6(t,
P2-Fe-CZ A7.O(2)
P2-Fe-C3 89.5(3)
P?-Fe-C  89. ?(3)
CZ-Fe-C3 1L9.6(4\
CZ-FI-C4 127.0(4)
C3-Fe-C4 113.3(4)
Fe-P2-C47 ]15 -9(7.\
Fe-P2-CS1 7L5.7 (2',
Fe-P2-C6M3.3(Zl
c41-P2-C5r 103.?(3)
I4I-PZ-C67 10/1.9(3)
c51-P2-C¿;1 101.8(3)
Fe-P3-C'11 770.6(3,
Fe-P3-C81 119.9(3)
Fj'CZ-OZ 167 .2(7 I
Fe-C/{-O4 176.4(a,
P2*C41"-C42 717.0(tt\
P2-C47-C46 L22.9(S',,
PZ-C57-C52 118.7(s)
P2-C5J,-C56 12!.3(5)
P2-C6I-C6Z 7I8.Z(3)
P2-C61"-C66 I27.7 (4)
P3-CB1-CBZ 71.4.7 (6t
P3-CBJ -C86 '112.3(6'
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