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A INTRODUCTION

In 1968 the formanon of the hevanuclear (pentadecacarbonylhexacobaltare)® — amon
from cobalt{II) bis(tetracarbonylcobaltate) was explained by assuming that the presence
of 4 weak higand with high steric requirements, such as 1sopropanol. on the cobalt{II)
cation favours an mternai electron redistnbution to Cog(CO}Y,¢ Further external redoc-
tion of this neutral spectes by excess {Co{CO)4]~ amon then results i the [Cog(COY; 512~
species' Stnce then we have been particularly interested n substituting other canons for
the cobali{il) present 1n the starting {tetracarbonylcobaltate)™, this procedure 1s expected
to produce both new polynuclear species and to afford 2 test of the proposed mechanism

We chose the nickel{If) cation because the aqueous normal potentials of the two sons
are rather stmilar® (N12*/N1 = —0 250 V, Co**/Co = —0 277 V} Examples of internal re-
duection of the nickel{ll) cation in carbonylmetallates have been reported for the com-
pounds [Ni(NH;3)] [Fe(CO) H] 5 (ref 3)and [Nx(o-phen),] [Rh{CO)4], (ref 4), but m
both cases an anmion 1s present which 18 a sironger reducing agent than the [Co{COY,; ]~
anton In fact the compounds [Ni(NH3)g] [Co(CO}, |5 and [Ni{e-phen);y] [Co(COY, )
which have been prepared ° by Hieber 1n 1937, are perfectly stable

B RLSULTS ANP DISCUSSION
{1} Synihesis and characterisation of the { NiCoy(COJ,, [~ anion

As 1s the case for the cobalt{il} ton, no reaction 1s observed between aqueous solutions
of mickel(11) chlonide and sodwum tetracarbonylcobaltate On the other hand, by mixing
ethanohic solutions of the latter reagents a brown colour appears together with the rapd
formation of two charactertstic strong infrared absorptions a1 2000 and 1740 ¢m! and
same Ni(CO)4 (2055 ecm™)

This reaction system ts not stable, and with time {24 —48 h) the Ni{CO), absorption
increases while the other bands decrease and eventually disappear Working wath different

Coard Chemn Rev, 8 (1972)
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Ni2*/Co(CQ). ratios (0 5, 1 0,1 5, 3 0) shows that the formation of both the 2000—
1740 em™ and the 2055 em™' absorptions is more rapid when the rato 1s higher.

The same reaction ts obtamed by using the more easily accessible
[Co(EtOH), ] {Co(CO),]; The reaction 1s practically complete n half an hour, with
disappearance of the [Co{CO}4]~ absorption at 1890 enr! At this point addition of an
aqueous solution of tetramethyl- or tetraethylammoniuim chloride gives a mixture, mainty
[NR,] [NiCo3(CO)y ;] with a mmor amount of [NR4]1 [N15Co4(CO)y4) Pure salts of the
tetranuclear amon are obtamned by redissolving i methylformate, i which the hexanu-
clear tetraalkylammonium saits are insoluble, followed by rapid reprecipitation with
dusopropyl ether

Analytical data for the brown crystalline tetramethylammonrun: salt are reported in
Table ! Although these limited analytical data do not allow a precise determmation of the
number of carbon nmonoxide groups, 1t has been posstble to confirm the formula
[N1Co3(CO){ ]~ by studying the reaction with carbon monoxide In tetrahydrofuran
(THF) this reaction is very rapid (1 atm, 25°), and can be carned out in an hypodermic
synnge, a procedure which allows both the progressive addition of sinall amounts of
carbon monoxide and the sampling of the solutton for infrared specira The amount of
gas absorbed (7—7 5 mole) and the final IR spectrum are consistent with the storchio-

metry
_ THF 34 _
3[NiCo3{CO);;]~ + 7CO (ot 357 3NHCO)4 +2Co® + 7 {Co(COY ] (1)

while 10 moles sre expected for a {NiCo3(C0) 5] anson, and 4 moles for [N1Co3(CO), 17
The [NiCo,(CQ)y, ] species contams 60 valence electrons, a number which 15

charactenstic of the tetranuclear carbonyi clusters®. The infrared spectrum of the brown

THF solution 1s shown 1n Fig 1, the presence of absorptions at 2000, 18651845 and

1740 cm™ 15 1n agreement with termunal, ssmple bridging and face brdging carbony!

groups. The position of the strong absorption at 2000 cm™! agrees with the presence

of a negative charge for the four mefal atoms®. A tentative structure 15 simalar to that

found for the [Fe,(C0),3]% anion”, with the apical Fe(CO); group substituted by a

