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Low-spin coordination compounds of cobalt have been the objects of considerabie
recent aftention and study, directed in part at the roles of such compounds 'n
homogeneous catalysis’ and as model systems for vitamin B,, and its derwvatives?+?

The present article 1s concerned with some aspects of this subject, notably the chemustry of
cobait(l) cyamde and related complexes

A LOW-SPIN COMPLEXLS OF COBALT

The pattern of configurations charactenstic of the low-spin compleves formed by cobalt
1§ depicted in Table 1 Thas pattern 1s exemplified particularty by complexes contmmng

TABLE 1

Representative cyano- and related compleves of cabalt

Compound O~edation No ofd Tatal valence
state electrons shel

Hexagroordinate

Co{CNYg +3 d4° 18
Co{CN);C13— +3 a¢ 18
Co(CN)sH* +3 de 18
Pentacoordmate

Co{CN) ¥ +2 d’ 17
Co{CN){PRa}s  +2 d’ 17
Co{CNR}s2* +2 d? 17
Co(CN}s+~ +} o8 18
Co(CN)3{(CO¥: T~ +i a8 18
Co{CNR)s* +] d8 18
Co{CO)sH +1 a8 18
Tetracoorditare

Co(DIPHOS), T +1 a8 16
Co{DIPHOS), 2 Q a7 17
CotCO)s ™ -1 Jte 18
Co(CO)a (PR3}~ —} 410 18

9 DIP[HOS = Phy PCHo CH4 PPhy
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cyamde and related ligands (e g carbonyls, 1sonitriles and phosphines) but extends also
more generally to other low-spm coordination compounds Attention 1s directed

particularly to the followmng features and trends
{1) The wnverse dependence of the preferred coordination number on the d-electron

population, a trend which reflects the constramts of the “noble gas rule”, whereby those
configurations in winch the total number of valence electrons approaches, bus does not

exceed, eighteen are favored.
{2) The tendency of strong o-donor higands such as CN™ to stabilize the higher

oxidation states (notably +3) of cobalit, whereas strong m-acceptor ligand such as CO
stabthze the lowest oxidation states (—1 to +1),

{3) Whereas the wide range of oxidation states exhibited by cobalt is paralleled by
certain other elements (¢ g Pt® to P:W) the formation of stable mononuclear low-spm @’
complexeas 18 distinctive Thus, while complexes such as Co(CN); *™ and Co(CNR)s** da
exhibit some tendency to dimerize and/or disproportionate, this tendency is much less
pronounced than for most other low-spmn d7 complexes such as Mn®, R, [:11, ptllE etc

(4} Some of the characteristic reactions whereby the complexes conforming to the
pattern depicted by Table 1 are interconverted are:

(1) smple electron transfer reactions in which the coordination number remains

unchanged, e g
Co(CNR)s** +e~ -~ Co(CNR)s* 1)

(12) “oxadative addition™ reactions, mn which oxidation 1s accompanied by an increase in
the coordinatson number* ™%, e g

2 Coll(CN)s 3~ + CH,I —» Co{(CN);s CH;3 3 + Co™(CN)s I3~ )
Col(dmg), (PR3}~ + CH;1 - Co¥!(dmg), (PR3)CH; + I~ )]

(a1} actd -base reactions of hydrido.complexes which correspond, formally, to two-
electron redox processes, e g

Col{(COMH & Co~l(CO),~t + H* “)

Oxidative addition reactions such as those depicted by eqns (2) and (3) are particularly
significant as synthetic routes to organocobalt compounds, as steps in homogeneons
catalytic processes and in the context of vitarmin By; model system chermustry® ™%

B PENTACYANOCOBALTATE(I}

The pentacyanocobaitate(l) 1on, Co(CN); *™, previously postulated?*® as an
intermediate 1n the chemical and electrochemical oxidations of Co{CN)s H* ™, has recently
been directly detected and spectrally characterized®, followng 1ts formation by the
reaction of hydrated electrons (generated by pulse radiolysis} with Co(CN);*™ in aqueous
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solution according to eqn (5) The rate constant of this reaction, k5,15 1 2 X 10
mole ™' sec™! (ref. 9)

. a—
Co(CN); 3~ + ez — Co(CN)s ’ (5)

Co(CN); * is highly unstable 1n aqueous solution and reacts® to f@rm Co(CN); H¥™
according to reaction (6) with a half-iife of ca 7 X 107° sec (kg =1 f X 10° sec™).

k
Co(CN)s*~ +H,0 = Co(CN)sH*™ + OH™ (6)

