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Studies of the cyanide complexes of transrtron metals are of consrderable current 
mterest, attention being paid to synthetic chemrstry’ J and problems of catalysis3 as well 

as to bonding charactenstrcs of the cyanide group4 

The bonding properties of the cyanide group m transrtron metal complexes appear to be 

a functton of both o-donor and n-acceptor abllttles Thus sltuatton places the cyanide group 
in a rather peculiar posrtion as a mononegatrve hgand The relative importance of these two 

extreme types of bonding 1s dtflkult to evaluate and It 1s reasonable to thmk that it will 

depend on the total intramolecular environment and the oxrdation state of the metal atom 
In consrderatron of the great parallel interest m the chemistry of the phosphme 

complexes of transitron metals, we have initiated comparatrve studres on the effect of CN- 

hgand on the general properties of mixed cyanide-phosphine complexes’-’ The present 

paper is an extension of our previous work, with the pnmary oblective being to study the 
effect of the CN- group on the stabrhty as well as on the reactrvrty of such complexes 

A RELATIVE STABILITIES 01- 4- AND S-COORDINATE COhIPLEXES 

The reaction of Nl(Chi, wrth tertiary phosphmes PRa (R = alkyl, aryl), in addition to 

the planar complexes Nr(CN)r P2, generally yields the low-spm tris-phosphme complexes 

NIP P3 (P = phosphorus atom of a tertiary phosphme) Equrhbrra of the type 

Nl(CNj2 Ps c’ NI(CN)a Pa + P 

are present m solution ‘*’ The stabrhty of the Scoordmate complexes depends on the 

nature of the organic substituent R and follows the order PEt, Ph > PEt, - PEtPh, > 

pw3 - PBun s This order does not correlate well with the sure of the phosphmes and 

must be attrrbuted to electroruc effects of the R substrtuent. The complexes with PPh, and 
PCys are extremely unstable (Cy = cyclohexyl) 

The reactrons of NrXl (X = hahde, NCO, NCS) with tertiary phosphines generally yreld 

4-coordmate complexes NIX~ (PR3)2 (even m excess of the phosphme)’ Only the 
phosphines PMea (ref. IO), 2-phenylphosphmdolme and 9-phosphofluorene” can give 
5coordmate low-spm NrXa Pa complexes 

Chord &em Rev ,8 (1972) 



176 P RIGO, A TURCO 

Wrth the secondary phosphmes HPR 3, complexes NIX;? P3 can be obtamed’* not only 

when X = CN but even when X = Cl, Br, I Spectrophotometnc evaluation of the stabrhty 
of these complexes towards the drssocratron mto NrX3 P2 and phosphme reveals the 
sequence HPEt, > HPEtPh > HPPh3 > HPPhCy With the phosphme HPCy, , the 

complexes NIXz Pa have been observed only for X = CN 
The coordmatmg properties m the correspondmg cobalt(H) complexes are slmrlar to 

those descrrbed for mckel(II), although cobalt appears to attain S-coordination more 
readily Thus tertiary phosphmes can yield the CoX3 P3 complexes not only’ when X = CN, 
but alsol when X = NCS Agam, the complexes with PCy, and PPh3 are extremely 
unstable The phosphines 2-phenyl-phosphmdohne, 9-phosphofluorene” , PMe,Ph and PMe3 
(ref 14) also yreld CoX2P3 complexes for X= Br Secondary phosphmes easily grve the 

CoX2P3 complexes even when X = halogen It is again found that CN- increases the stabrhty 
of the 5coordmate co,nplexes Thus with the phosphme HPCy,, the complexes can be 
obtamed’* for X = CN (or NCS) and not for X = Br 

The data presented here show that the cyanide group may be of crrtical importance m 
determmmg the stabrhty of MX3 P3 complexes In fact, some of the complexes can be 
formed only for X = CN When they are also given by X = halogen, the correspondmg 
cyanides always prove to be much more stabIe 

The electronic factors wluch depend on the nature of the organic substrtuent R appear 
to be of mmor importance and are evident only m the tertrary phosphme complexes 

Much more important appear to be sterrc effects depending upon the size of the 

phosphmes, as 1s clearly shown by the instabrhty of the cyanide complexes with PCy,, 
PCy, Et and PPh3 It IS concl;ded that the size of the phosphmes” is the factor which 
prrmarrly determines the stab&y of the MX2 P3 complexes_ From thts point of view the 
phosphines mentioned above can be divided mto three classes of compound. 

