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RECENT DEVELOPMENTS IN THE FIELD OF ORGANOMETALLIC
DERIVATIVES OF COBALT CHELATES

G COS5TA

Istiuza ot Chunrea delf Universita dt Treeste Trieste (frali }

Current interest in the last few years in cobatt chelates with macroeychic ligands of the
type shown n Fig. | 1s due to the unique and versatile chemical behaviour they exhibit
cither m the Jow spin ¢/® Colll| or the d” Coll ord® Col formal oxidation state '™}

Twao aspects of the chemistry of these complexes are especually relevant to biological
problems, 1 e the reactions yielding stable organo-cobalt compounds®™*? as in By, coen-
zymes and the reversible oxygenation of Coll representatives as 1n naturally occurring
oxygen carrers 12716

The chelates® considered 1n the present paper are those shown in Fig 2

Owing to the very high stability ot the coordination bonds 1n the equatorial plane oc-
cupied by the tetradentate or bis-bidentate ligand system. the reactive sites dare essentally
those tn the axial position Depending on the stability of the axial coordmation bond, the
preferred coordination number varies from six as m the octahedrat complexes (Co'l! or
Col'} 10 five as in square pyramudal siructures of the organometallic bae and salen deriva-
twves, and four in the square planar &® Col species 2 #

The formation of relatively stable cobalt— carbon o-bonds can be achieved {Fig 3) esther
trom CoM! complexes by the Grignard reaction or from the hydroxo-Colll dervatives with
orgamc compounds containing acidic hydrogen ? Organometalli dertvatives can be ob-
tained, together with XColt chet complexes, from Coll chel by reaction with organmie hal-
ides '7+'% The latter easily undergo oxidative addition to the very nucleophilic cobalt atom
of the Col spevies, agatn yielding a variety of organo-cobalt compounds

The formation of 2 cobalt--carbon g-bond s also implied i the various reaction paths
of Colll Lhelates with caibon monoxide 2727 In alcohol, the alkoxocarbonyls are obtained,
probably by attack of RO~ on the intermediate carbonyl denvative Co(chelCO)L.

In the presence of water, the highly unstable Cofchel}{COOH) 1s easily decomposed 1o
aive Co! species

Essentially the same reaction paths were also observed for the chelating monoamon
{DOYDOH)pn (Fig. 2)

On the ather hand, cleavage of the Ca—C bond was observed tn the homolyti. thermal
ot photochemical reaction of the otgano-cabalt chelates giving, in anaerobic conditions,

* The cheliting dianions 1-V will hereafter be indscated as* chel™ except when it 1 necessary to spaciy
the actual macrocy cle
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Fig 1 Equatorial tetradentate chelating agents
the Colf chel dervatives **7*!

Rearrangement processes in biologmcal systems 1n which the coenzyme By, (5-deoxy-
adenosylcobalamin) serves as mtermediate hydrogen carrier were recently proposed to in-
volve homolytic cleavage of the Co~C bond, € g as 1n the ethanolamine—~ammoma lyase *¢
and drol-dehydrase 25 reactions On the other hand, other reaction schemes assunie hetero-
lytic cleavage 29728

Reactions in which an enzyme-bound CHy —Co derivative 1s a presumed mntermediate
are Iess well studied, but heterolytic cleavage of the Co-—-CHjy bond 1s generally postulated

Notwithstanding the large amount of work completed, existing knowledge appears to
be stili inadequate to understand fully the detailed mechanism of Co—CHj; bond fisston
and the underlying mechanistic concepts .

In order to obtatn a deeper msight mto the mechanistic concepts undertyng the formation
and rupture of the Co—C bond under the conditions relevant to the funchion of the enzyme
system., the coordination chemistry of the chelated cobalt atom must be considered

The molecular structure of the complexes obviously suggests two disiinct main effects

(1) The effect of the axial hgands (a) on the rrans position, and (b) on the equatorial
ligand

{2) The effect of the equatorial ligand on the axial position.