Co(CN)s*~ can also be generated in aqueous solution by the reaction of OH™ with
Co(CN}s H*™. Whereas Co(CN}s H*™ 1s relatively reactive toward substrates such as free
radicals and conjugated olefins to which it can transfer a hydrogen atom, tt 1s intrinsically
rather unreactive toward typical outer-sphere electron transfer oxidants such as Fe(CN)g 3~
Reactions of the laiter type are, however, promoted by OH™, apparently through
mechamsms such as that depicted 1n eqns (7)—(9), which 1s in accord with the observed

rate lawl®,

—d[Co(CN)s H* "] fdi = k4 [Co{CN)s H> ] [OH ]

1 -1

where k7 =01 mole™"' sec
Co(CN)sHP + OH™ 5 Co(CN)s®~ + H, O (rate-determinmg) Q)
Co(CNYs ™ + Fe(CN)s™ 5y Co(CN)s ™~ + Fe(CN)s (8)
Co(CN)s >~ + Fe(CN)s ™ oy [(CN)s Fe—CN—Co(CN)s [~ )

Co(CN)s H?™ + 2 Fe(CN)s®>~ + OH~ — [(CN)s Fe—CN—Co(CN)s ]*~ + Fe(CN) ¥~ +
H,0 (10)

The reaction of Co(CN)s H*™ with Hg(CN), according to eqn (11) has recently been
reported o exhibit stmilar kinetics, and has been interpreted in terms of an analogous
mechanism 1n which reaction (7) also 1s the rate-determining step!!.

HCo(CN)s3~ + Hg(CN), + OH™ - [NCHgCo(CN);]*~ + CN~ + H,0 (11}

Coord Chem Rev, & (1972}
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Combination of the above value of &; with the previously determined value of ks yields
a value of 10™° mole ' for the equultbrium constant (Keq = k4/kg) of reaction (7) This
corresponds to a pK, of ca 20 for Co(CN)s H3™, which 1s thus an extremely weak acid.

The trapping of Ca(CN)s *~, following its generation by reaction (7), can also be
effected by reaction with a ligand such as CO whach 1s more effective than CN™ at
stabilizing cobalt(F) Thus, OH~ was found'? to promote the carbonylation of
Co(CN)sH3~ with the formation of the mixed cyano—carbony! complex, Co(CN)3(CO);~,
according to eqn (i2)

COLCN)s H3~ + 2 CO + OH™ ~ Co(CN)3(CO) 2~ +2 CN~ +H,0 12)

The form of the rate law for this reaction was found to be similar to that for reaction
(10}, 12,
—d[Co(CN)s H31/dr = k5 [Co(CN)s H* T} [OH ]

but the value of kyz (6 X 1073 mole™ sec™ ) s only about 1/20 that of k;. These
observations have been interpreted in terms of the following mechamism, according to
which ks = kqrk1aks T k3)and thus k33 =5 X 102 sec ™t

k
Co(CN)s H>™ + OH™ ;é Co(CN)s*~ + H, O N
&
4 k13 3~ -
Co(CN)s*~ =25 Co(CN)s>~ +CN (13)
fast
Co(CNYa?~ + CO —53 Co(CN)e(CO)*~ (14)
fast
Co(CN)4(COY™ + CO —3 Co(CNYs(CO), 2~ + CN~ (15)

C CARBONYLATION OF PENTACYANOCOBALTATE(I)

Co{CN);(CO), ™ can also be generated!? by the carbonylation of an aqueous solution
of Co(CN)s >~ according to reaction (16)

2 Co(CN)s3~ +2 CO = Co(CN),(CO),* + Co(CN)s>~ + CN— (16)
The rate law of this reaction, of the form
d[Co(CN)3(CO), 27} /ds = k16 [Co(CN)s >~ [COT [CN™]

has been interpreted 1n terms of the mechanism depicted by eqns (17} and (18), according
to which ku’, = Keqklg

Co(CN); 3~ +CO K24, Co(CN)L(CO)*™ + CN~ (pre-equilibnum) (17)
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Co(CN)4(CO)*™ + Ca(CN)s >~ LR [(NC)s Coll -NC—Co¥(CN), (CO) 5~ (18)

e

{
[Colll(CN)s (NCY 1 + [Co(CN)3(CO)* ]

Co(CN)s >~ Co(CN);3(CO); *~

The disproportionation of cobait(1l), induced by the stabilization of cobal(I) by CO, 15
llustrative of a general route for the formation of cobalt([) complexes Another example of
such a reactron, depicted by eqn (19), has recently been reported by Bressan et al 4.