Ni{CO) group. In this structure the nickel atom can be considered to be at the centre

of a tetrahedron of three nickel—cobalt bonds and one nickel—carbon bond

(1) Synihests and characterisation of the [ Ni>Co CO}; 47~ anion e

When the original brown solution obtained from nickei(IF} chlonde and cobalt{II}
bis(tetracarbonylcobaltate) 1s warmed under vacuum and then evaporated to dryness
instead of bemng treated with an aqueous tetraalkylammonium halhide, new strong infrared
bands at 1977, 1958 and 1790 cm™! are observed. This new species can be easily 1solated
after dissolving 1t 1n water, filtenng and saturating with potassiunt bromide The salt
K1[N14,Co4(CO)4].6 H,0 1s obtained as dark red crystals 1n about 60% yield from the
calculated stoichiometry
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1 NICTy + 14 [Co{COY )~ — 2 [N15Co{CO) 4127 + 7 Ni(CO), + 6 CoCly + 10CI-  (32)

The correspondimng caesium and tetraalkylamnmonium salis are obtaned from the potassium
salt by a double exchange reaction in water The analytical data are reported 1n Table I,
and they establish the formula {{Cat] [NiCo5(CO);]}, which corresponds to 14 33 va-
lence electrons tor each metal atom or 86 electrons for six metal atoms

-All the haxanuclear carbonyl! clusters kinewn at the present moment (sce Table 2)
share 86 electrons i the valence shell, and there 1s 4 clos2 relationship between this
electronic structure and the octahedral geometry Therefore the anmion can be formulated
as octahedral [N1,Co (CO); 4]~ This assignment 1s reinforced by the stnular solubthiies
of the alkali salts of the doubly charged [Coﬁ(CO)ls]z— anion ! both potassium salts are
socluble in water but they can be precipitated by saturation with potassium bromude, and
both caesium salts are much less water-soluble

In solutron the anton [N12C04{CO)14]3_ 1s reddish-brown and the intrared spectra of
the different salts present only mior differences in the carbonyl stretching region, the
spectruin of the potassium salt i THF 1s presenied 1n Fig 2 The ternunal carbonyl
group absorption at 1977 and 1958 cmi ! 15 conststent with the presence of a negative
charge for threc metal atoms ®, while the absorption at 1790 and 1740 cnt™! 1s 1n agree-
nent with the presence of bridging carbonyl groups The anien 1s probably 1sastructural
with one of the 1someric forms of the [Cog(CO);4]*~ amion '® but a close companson of
the infrared spectra 1s not posstble due to the differing negative charges and the relazed
thiffertng association in solution

in THF solunion the hexanuclear [N13C04(C0}14]3— anion reacts easily with carbon
monoxide {I atm, 25%) After addition of 7 —8 moles of carbon monoxide only absorp-
tions due to Ni(CO}, and [Co{COYy)~ are observed. vi2
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TABLL 2

Hevanucicar carbons ] clusters

C luster Refurences

Preparation IR ) T X-ray
{12.(COY, CJ*" 5 9 9
Ru, (C0),-C [y 10 1!
Ru, (CO}Y, (tarene)C 10 10 I2
Ru (CO), H_ 13 t3 13
Cuo, (O, 14 L5 16
[Co (COy, . |* 1 1 17
1Co, (COY, I~ 18 18 i9
Co R, (CO},, 20 21 3u 21
BRI 4COy, 2323 15 24 25
RE_(COY, (PR}, 3627 26 27
[RILCO), X (X=0C1 BBr F (N SCN 28 28 34
COOR, CONHRY
[RI 1€ OY, |7 1 2129
| Rb £CO3, 1% 30 30
[Rh, (CO}, I*" . 31 31 32
IR (COY,, | b 20 30 33
Ir (€O, 29 29
P 0oy, |5 29 29
2 g5 ejectrons and one metal-metal band for 6 metal atoms
84 ¢lectrons for & metal atoms, heplanuciear
3 {Ni,Co,(COY 47 = + 22 CO » 6 N{(CO), + 10[Co(CO), ]~ + 2Co?* 3

Other 1eactions confirm that the maost important charactenstic of this hexanuclear anion
1s ts ease of breaking mnto simpler products For example, the reaction with triphenyl-
phosphine in THF requires about 6 moles of ligand 4nd gives a comples mixiure from
which Coy(CO)¢(PPhy);, Ni{CO)>(PPhy); and the [Co{CO);(PPh;}]~ anion have been 1so-
lated and 1dentified by compartson of the infrared spectra® 37

