
Coordtnatron Chwrctr~* Ret IL-US 
Eke\ ll‘r Publ~shmp Company, Xmcterdam - Prmred m The Nethcrl.md\ 

MIXED CLUSTER CARBONYL ANIONS CONTAINING 

NICKELANDCOBALT 

P CHINI. A CAVALIER1 and S MARTINCNGO 

A INTRODUCTiON 

In 1968 the formatIon of the heumuclear (pentadecacarbonylhexacobdltate)2- dmon 

from cobalt(H) bls(tetracarbonylcobaltate) was explained by assuming that the presence 

of J weak hgand with Hugh sterlc requirements, such as uopropanol. on the cobalt(H) 

cation favours dn internal electron redlstrlbutlon to Co,(CO),, Further external reduc- 

tion of this neutral species by excess [Co(CO),]- anion then results m the [Co,(CO),,]‘- 

species’ Since then we hdve been particularly interested in substltutlng other cations for 

the cobalt(l1) present m the startmg (tetrdcarbonylcobaltate)-, this procedure IS expected 

to produce both new polynuclear species and to afford a test of the proposed mechamsm 

We chose the mckel(II) catton because the aqueous normal potentials of the two tons 

are rather slmdar’ (Nl’*;Nl = -0 250 V, Coz+/Co = -0 277 V) Examples of mternd re- 

duction of the mckel(l1) cation m cdrbonylnleta~dtcs hdve been reported for the com- 

pounds [Nl(NHj)J [Fe(CO)4H] 1 (ref 3) and [Nl(o-phen),] [Rh(CO)4] 2 (ref 4), but m 

both cases an anion is present which IS a stronger reduLmg agent than the [Co(CO),]- 
anion In fact the ~on~pounds [NI(NH&] [Co(CO),], and [Nl(o-pllen)3] [CO(CO)~]~ 

which have been prepared ’ by Hleber m 1937. are perfectly stable 

I3 RLSULTS AND DISCUSSION 

(I) Syttthests artd ~I~ara~~tertsattoii of the /NtCo3(CO),, /- atttoii 

As is the case for the cobdlt(l1) Ion, no reaction is observed between aqueous solutions 

of mckel(I1) chloride and sodmm tetracarbonylcobaltate On the other hand, by mlxmg 

ethanoltc solutions of the latter reagents d brown colour appedrs together with the rapid 

formation of two characterlstlc strong infrared absorptlons ctt ZOO0 and 1740 cm-l dnd 

some NIP (2055 cm-‘) 

This reaction system is not stable, and with time (24-48 11) the NIP absorption 

increases whtle the other bands decrease and eventually disappear Working with different 

Coord Chem Rev, 8 (1972) 
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N~*‘/CO(CC)~- ratios (0 5,l 0, I 5,3 0) shows that the formatIon of both the 2000- 
1740 cm-1 and the 2055 cm-’ absorptlons is more rapid when the ratio 1s higher. 

The same reaction 1s obtained by usmg the more easily accessible 

[Co(EtOH)~] iWCOJ4I2 Th e reaction IS practically complete m half an hour, with 
disappearance of the [Co!CO),]- absorption at 1890 cm-’ At this point addlt1on of an 
aqueous solution of tetramethyl- or tetraethylammoruum chloride gives a mature, mamly 

ENR41 [NICO,(COI, I 1 urlth 3 minor amount of [NR4], [NI$‘o~(CO),~] Pure salts of the 
tetranuclear amon are obtained by redlssolvmg 1x1 methylformate. 1n which the hexanu- 
clear tetrdalkylammonium salts are msolub!e, follolved by rap1d repreclpitation with 

dusopropyl ether 
Analytical data for the brown crystalline tetramethylammomun~ salt are reported m 

Table l Although these limited analytical data do not allow a precise determination of the 
number of carbon monoxide groups, 1t has been possible to confirm the formula 
[NICO~(CO)~~]- by studying the reaction with carbon monoxide In tetrahydrofuran 
(THF) this reaction IS very rap1d (1 atm, 254, an d can be carried out in an hypodermic 

syrmge, 3 procedure which allows both the progresswe addition of small amounts of 

carbon monoxide and the sampling of the solution for Infrared spectra The amount of 
gas absorbed (7-7 5 mole) and the final IR spectrum are consistent with the stolchio- 

metry 

3 [N1C03(CO), J- + 7C0 l$+ 3 NIP + 2 Co?+ f 7 [Co(CO),]- (I) 
,- 

whrle 10 moles tre expected for a [N1Co,(CO),,]- anion, and 4 moles for [NICO~(CO)~~ ]- 
The [NiCo,(CO),,]- species contains 60 valence electrons, a number which 1s 

charactenst1c of the tetranuclear carbonyl clusters ‘. The mfrared spectrum of the brown 