(1) Phosphmes wrth crrtrcal size PCy3, PCy2 Et, PPh3 The trrs-phosphme complexes are 

unstable even when X = CN 
(II) Phosphmes with intermediate size PEt3, PEt, Ph, PEtPh2, PEt2 Cy, PMePh2, PI%” 3, 

PBu”3, HPCy, In thts case, sterrc effects can be compensated for by good bond energres, 
which can arise from the bmdmg of CN groups Only the complexes M(CN)3 P3 are stable 

(zzz) Phosphmes with relatively small sizes PMe3, PMe2 Ph, 2-phenylphosphmdolme, 

9-phosphofluorene and secondary phosphmes with the exception of HPCya The 
complexes MX, P3 can be stable even when X = halogen 

The unique role played by the CN group m promotmg stabrltzatron of MX2 P3 
complexes 1s also apparent m the chemrstry of the drtertxary phosphme complexes of 
mckel(I1) and cobalt(I1) The metal halides react with the drphosphmes Ph, P(-CH2 -),PPhl 

(drphosph, rz = 2,3,4) grvrng either ‘+I8 Qcoordmate complexes MX2 (drphosph) orl’ 
romc S-coordinate complexes [MX(drphosph)3 ] X When X 1s the CN group, the stable 
S-coordmate complexes shown m Frg 1 are obtamed, m whrch the characterrstrc M(CN), P3 
groupmg given by the tertiary phosphmes 1s maintained6 *8 *’ 

The stabrhzatron of 5coordmatron by CN- found for the mckel(I1) and cobalt(I1) 
complexes is also evident m the complexes of cobalt(I) and rhodmm(1) Thus, the complex 
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Co(CN)(dpe), (dpe = Ph2 P(-CH2 -)2 PPh2) is a stable S-coordmate compound14 m the 

solid and m solution By contrast the bromide, CoBr(dpe)2, IS extensively dlssoclated m 

polar solvents, where it gives 2o the 4-coordinate ion [Co(dpe)2]t As expected, the 

correspondmg S-coordinate complexes of rhodmm(I) are less stable Thus with X = Cl, only 

lomc 4-coordmate complexes, [Rh(dpe)a]t, have been reported” Again, one finds that the 

cyanide Rh(CN)(dpe), IS a stable 5coordmate compound22, although m polar solvents It 

slowly undergoes solvolysls to [ Rh(dpe)2 1’ and CN- In a non-polar solvent such as 

benzene, the compound slowly transforms into an msoluble Pcoordmate polynuclear 

complex which analyzes as Rh(CN)(dpe) 1 s, and 1s possibly the bmuclear 

(dpe)Rh(CN)dpeRh(CN)(dpe), with one dpe molecule acting as a bridge between two 

rhodium atoms 

B REACTIVITY Of CO(CN)-JP~ COMPLEXES 

Despite extensive interest3 Y23 m the reactions of COG 3- the study of mixed 

phosphme-cyamde cobalt(I1) complexes has received attention only very recently9 

The reactions of the COG (PR 3 ) 3 complexes lead to cobalt compounds of difficult 

characterlzatlon More convenient systems have proved to be the complexes with 

dltertlary phosphmes, particularly the compound COG (dpe)z _ The reactions studled 

\wth this compound are m part summanzed m Fig 2, and can be compared with those of 

COG 3- 

The reactlons with the organic hahdes R-X and X-R-X appear9 V24 to follow patterns 

substantially similar to those of COG 3- Thus Co(CN), (dpe)2 at 40” reacts with 

C2 H5 1 and, more slowly, with C2 H5 Br. Durmg the reactlon one first observes the 

formation of CH2=CH2, followed by CH3-CH3 No reaction has been observed with 

bollmg CZ HS Cl The order of reactlvlty RI > RBr > RCl and the prelmunary formatron of 