A similar fragmentation of the (luster 1s observed on reaction both with nutd oxidising
and strong reducing agents, two types of reaction in which we were partscutarly mterested,
because they have been used '+ '® 1o transform the analogous anion |Ca(C0}¥ 512~ mto
the related hexanuclear clusters Cog(CO) 4 and [Co (COY4]4~ By cantious reaction
witlt iron{Et[) chioride 1n aqueous condittons we were able 10 1solate only Coy(COYy s,
while the reaction wath 1odine in THF gave first an unitdentified praduct which had carbonyl

Coard Chem Rev , 81972}
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stretching absorptions at about 1995 and 1955 ent 'L and which therefore could not be
the destred uncharged spectes After addition of ubeut only 1/3 of the amount of 10dine
necessary for the complete oxtdanion of all the metal atoms present tn the ¢luster the
infrared spectrum agreed with the reaction

IK,H[N1,Co (€O} 3] + 513 > 3NKCO); + 4 K[Co(COY,] + N1y +4 Col, (4)

In ethanohe solution nickel 11} Jilonde also behaved as an oxidant, with formation of
Ni(CO)y4 and of a black unidentified solid

Sodiuny 1n THF reacted slowly giving rise to the [Co(CO) 4]~ anion and Ni(CO)y, while
in ethano! there was no reaction with sodmum tetracarbonylcobaltate The addition of
hydrochlorte actd in methanol failed to mve any new species, we were only able to
observe some formation of the [NiCo3(CO}; ]~ amon {sce later)

fiir) Stuedy of the formation and miteveonverston of the cluster antons

The formaton of the [NiCo3(CO)y (]~ anion can be reasonably assumed to take place

through the steps
[NUETIOH]), | [Co(CO)l, + [Co(CONW]~ = {N1(ErOH)} [Co(CO)4 3} + (x—») E1OH

4
[NiCo3(CO} ([~ + CO +3 EtOH (5}

The intermedtatc addition product would be analogous to the sell known addition pro-
duct which has been independently 1solated by several authors *37%% 1n the reaction be-
tween Hg[Co(CO}y |5 and [CotCOY |~ amion viz

in fact we have confirmed that this 1s a reaction which can be reversed by su—ple solvent
effcets e g water will decompose the additton product and will leave insoluble
Hg[Co{CO)4]y wiule toluene will also bring about a similar decomposttion feaving
msoluble Na[Co{CO)4| The formation of tlie mined tetranuclear anton 1s stnularly nhi-
bited by water. and in this case 1t seems probable that the first addition step 18 hindered
The strong etfect of the Ni**/Co{CO). ™ ratio on the synthesis of the [NiCo3(CO),,]”
anuot 1s m agreemeni with scheme (5) if compefition between the different cations pre-
sent in solufion toward the {Co(COYy]™ anion 1s assumed

When a solutron of the terramethyl- or tetracthylammomum sait of the [MCoy(COY} ]~
amon m EtOH s left standing. a slow precipitation of the [N13C04{CO)14]2_ amon,
touether with formation of the charactenstic nfiared absorption bands of the [Co(COY, ]~
anon and of N(CO)y (minor amounts), 1s observed The reaction 1s represented by the
equittbria
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2 [N1C03(CO); 4]~ = [N1,C04(C0);4}*~ + Cox(CO)y (7)
3 Cox{(CO)g +x B=2[CoB,}[Co(COY]; + & CO (8)

Tetracarbonylcobaltate amion 1s the product expected from the decomposition of
Co,{CO}g m the presence of Lewis basic solvents. while the small amount of Ni(CO}, can
be accounted for by the reaction between the carbon monoxide set free in reaction (3)
and the mixed clusters Equilibria (7) and (8} also allow rationalisation of the synthesis,
because 1t seems reasonable that dunng the warmmg and evaporation of the original
[N1Co3(CO}; |~ solution the Coy(CO)g 1n equiibrium s continousty removed through
decomposrtion due to reaction (8}