THF solution IS shown m Fig 1, the presence of absorptlons at 2000,1865-l 845 and 
174@ cm-’ IS m agreement with termmal, simple br1dgmg and face bridging carbonyl 
groups. The pont1on of the strong absorption at 2000 cm-’ agrees with the presence 
of a negative charge for the four metal atoms6. A tentative structure 1s sunrlar to that 

found for the [Fe4(C0)13 ] ‘- amon7, with the apical Fe(CO& group substituted by a 
N1(CO) group_ In ths structure the mckel atom can be considered to be at the centre 

of a tetrahedron of three mckel-cobalt bonds and one mckel-carbon bond 

When the origmal brown solution obtained from mckel(I1) chlonde and cobalt(U) 

bls(tetracarbonylcobaltate) IS warmed under vacuum and then evaporated to dryness 
instead of being treated with an aqueous ~etraalkylanm~onnm~ hahde, new strong infrared 
bands at 1977, 1958 and 1790 cm-’ are observed. This new species can be easily Isolated 
after clssolvmg rt 1n water, filtermg and saturating with potassium bromide The salt 

K2[N12C04(CO)14]_6 Hz0 IS obtamed as dark red crystals m about 60% yield from the 
calculated stolchlornetry 
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11 NKll + 14 [Co(CO),j- - 2 [N$o,(CO),,]‘- f 7 NIP -I- 6 CoC12 + 10 Cl- (2, 

The correspondmg cacsmm dild tetrdalkyld~~imonlum salts are obtamed from the pOtdSSlUIl1 

salt by d double exLhange reaction in water The dnalyticdi data are reported in Table 1, 

and they establish the formula {[Cat] [NKo2(CO),]),, which corresponds to 14 33 vd- 

lence electrons for edLh metal atom or 86 electrons for six metal atoms 

-AlI the hexanuc~edr cdrbonyl Llusters known dt the present moment (see Table 2) 

shdrc 86 eleLtrons in the valence shell, dnd there IS d close reldtionshlp between this 

electronic structure Jnd the oLtahedra1 geometry Therefore the ,mlon cdn be formulated 

as octahedral [NI$‘o,(CO),#- This assignment IS reinforced by the stmlldr solubtlttles 

of the dlkdh sdlts of the doubly chdrged [co6(c0)t5]2- amon ’ both potassium salts are 

soluble m water but they cdn be preclpltated by saturation with potassmm bromide, and 

both Laestum sdlrs are much less water-soluble 

In solution the dmon [NI~CO,(CO),,]~- is reddish-brown dnd the mtrared spectra of 

the dfferent sJts present only minor differences m the Larbonyl stretching region. the 

spectrum ot the potassmm salt m THF IS presented m Fig 2 The termmal cdrbonyi 

group dbsorptlon at 1977 and 1958 cni’ IS conststent with the presence of d negative 

Lharge for three metal dtoms 6, while the absorption at 1790 and 1740 cni’ is m agree- 

ment with the presence of bridging cd:bonyl groups The anion IS probably isostructural 

with one of the tsomenc forms of the [CO,(CO),,]~- dmon Ix but a close comparison of 

the infrared spectra IS not possible due to the differing negative charges and the related 

dtffermg association in solution 

In THF solution the he\anuclear [NI~CO,(CO),,]‘- dmon reacts easily with carbon 

monovlde ( I atm, 25”) After addition of 7 -8 moles of carbon monollde only absorp- 

tlons due to NIP and [Co(CO),]- are observed. VI/ 
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E 85 electrons and one metal-metal bond for 6 metal atoms 
84 electrons for 6 metal atoms, heptanuclear 

3 [NI,C~~(CO),,]~ - + 72 CO + 6 N1(C0j4 + lO[Co(CO)J- + 2 Co2+ (3) 

Other reactions confirm that the most Import&t chdrdcterlstic of this hexanuclear dmon 

IS Its ease of breakmg mto sampler products For example, the reactmn wth tnphenyl- 

phosphme m THF requtres about 6 moles of ltgand dnd gwes a cornpIe\ nature from 

which Co2(CO),(PPh3),, NI(CO)$PPh,), dnd the [Co(CO)j(PPh3)]- anion have been ISO- 

ldted and Identified by comparison of the Infrared spectra35-37 

A smlllar frdgmentmon of the kister is observed on reaction both wth mild oxldlsmg 

and strong reducing agents, two types of reaction m which we were particularly Interested, 

because they have been used “9 I8 to transform the analogous man [Co,(CO),,]‘- unto 

the related hexanucledr clusters co6(c0)t6 and [CO,(C~),~~~- By cautious reachon 

wlth tron(Ii1) chloride in aqueous conditions we were able to isolate only CO~(CO>,~, 

whde the reactlon wtth lodlne in THF gave first an umdentltied product which had cdrbonyl 