CH2=CH2 suggest a halogen abstractlon mechamsm from the organic hahde by the 

metal complex, smular to that previously found for COAX- The yellow cobalt 

complex cation [Co(CN),(dpe), 1’ can be isolated from the reaction solution (Fig. 2) 
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The complex is diamagnetic, and rts Infrared spectrum shows only one absorptton at 
2 112 cm -t , attnbutable to the VCN stretching Thus rt IS an octahedral complex of 

cobalt(II1) with two CN- groups m tram posrtrons, wrth two chelating diphosphmes 
Reaction with ClCHa CHs Cl, BrCHa CH2 Br and with a benzene solution of KHz CHz I 

gives the same cobalt(II1) complex and CHz =CHs The reactivity order is agam I > Br > 

Cl Srmrlar results have been found m the reaction of Co(CN), 3- with organic &hahdes, 
and have been interpreted m terms of a free radical mechanism mvolvmg halogen 
abstraction m the fust reactron step=. 

The general features of the reactions with oxygen in CH30H or CIHsOH are also 
sumlar’s to those shown by Co(CN), 3- Manometrrc measurements of the oxygen 

absorbed by solutions of Co(CN),(dpe), show that two moles of the complex absorb 
one mole of oxygen. After reactlon, the solution contams aldehyde, and by treatment with 

NaC104 gives the per&orate of the catron [Co(CN), (dpe), 1’ These results strongly 
suggest that the brrdged oxygen adduct (CN), (dpe), Co-0-0-Co(dpe), (CN), 1s imtrally 
formed (Fig 2), whrch by further reaction with the solvent yrelds the aldehyde and the 

cobalt(II1) complex_ When the reaction with oxygen rs carried out m ClCHs CHs Cl, the step 
mvolvmg the absorptron of one mole of oxygen per two moles of complex 1s followed by 
further slower uptake of oxygen and stmultaneous evolution of carbon droxrde In tlus case, 

the reaction of the cobalt-oxygen adduct with the solvent 1s very complex and mvolves, 
mter aha, complete demolition of Co(CN)a (dpe)t molecules to grve CoC13- moretres 
which are stabtlizedz6 by bmdmg to a CN- group m the “zwrtterron” 

Co(CN)(dpe)z CN-CoCi, 
The binuclear complexes [Co(CN)s (drphosph)l s 1s (drphosph = Ph, P(-CH, -),PPh, , 

where n = 3,4)a do not react wrth oxygen 111 alcohols or Cs HqC12 Thrs result rs easily 

understood considermg the structure of the compounds deprcted m Frg 1 Sterrc reasons 

prevent the intermolecular formatron of the oxygen bridge between cobalt atoms of two 

bmuclear complexes, nor can one oxygen molecule “insert” mtramolecularly between the 
two cobalt atoms bound by a bridging drphosphme 

The lack of reactrvrty connected with the structure of such complexes is confirmed for 

other reagents whrch can give “msertron” reactions Thus we find that the complex 
Co(CN)s (dpe), reacts readily at room temperature with SOZ m benzene or wrth SnClz m 
ethanol, whereas the bmuclear complexes mentroned above do not show any reacttvrty 

towards the same reagents under the Same experimental condltlons Although the reaction 

products grven by Co(CN)a (dpe)s h ave not been fully characterized, there 1s httle doubt27 

X 
I 

that the first reaction step wrth SOs and SnClz mvolves the formatron of Co-Y-Co 

X 
bmuclear co,npounds stmtlar to those already observed 111 the reactron of Co(CN)s 3- 

The behavrour of the S-coordinate complex Co(CN)s (dpe)s m the reactions dtscussed so 
far 1s very similar to that of the Co(CN)s 3- ion This shows that substitution of three CN- 
groups by three phosphorus atoms m the absence of important sterrc effects does not 
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perceptrbly alter the chemicaI behavrour of the cobalt atom In partrcular, the “free radrcal” 
character of the d' “low spm” configuratron of cobalt(I1) IS preserved, as shown by the 
reactrons with oxygen or with orgamc hahdes 