Reaction (7) can be easily reversed, for instance, by addition at 0° in 1sopropanol—tol-
uene of one mole af Coy{CO)g to one mole of K5IN15Coy{COY, 41 mmediate transforma-
tion mto the [NiCo3(CO); ]~ anion is observed, as shown m Fig 3(a) The sunultaneous
formation of mmor amounts of N1{CO), and [Cao(CO},]~ amon are probably due to car-
bon monoxide from the decompostiton of Co{CQO)g, although thus reaction 1s slow at 0°
That the main reactron 1s not due to the carbon monontde set free m the decomposition
of Cos(CO)g 1s shown by comparison with Fig 3({b}, in which the infrared spectrum is
given for the reaction between the [N1,Co,(CO); 412~ anion and carbon monoxide at the
point where the hexanuclear species disappears In fact, at this point the complete disap-
pearance of the [N13C04(C0)14]3_ anion requires 5 moles of carbon monoxide and
corresponds to the stoichtometry

[N1,C0,(COY 412~ + 5 CO - Ni(CO), + [Co(COY, ]~ + [NiCo3(COY, 1~ %)

Reactions between a carbonylmetallate and a metal carbonyl in which there 1s redistri-
bution of the negative charge on a larger number of metal atoms such as the reverse of
reaction (7}, are fawrly common Examples of such reactions from the work of Ruff ** are

Fe(CO)o + [MN{CO)]~ = [Fe ,Mn(CO);,]~ + 2CO 10)

Mn{CO){q + [Cra(COY,p]2~ - 2 [MnCr{(CO) 4]~ (i

In all these cases the dniving force 15 probably the tendency to increase the average energy
of the metal carbon bonds through a more umi{orm distrtbution of the negative charges
and greater back-donation

[t 15 clear that the synthests of the hexanuclear [Ni,Co4(CO);4]3~ cluster takes piace
through the intermediate tetranuclear [NiCo3(CO)y;]~ anton This synthesis can be
summansed as

2My+2M > 2 M =M+ M, (12)

The 1nit1al hypothesis of a process analogous to that postulated for the synthesis of the
[COS(CO)lslz'_ antomn, € g

Coard Chem Rev,8(1972)
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Fig 3 IR spectra of the solutions obtained from (a) K {N13C05{(CQ} 13} and Co1{CO;g in isopropanal-
toluene at 0° C, and (b} Cs; [N1;C04{CO} 4] and CO (5 mole) m THF

2 M, =M, eduction p. - (13)

15 therefore meorrect Moreover the present results show that mechanism {12) should also
be considered for the synthesis of the [COG(CO)ISIZ_ anton 1tself In fact in this case we
have r ported '® the 1solation of an unstable tetranuclear species [Cos(CO)ii-12]n™ which
may be a possible intermediate analogous to [N1Co3(CO);;] Further study of this problem

15 (N PrOREESS
C LXPLRIMINTAL

All the solvents were carefully purified and saturated with nitrogen before use Infrared
spectra were recorded on a Perkm —Elmer 457 instrument using calcium fluornde cells
Analyses were carried out as previously »'® , nickel and cobalt were separated using d-
methylglyoxime in the presence of ammonium salts

{1) Preparation of | NMey] [ NiCu;{CO);; |

Cox{CO)g (6 7 g) and anhydrous ethanol (25 mi) were reacted under vacuum 1n 4
2 hitre flask at 30—50° for about 2 h, until the infrared spectrum showed the complete dis-
appearance of Co3{CO)}g The resulting dark red solution was treated with a 0 646 M
solution of NiCl; i anhydrous ethanol (40 mi, Ni**/Co(CQ}, = 1), previously prepared
from ethanol and NiCl4y 6H,0 by zzeotropic distillation in the presence of benzene.
After half an hour a solution of [N(CH3)4]CI{4 5 g) in water (250 ml) was slowly added
and the brown precipitate was separated by filtration, washed with water and vacuum
dried
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Extraction of this precipritate with methyl formate (35 ml) and addition of dusopropyl
ether (60 ml) to the resulting solution gave the pure product as fine brown crystals (about
2 g) The residual onginal sohd was soluble in acetonitrile and the IR spectrum showed 1t to
consist of [NMe, ], [N13;C04{C0), 4]

The corresponding tetraethylanymonium salt has been obtamed sinularly Both the
tetrammethyl and tetraethylammonmm salts are soluble in THF and ethanol

{11) Preparation of Kxf NisCo (O} ,f 6H50

An ethanolic solution of [Co{EtOH]}, | [Co(CO), ], prepared from Coy(CO)g (14 9 g} as
1n {¢) was reacted with a 0 646 M solution of NiCl, in ethanol (90 5 mi, Ne**/Co(CO);™ = 1).
The muxture was warmed in a static vacuum for 12 h and then evaporated to dryness The
residual black solid was dissolved n water {60 ml} and the solution was separated by filtra-
tion and then saturated with sohid KBr {40 g} After 2 h the dark red crystalline preciptiate
was scparated by filtration washed with an aqueous saturated solution of KBr, and vacuum
dried The pure product was separated from the KBr by dissolving it in THF, filtering and
evaporating {yield 5 g, 649%) I1 was soluble 1n acetone and ethanol. and on heatmg 1t
decomposed at about 165—190°