Coord Chem Rev ,8 (1972) 
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stretching absorptrons at about 1995 and 1955 cm-‘. and whtch therefore could not be 

the destred uncharged spectes After .rddttron of about only l/3 of the amount of todme 

necessJ.ry for the complete o\tdatton of all the metal atoms present tn the cluster the 

mfrared spectrum agreed wtth the reactton 

2 K,[Nt,Co,(CO),,J f 5 I2 + 3 NIP + 4 K[CO(CO)~] + NI I, + 4 Co I, (4) - - 

In ethanohc solutton mckel(lI) chlonde Jso behaved as an outdant, wtth formatton of 

Nt(CO), and of ,.t black umdenttfred sohd 

Sodrum m THF reacted slowly gtvmg rtse to the [Co(CO)_J- anion xrd NI(CO),, whtle 

m cthdnol there was no rextton wtth sodmm tetracarbonylcobaltate The addrtron of 

hydrochlortc actd m methanol failed to grve dny new spectes. we were only able to 

observe some formatron of the [NICO,(CO)~ I]- anion (see later) 

The formation of the [NrCo,(CO)t t]- anton cdn be reasonably assumed to take place 

through the steps 

[Nt(EtOH),] [Co(CO)& + [CoKO)& = ~I’WtOH!, [CO(CO)~]~)- f (-Y--V) EtOH 

J 

[NICKS, t J- + CO +_r EtOH (5) 

The tnterntedtdte dddttton product would be analogous to the well known dddttron pro- 

duct whtch IUS been tndependently tsoldted by several authors ‘8-‘o m the redctton be- 

tween Hg[Co(CO)J, dnd [Co(CO),]- dmon VIL 

Hg[Co(CO)& + [Co(COLJ- * (Hs[Co(CO),l,) - (6) 

In fact we have confirmed that thts IS a reactton which can be reversed by stypIe solvent 

effects e g wcater ~111 decompose the dddrtron product and ~111 leave msoluble 

Hg[Co(CO)4]7 while toluene ~111 dlso bring about a stmllar decomposttton leavtng 

msoluble Na[Co(CO),tj The formation of the rimed tetranucledr man IS stmtiarly mht- 

bated by water. and rn thts case tt seems probable that the first dddttton step IS hmdered 

The strong effect of the NI*‘/CO(CO)~- ratio on the synthests of the [N1Co~(C0)rr]- 

~IOII IS III agreement wtth scheme (5) tf contpetttton between the dtff-erent cottons pre- 

sent m solutton towdrd the [Co(CO)_& dmon IS assumed 

When d solution of the tetrantethyl- or tetraethylanunornum salt of the [htCo$CO)t 1 j- 

dnton m EtOH IS left stdndmg. a slow prectpttatton of the [NIICO,(CO)~J~- anion, 

together with fotmrtron of the &ractertsttc inftdred absorptton bands of the [Co(COLtj- 

dmon and of N$CO), (minor mounts), 1s observed The reaction IS represented by the 
cqulhbrl~ 
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2 [NiCo,(CO), J- = [NI~CO,(CO),,]‘- f Co2(CO), (7) 

3 Co2(CO), + x B = 2 [COB,] [Co(CO)& + 8 CO (8) 

Tetracarbonylcobaltate amon IS the product expected from the decomposttron of 

CO,(CO)~ rn the presence of Lewis basic solvents. while the small amount of Nt(CO), can 

be accounted for by the reaction between the carbon monoxide set free m reactron (8) 

and the mixed clusters Equrhbrra (7) and (8) also allow ratronahsatton of the synthesis, 

because rt seems reasonable that during the warmmg and evaporatton of the ortgmal 

[NKo3(CO),L]- 1 t so u ton the COAX m equrhbrmm IS contmously removed through 

decomposttron due to reactton (8) 

Redctron (7) can be easily reversed, for instance, by addition at 0” m rsopropanol-tol- 

uene of one mole of Co2(CO), to one mole of K7[N~&o,(CO)t,] mrmedtate transforma- 

tion into the [NICO~(CO)~~]- anron AS observed, as shown m Erg 3(a) The mnultaneous 

formatron of minor amounts of Ni(CO), and [Co(CO),]- anion are probably due to car- 

bon monoxrde from the decomposttron of CO,(CO)~, although thrs reactton 1s slow at O” 