However, there is an important difference between Co(CN)s 3- and the COG Pa 
complexes, and the evrdence for thrs comes from the reactrvny towards the Hz molecule 
In contrast to the easy reaction3 of COG 3- with H2 leading to COHN 3-we find 

that the nuxed cyano-tertrary or -drtertrary phosphme complexes do not apprecrably 
react wrth Hz even under a pressure of 100 atm, in several solvents The lack of reactivity 

with HZ is a little surprlsmg consrdering that other substituted cobalt(H) cyamdes, for 
example the mrxed amme-cyamde complexes, give hydrides by reaction’s **’ with H2 _ The 

lack of reactivity may arise from the low stability of CoH(CN)* Pa complexes, however, 
one c,mnot rule out that It is due to kinetic inertness In fact, a “concerted” mechamsm 

similar to that of the reactror?’ of Co(CN)s 3- with H2 may represent a difficult pathway 
m the case of the phosphme-cyamde complexes where more severe sterrc restrictions are 
operative 

Another interesting aspect m the chemistry of the phosphme-cyamde complexes of 

cobait(I1) 1s that they do not appear to catalyze the hydrogenatton of activated olefins, m 
contrast to Co(CN)S 3- (ref 3) and the amme-cyamde complexes2* y2’ Thus we fmd that 
the complexes with PEt, Ph, PEtPh* and drphosphmes, m ethanol, benzene or CZ H4 Cl, do 

not catalyze the hydrogenation of styrene and cmnamic acid under ambient conditrons 
The reactions of the drphosphme complexes with dilute solutions of perchlorrc acid or 

hydrogen chloride m ethanol have also been studied Under strictly controiied anaerobrc 
condrtrons, we find that the complex C~(cN)~(dpe)~ reacts with H’ grvmg the cobalt(iI1) 
complex Ion [Co(CN)z (dpe), ]+ By contrast, complexes wrth the other two dlphosphmes 

(Fig. 2) do not react with HCI04 under the same condrtlons We believe that thrs different 
behavrour is due to the avarlabrhty in the Co(CN), (dpe), molecule of one un-coordmated 
phosphorus atom Thus, loss of one electron from the cobalt(H) atom may readily lead to a 
6-coordmate cobalt(III) complex by further coordmatron of the free phosphorus end of the 
drphosphme The drrvmg force for the oxrdatron reaction 1s provrded by the srmultaneous 

formation of a cobalt-phosphorus bond With regard to the mechanism of oxidatron rt 1s 

possrble that the mtrogen atom of a coordmated CN group IS preferred as a reactron site of 
the protonated species, and that an inner-sphere CN-bridged electron transfer occurs from 
the cobalt(I1) atom to the proton The destiny of the reduced proton has not yet been 
ascertained. In fact, only trace amounts of Ha are evolved durmg the reaction 

Finally, we shall comment briefly on the reactions of the Co(CN)* Ps complexes with 

carbon monoxrde. Complexes with tertiary phosphmes react m solutton with carbon 
monoxrde giving first the substdutton products COG P2 (CO) The latter compounds 
grve by drsproporttonatron the cobalt(i) derivatives Co(CN)P2 (CO), and un-characterized 
cobalt(I11) complexes 31 The complex Co(CN), (dpe)* , however, in alcohols, benzene or 

CHzClz also reacts with carbon monoxide to grve a stable cobalt(II1) compIexr2 The 
stotchtometry of the reactron 1s depicted by 

2 Co(CN), (dpe), + 2 CO + Co(CN)(dpe)(Co)Z + [Co(CN), (dpe)* 1’ + dpe + CN- 
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and IS simrlar to that foundz3 m the disproportronation of Co(CN)S 3- to Co(CN)a(CO)a ‘- 

and Co(CN& 3- 

C REACTIONS Or COBALT(I) AND RHODIUM(I) COMPLEXES 

Most of the work has been carrred out with the complex Co(CN)(dpe), (ref 14) The 

compound can be obtained by reductron of Co(CN),(dpe), wrth hydrazme m borlmg 

ethanol. It undergoes characterrstrc ox&&on reactions to the complex ion 

[Co(CN)(dpe)z]+ This ion can revert to Co(CN)(dpe), by reduction with NaBb or go 

back to Co(CN)a(dpe)a by controlled addrtron of cyamde loons 
The reactrons studied with the complex Co(CN)(dpe)* are deprcted m Frg 3 