{111) Preparation of rhe coestum and retraglkylammonnon salts of e [ N1-Co ({CQO) 14 ]2
anlon

These salts were all obtained by double excliange reactions 1n agueous solution. The
caesium salt could be recrystallised from acetone —water. and the tetrabutylammonium

sait {rom acetone —1sopropanol
The caestum salt was soluble in THF, ethanol, acetone and CH3CN, on heating 1t

decomposed at about 165190
The tetraethylanimonium salt was insoluble in ethanol and THF, but dissolved

acetone and CH3CN
The tetrabutylammonium salt was sotuble in THF and acetene

{tv} Reaction benveen Ky Ni;CogfCOJy [ and PPy

A solution of K4[Ni;Co,{CO) ;4] 6H,0 (285 6 mg) n THF (10 ml) was reacted with
increasing amounts of PPhy (910 mg) in THF (4 ml) using a microburette After addinion
of about 6 mole PPhy per mole, the {R spectrum did not show any further change, and
showed absorption bands at 1998, 1938, 1925, 1885, 1840 and 1815 cmt'' The orange
precipitate was separated by filtration, and had 1R absorption bands at 1966w, 195Qsh,
19425, 1985w and 1880w ¢’ {(Nujol mull) identical wath those of an authentic sample
of Cox(CO)g(PPhy), (ref. 35) Sohd [NEt.] Br was added to the solution, and the THF
was evaporated Benzene extraction gave a product which had strong IR absorption at
1998 and 1940 ¢ni *, identical with that of an authentic sample of Ni(CO}(PPhy), (ref 36)

Coord Chem Rer 8 (1972)
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Accionitnle extraction gave a solution which had strong IR absorption bands at 1922 and
1835 et !, 1dentical with those observed on reduction of Coa(COY(PPh3); with sadium
metal 37

{v] Reaction berween Kaf Ni>Co fCO}y4f and 1odine

The reaction was carrted out uy a way stnular 10 that described w {r#) Carbon
monoxide was fiherated only after addition of about 2 5 mole Iy per mole At this pownt
the brown solution became brilliant green and the IR spectrum showed the presence of
only Ni(CO), and the [Co{CO},}~ amion

{vi) Reacttan between Cs+f NixCo (fCO )y ] and carbon monoxide

A solution of Csy{Ni1yCoy(COY 4} (81 mg)in THE (5 ml} was prepared 1n a hypodermic
syringe, and carbon monoxide {2 2 0 1 nif, about I O mole per mole salt) was added After
each addition the iR specirum of the solution was recorded The spectrum obtamned after
addition of 10 m! of carbon nionoxide 1s shown 1 Fig 3(b).

vt} Reaction between [NMe 4 fNitCo3{CO}p )| and carbon monoxide

The reacuon was carnied out as reported in (v} startng from a THF solution (15 mi)
of salt (139 mg) 1t required 2 3—2 5 miole gas per mole

(virn} Reaction benveen K [Nty Coa{CO)ya ] and Co>(COJg

A solution of Ky{N13Co4(CO)y4).6H50 (218 mg, 2 3 X 107 mole) mn 1sopropanol
(15 miy was reacted at 0° with a solution of resublimed Co,(CO)g (80 mg, 2 3 X 107
mole) in toluene (2 75 mi) and the IR spectrum was recorded after 5 min (Fig 3(a))

SUMMARY

Reaction between nickel(i1) chionde and sodium or cobalt(il) tetracarbonylcobaltate
(I} anhydrous ethanol gwes the tetranuclear anion [NiCoy(C0O),;]17, which has been
characterised as the tetramethylammonmum salt. In solution this tetranuclear amon
transforms slowly into the hexanuclear amon {Ni;C04(C0D)14}* and Co,(COYs, this s 2
teversible reaction The hexanuclear anion has been characterised as atkali (K, Cs) and
tetraalkylammonium (NEt,;, NBu,) salte Both these cluster anjons react rapwdly with
carbon monoxide giving Ni(CO), and the {Co{CD),4}” amon. The reactions of the
hexanuclear anion with PPhy and 1odine have also been mnvestigated.
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