That the mart-t reaction IS not due to the carbon monoxtde set free m the decomposttton 

of Coq(CO)8 IS shown by comparrson with Ftg S(b), m whrch the infrared spectrum IS 

gven for the reaction between the [Nr2Co,(CO)t,]z- amon and carbon monoxide at the 

point where the hexanuclear species drsdppears In fact, at thrs point the complete dtsap- 

pearance of the [Nr2C04(C0)t4]z- amon requires 5 moles of carbon monoxide and 

corresponds to the storchrometry 

[N@,(C0),4]‘- + 5 CO + NdC014 + [CdCo),l- f WCo,W-O), ll- (9) 

Reactions between a carbonylmetallate and a metal carbonyl m which there IS redrstrt- 

butron of the negative charge on d Larger number of metal atoms such as the reverse of 

reactron (7), are fatrly common Examples of such reactions from the worh of Ruff 4‘ dre 

Fe2(CO), + [Mn(CO)$ + [FezMn(CO)t,)- + 2C0 (10) 

Mn,(CO),u + [Cr,(CO)ttJr- + 2 [MnCr(CO)to]- (11) 

In all these cases the dnvmg force 1s probably the tendency to increase the average energy 

of the metal carbon bonds through a more uniform drstrrbutron of the negative charges 

dnd greater back-donation 

It 1s clear that the synthesis of the hexanuLlear [Nt.$04(CO),,]‘- cluster takes piace 

through the intermedldte tetrdnuclear [NKo-JCO)t ,I- anion This synthesis cdn be 

summansed ds 

2M3+2M--f2M4-=Me2-+M2 (12) 

The nntral hypothesis of a process analogous to that postulated for the syntheses of the 

[CO,(CO),~]“- anion, e g 

I3ord C7rem Rev, 8 (1972) 
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(4 (b) 
Fq 3 IR spectra of the soluhons obtamed from (a) K, [NQCOQ(CO) 141 and COAX III Isopropanol- 
toluene at 0” C, and 0~) CSZ[NQCO~(CO)~~] and CO (5 mole) m THF 

IS therefore mcorrect Moreover the present results show that mechanism (12) should also 

be consrdered for the synthesis of the [Co6(CO),,]*- anion Itself In fact m thus case we 

have n ported ‘* the rsoldtron of an unstable tetranuclear species [Co,(CO)rt-121,” whrch 

may be a possrbfe mtermedrdte analogous to [NrCo,(CO)1,] Further study of thus problem 

is rn progress 

C LXPLRIMIINI-AL 

All the solvents were carefully purified and saturated with nitrogen before use Infrared 

spectra were recorded on a Perkm-Elmer 457 mstrument usmg calcmm fluonde cells 

Analyses were carrred out as previously r,‘s , mckel and cobalt were separated usmg dl- 

methylglyoxlme m the presence cf ammomum salts 

(I) Preparation o~/NM~~J/NK’~~(CO)~~ J 

Co,(CO),(6 7 g) and ,.mhydrous ethanol (75 mi) were reacted under vacuum m J 
2 htre flask at 30-50” for about 2 h, until the mfrared spectrum showed the complete da- 

appearance of Co$CO)a Tbe resultmg dark red solutron was treated wrth a 0 646 M 

solution of NrClz m anhydrous ethanol (40 ml, NI*+/CO(CO)~- = l), prevrously prepared 

from ethanol and NrCIZ 6H20 by szeotropic drstlllatron in the presence of benzene. 

After half an hour a solutron of [N(CH&]CI (4 5 g) m water (250 ml) wds slowly added 

and the brown prccrprtate was separated by filtratron, washed wrth water and vacuum 

drred 
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Extractlon of this preclpltate with methyl formate (35 ml) and addrtlon of dnsopropyl 

ether (60 ml) to the resulting solution gave the pure product as fine brown crystals (about 

2 g) The residual ongmal sohd was soluble in acetomtnle and the IR spectrum showed It to 

consist of [NMe41Z [NI~CO~(CO)~~] 

The corresponding tetraethylammonium salt has been obtamed sumlarly Both the 

tetramethyl and tetraethylammonrum salts are soluble m THF and ethano1 

An ethanohc solutlon of [Co(EtOH),] [CO(CO),]~ prepared from COZY (14 9 g) ds 

m (I) was reacted with a 0 646 M solution of NIClz m ethanol (90 5 ml, NI~+/CO(CO),- = 1). 