L- CO 

cs Hfl 
Co (C li)(d p e)(CO), + d p e 

d p e = 1,2 - bis(d~phenyl~hnsuhfflo)elhane 

Fig 3 Some reactlons of the complex Co(CN)(dpe)z 

The compound reacts rapidly wrth oxygen at 25°C m CZ HjClz or Cz Hs OH solutron 

The reactron requues I 5 moles of oxygen per mole of the complex After reactron, the 
solution contams cobalt(II1) cyanide complexes and the diphosphme dioxide dpeOa 

When the reaction IS carried out at 0°C m C2 Hq Cl*, two dntmct oxygen absorptron 

steps can be observed Manometric measurements show that about 0 5 moles of oxygen per 

mole complex are taken up during the first reactron step Thrs step can be better 
mvestrgated by carrying out the reactron m ethanol in the presence of excess sodium 
perchlorate, only 0 5 moles of oxygen are taken up m this case wrth the precrpitate 

]Co(CN)(dpek 1’ f ormmg m practically quantrtatrve yield durmg the reaction 

Acetaldehyde IS another reaction product. A solutron of the compound 

[Co(CN)(dpe)z ] C104 m CZ I& Cl2 can further react wrth oxygen (1 _ I molar ratio) givmg 
cobalt(II1) cyanide complexes and drphosphme oxrde 

Coord Chem Rev., 8 (19721 
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The overall patterns of the reactlon with oxygen may be depicted as follows A reactive 
cobalt-oxygen adduct 1s formed in the first reactlon step during wluch 0.5 moles Of oxygen 

per mole complex are consumed The oxygen adduct reacts readdy with the solvent givmg 
the complex Ion [Co(CN)(dpe)a]f, which cdn further react with one moie of oxygen to @ve 
finally cobalt(II1) complexes and phosphme oxide With regard to the nature of the 
cobalt-oxygen adduct, the stoichometry 02 -2 Co found for the first reaction step may 
indicate, although it does not prove, the formation of a bndged Co-O-O-Co bmuclear 
complex Tlus type of bmdmg, unusual for 4-coordmate d* complexes, IS conceivable for 
d8 5coordinate compounds 

The compound Co(CN)(dpe), is also readily oxldrzed to [Co(CN)(dpe),]* by reaction 
with stoichometnc iodme m ethanol or benzene The compound Co(CN)I(dpe)z, which can 
be obtamed from the solution, 1s probably 6-coordmate m the solrd and extensively 
dlssoclated mto [Co(CN)(dpe)2 1’ and I- in CZ HqCIZ solution 

Fmally, easy oxldatlon of Co(CN)(dpe)z to [Co(CN)(dpe)2]+ was also observed by 
reactlon with 0 1 M HC104 in ethanol The reaction leads to [Co(CN)(dpe)z]* both with 
stolchlometric amounts or with a large excess of perchlorlc acid Evolution of hydrogen 
was not observed during the course of the reaction Consldermg that the S-coordmate 

CoH(dpe):! reacts” with HClOa m ethanol to @ve [CoH~(dpe)~]+ and that the complexes 
[CoHCl(dpe), 1’ (ref 20) and [ Co(CN), (dpe), 1’ are stable, it was expected that 
[CoH(CN)(dpe)2]+ could be a product of the reaction However, the data presented here 
suggest that [CoH(CN)(dpe), ]+ 1s an unstable compound whch, if formed, readily 
decomposes m ethanol to give [Co(CN)(dpe), 1’ and other products 