cO
2 Co(COXPR;)21, — Co(CO)5(PR3), 1+ Col (19)

D. COBALT(I) COMPLEXES DERIVED FROM THE REACTIONS OQF PHOSPHINES WITH
Co(CNYL(COY, T~

Co{CN)1(CO),*~ readily undergoes substitutton reactions wrth phosphmes'* (PR3} to

yield a wide range of mixed phospluno—cyano—carbonyl cobalt(l) complexes of the types
Ca(CN}, (CO): (PR;3) , Co(CN)L {COXPR3); ~ and Co{CN)CO);(PR3),, 1n accord with
the scheme depicted by eqns. (20) and (21)

Co(CN)3(CO), 7~ + PR3 = Co(CN),(CO),(PR;)™ +CN™~ 20)
Co(CN)(COX(PRs), ~ +CO (21a)
Co(CN),(C0),(PR,)™ + PR CN-
Co(CN)Y(CO); (PR3); + CN™ (21b)

Some of the compounds that have been prepared by this procedure are described in
Table 2 The synthesis of complexes of the type Co{CN}(CO).(PR;); by a different route
has aiso been reported recently*

Initial examination of the chemistry of these complexes has revealed the following
features

(1) Lowering the pH of an aqueous solution of Co(CN), (COXPEt3), ™ from 11 to 4
results in a reversible spectral change and in the formatron of a new species, presumably the
hydrido-complex HCo(CN), (CO)(PEt5),, formed n accord with reaction (22) and having
apK,ofca 5

Co(CN), (COXPEt;), ~ + H' 2 HCo(CN), (CO}PEts), 22)

Coord Chemm Rev , 8 (1972)
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TABLE 2

Compounds denved from the reactions of phosphines with Co(CN) 3(C0)21_

Compound ven? veo ?

{Cm™) m™
EtaNICO{CN)3(CO)s (PCy3)] Hp0 P 2105 m, 2085 ms 1990 s, 1930 vs
EtyN[Co(CHN)3 (CO¥PFhy)21 2HLO 2081 m, 2065 ms 1918 vs
K[Co(CN)»(CO}PMePhy);] 3H,0 2065 ms, 2050 m 1890 vs
K[Co(CN);(CO}PMe;Ph)s] 3H,O 2070 m, 2060 s 1875 vs
KiCo{CN)»{COXPEt3)2 ] -CHaCOCHs HzO 2062 m, 2045 ms 1868 vs
K[Co(CN)1 (COXPhy PCH; CH, PPh)] H, O 2085 m, 2080 ms 1905 vs
Co(CNKCO}2{PPh3}a 2100 m 1988 5, 1932 vs
Co(CR)(COY, (PEta)s 2095 m 1968 s, 1905 vs
COCNHCOY2 (PCy )2 P 2092 m 1967 s, 1908 vs

2 m = medium, s = strong, vs = very strong
5 Cy = ecyclohexyl

(2} In contrast to certain other cobalt(I) complexes, e g. Co{dmg), (PR,)™ (ref 6),these
complexes exhubit only weak nucleophilicity toward organic halides, as reflected in the
very slow reactions of Co(CN), {CO)PPhs), ~ with benzyl brormude 1n methanol to yield
rather unstable products which have niot yet been fully characterized The low
nucleophilicities of these complexes, as well as their relatively low basicities toward
protonation (eqn (22)), presumably reflect the strong tendency of the CO hgand to

stabitize cobalt(I) agawnst oxadation

(3) Fe{CN)g 3~ reacts rapidly and quantitatively with Co(CN), (COXPEt,), ~ in alkaline
soluttons 1n accord with the storchiometry depicted by eqn (23} One of the products,
tentatively identified as [(CN)s Fe—CN—Co{CN), (PEt3), (OH; }] 7, 1s the analog of the
ion [{CN)s Fe—CN—Co(CN); ]*™, which 1s the product of the corresponding oxidation of
Co(CN)s 4™ by Fe(CN)¢ >~ (eqns (7)—(10)) The facile oxidation of the CO ligand in this

reactton 1s a feariLre of considerable noveity and interest
Co(CN), (CO)PEty), ~ +4 Fe(CN)e* ™ +4OH™ - 3 Fe(CN) ™ +CO* ™ +
[(CN)5 Fe—CN—Co{CN), (PEt3); (OH;)]*~ + H, O (23)
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