The mixture was warmed m a stdtlc vacuum for 12 !I and thzn evaporated to dryness The 

residual black sold was dissolved rn water (60 ml) and the solution was separated by filtrd- 

tlon and then satur&ed with solid KBr (40 g) After 2 h the dark red crystalline preclpltate 

was separated by filtration washed with an aqueous saturated solution of KBr. and vacuum 

dned The pure product wds separdted from the KBr by dlssolvmg It in THF, filtering and 

evaporating (yield 5 g, 64%) It was soluble In acetone and ethanol. and on heating It 

decomposed dt about 165 - 190” 

(rrr) Prcparatron of the caemm ami tetraulk_~~larnntoi~~~~~?l salts of the [Nt2C04(CO)14 j2- 

amon 

These salts were all obtamed by double exchange reactions m aqueous solution. The 

caeslum salt could be recrystalhsed from acetone -water. and the tetrabutylammomum 

sdlt from acetone -1sopropanol 

The caesmm salt was soluble in THF, ethanol, acetone and CH,CN, on heating It 

decomposed at about 165 - 190” 

The tetraethylammomum salt was msoluble m ethanol dnd THF, but dissolved m 

acetone and CH,CN 

The tetrdbuty~dnlntOnlunl salt was soluble m THF and aLetone 

(IV) Reactron bcnveeiz K~[NI&‘o~(CO)~~/ and PPI?J 

A solution of K,[NI$ZO~(CO),,] 6HzO (285 6 mg) m THF (10 ml) was reacted with 

increasing amounts of PPh, (910 mg) m THF (4 ml) usmg a mlcroburette After addition 
of about 6 mole PPh3 per mole, the IR spectrum did not show any further change, and 

showed absorption bands at 1998, 1938, 1925, 1885, 1840 and 18 15 cm-’ The orange 

preclpltate was separated by fdtratlon, and had IR absorption bands at 1966w, 1950sh, 

1942s, 1985~ dnd 188Ow cni’ (NUJO~ mull) identical with those of an authentic sample 

of Co2(CO),(PPh,), (ref. 35) Sohd [NEt.,] Br was added to the solutron, and the THF 

was evaporated Benzene extractlon gave a product which had strong IR absorpuon at 

1998 and 1940 cni’ , ldentlcal with that of an authentic sample of Nl(C0)2(PPh3)2 (ref 

Coord Chem Rev, 8 (1972) 

36) 



12 P CHINI, A CAVALITRI. S MARTINtNGO 

ALetonltrde evtractlon gave a solution which had strong IR absorption bands at 1922 ad 

IS35 cm<‘, Identxal with those observed on reduction of Co2(C0)6(PPh3)2 with sodium 

metal 37 

The rexnon wds carried out m a way sunliar to that described m (IV) Carbon 
monoxide was hberated only after addtlon of about 2 5 mole 1, per mole At this pomt 

the brown solution became brllhant green and the IR spectrum showed the presence of 
only NI(CO), and the [CZJ(CO),]- anion 

A solution o~~CS~[NI~CO~(CO)~~] (81 mg) m THF (5 ml) was prepared m a hypodermic 
syringe, and carbon monoxide (3 + 0 I ml, about I 0 mole per mole salt) was added After 

each addltlon the IR spectrum of the solution was recorded The spectrum obtamed after 
dddltlon of IO ml of carbon monoxide IS shown m Fig 3(b)_ 

The redctlon wds carrted out as reported m (w,J starting from a THF solution (15 ml) 

of salt (139 ms) It required 2 3-Z 5 mole gas per mole 

A solu tlon of K~[NIKoJ(CO)J~} .GHzO (3 18 mg, 2 3 X 1 O-’ mole) m lsopropanol 

(15 ml) was reacted at 3 with a solution of resubhmed COAX (80 mg, 2 3 X iOe5 

mole) rn toluene (2 75 ml) and the IR spectrum was recorded after 5 mln (Fig 3(a)) 

SUtMhfARY 

Reactlon between mckel(I1) chlprlde and sodmm or cobalt(U) tetracarbonylcobaltate 
(-I) m anhydrous ethanol gives the tetranuclear amon [NiCo,(CO),,]-, which has been 
characterlsed as the tetramethylammomum salt. In solutlon this tetranuclear amon 
transforms slowly mto the hexanuclear amon [NI~CO~(CO)~J *- and Co2(CO)a, tlus IS a 
reversible reactlon The hexanuclear amon has been characterlsed as alkali (K, Cs) and 
tetraalkylammonmm (NEt,, NBuJ) salts Both these cluster anions react rapldly with 
carbon monoxide gvmg Nl(CO), and the [Co(CO),]- amon. The reactlons of the 
hexanuclear anion with PPhz and lodme have also been Investigated. 
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