Commg to the reactlons with HZ, we find that Co(CN)(dpe), m ethyl ether solution 
does not react with H2 at 70 atm By contrast, it IS known” that the lomc 4-coordmate 
[Co(dpe), ]* readily adds hydrogen to give [CoH2 (dpe)p 1’ It thus appears that the 
oxrdatlve addition process, typlcal of d8 4-coordmate complexes, 1s suppressed m the case 
of Co(CN)(dpe), , which 1s a stable 5coordinate compound In prmclple, oxtdatlve addition 
m the latter case could occur If accompanied by substltutlon It seems e-dent that m the 
present case oxldatlon to cobalt(II1) and substltutlon of phosplune or cyanide groups by 
hydrogen atoms 1s energetrcally unfavourable 

Fmally, the reactlon with carbon monoxide shows that one dlphosphme IS readily 
replaced by two carbon monoxide molecules to give the prev:ously mentloned compound 
Co(CN)(dpe)(CO)z The rhodium(I) complex Rh(CN)(dpe), yields by reactlon with CO at 
100 atm the 4-coordinate complex ** Rh(CN)(dpe)CO This result differs from that given 
by the cobalt(I) complex, and IS not unexpected considering the lower stablhty of the 
S-coordmate complexes of rhodium as compared with those of cobalt 

An mterestmg series of reactlons with carbon monoxide and oxygen has been stu&ed 
Hnth the compound Rh(CN)(PPh,), (ref 22), which reacts with CO m benzene to give the 
substltutlon product Rh(CN)(PPh,), CO Thrs reactlon 1s smular to that glven3* by 

RhCl(PPh3)3. When the reactlon of Rh(CN)(PPh ) J 3 w:th CO 1s carried out m the presence 
of excess phosphme m hght petroleum, the S-coordinate Rh(CN)(PPh,),CO slowly 
separates from the solution The compound 1s fairly stable m the solid state, but is, however, 
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extensively chssocrated in solutton where it grves the 4-coordmate Rh(CN)(PPhs)z CO By 
contrast, we find m accordance wrth other reports 32 that the tns-phosphme carbonyl 
complexes are not given by RhCl(PPhs)s even m the presence of large amounts of the 
phosphine The mstabihty of RhCl(PPhs)sCO can be contrasted with the stabrllty33 of 
RhH(PPhs)aCO and Rh(CN)(PPhs)sCO These observatrons show that the S-coordmate 

trts-phosphme carbonyl complexes of rhodmm(1) are stable only when the aruomc hgand 
gives good covalent bonds Thts concluston is m agreement with the prevrous drscussron on 
the 5-coordmate MXa P3 complexes of cobalt(H) and mckel(I1) 

The complex Rh(CN)(PPh3)2 CO in CH2 Cl2 solutton reacts with oxygen at 50 atm 
givmg the adduct Rh(CN)(PPh,),(CO)(O,) it IS known that the correspondmg chloride 
RhCl(PPhs)a CO does not interact wrth oxygen and that attempts to prepare sohd samples 

of EW(PPh3)2 (CO)(O,) have fatled, although an mteractron between RhI(PPhs)z CO and 
O2 may occur in solutron34 In keeping with the conclustons of Ibers and coworkers34, the 
increasmg capacity for uptake m the series Cl, I, CN should be interpreted m terms of 
increased electron density on the rhodrum atom However, constderlng the electronegatrvrty 
values of Cl, Br, I and CN this explanation does not appear to be satrsfactory3’ _ The 

capacity for oxygen uptake of the cyamde complexes of rhodium(i) 1s confirmed by the 
fact that Rh(CN)(PPhs)s etther in the sohd or In petroleum ether colution readrly yields 

the oxygen adduct Rh(CN)(PPhs), (0,) 
In conclusion, these results confirm those on the complexes of cobalt(H) and mckel(I1) 

The primary effect of the cyamde group IS to stabrhze 5-coordmatton as compared wrth 
Pcoordmatron Moreover, the cyamde group affects the reacttvrty of the complexes by a 

combmatton of two factors The first factor depends directly on the stabthzatton of the 
5-coordinate substrates, the second comes from the effect of the CN- group on the 
electromc propertres of the central metal atom 
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End of Bressanone Conference 

Erratum 

The following equation was prmted mcorrectly m Coordztzatzon Chemzsfry Revzews, 

Vol 7, No 3, p 248, and also In Vol 7, No 4, p. 420. 