Adopting this approach, the organtc group can be considered as a igand and the
influence of the nature of the coordination sphere on the ground state properties as well
as thermodynamic and kinetic aspects of the formation and rupture of the Co—C bond
can be studied in reactions implying essentially the exchange of the organic group with
another lipand mn the axial position

(1} Evidence of the ground state irans influence of an axsal igand in the present series
of chelates could be obiamned from the mcrease in the chemical shift of the methyl hydro-
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gens in CH3Co(bae)L {Table 1} complexes *° or of the pyridine y-hydrogens in LCo(DH}. py
(ref 30) (Table 2} with mcreasing basicity of the trans igand L The cis influence was shown
from the increase of chemical shift of the methene bae hydrogens *® {Table 3) and of the
methy! hydrogens of the dimethylglyoxime in {DH). derivatives with increasing basicity

of the axial hgand 32 (Table 4)

TABLE1
Ground state trans influence Dependence of chemical shifts of Co—CH3z hydrogens on substituted pyn-
dine as avial hgand m CH3Cotbaed-pyrX

{CHa) X
741 CNT
743 H-
746 CH;3—

Coord Chem. Rev , 8 {1972}



66 G COSTA

e
CN_ CN i NOz
“ch CH, CHy
! o ] o 1 a
[Calehed] [Co%chei] (Co"cnei]
CHACNY,  ||cHgco-cHy SOaN-cry
[45)
CO+R-0OH goow
+h- ] a
[Coumched* ——— [cd’cnet]

CO+H,0 R-MgX
—-gji+e
OH, .0 ; fpeco
1

{ce®chai]” cotiticner® XX o [R-Cc®cnei]®

CHy~CHy—OH cHzCH CHy—CH ~X (X=CN.COOR)
[Co®chet]” {Co®ehet]” [Cofehet]®

Fig 3 Reacting pattern of cobal: chelates 1n different ovidation states

If these chemtcal shifts reflect changes 1n electron denstty. these data together wath
changes 1n equatonial H-~Cy 4 chernical shifts and axial N stretching frequencies observed
in cobalanuns 'Y can be interpreted assuming that the charge donatron from the higand
to the metal 1s transnutied to equatonial and rrans axial igands * The same assumption
can also explain the thermodynamie and kinetic aspects of reactivity at the axtal position

The labiitcation of the axaal Lewss base yielding square-pyramiedal five-coordimate
forms ** " mcreases with increasing donot power of an ofganic group >’ or a tertiary

TABLYI 2

Graouna state frans wnflzence Dependence of chemrcal shufts of pyridine y-hydrogens on R mn
RC ot DH)z Pyr

R o -pyr}
Ct3-CHy— 3024
CH;— 237
CHCHa - 229
7-C3tin— 229
Free pyndine 227
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-

TARBLE 3

Ground state ¢is mfluence. Dependence of methene hydrogen chemical stufts on axial {igand R m

RCa{bae}

R =CH-)
CgHg~ 4 58
CH, -CH~- 476
CHiy— 4 88
CH3z-CH: - 492
TABLE 4

Ground state ¢7v influence Dependence of bae methyt hydrogen chermucal stufts on axial hgand m
XColDHA}L

#CHz) X
119 CN~

799 cr

818§ CHj~

319 CH3y—CH; —

phosphine tn the frans position and can be attributed to the hugher effective charge on the
cobalt atom, closer to that charactenstic of a lower oxidation and coordination number 4
{Tables 5 and 6).

The kinetic trans effect could be shown in a series of organometallic derivatives of the
bis-dracetylmonoxime hgands Vi from the trend of the dissociation rate of the himting
Sy 1 process, which mcreases with inereasing donor power of the organic group 2* (Table 7}

Under suitable experimental conditions, the polarographic half-wave potential gives quan-
titattve information concerning thermodynamic aspects of the mteraction of the axial
Iigand with the rest of the molecule, owing to the fulfillment of the following conditions:
(1} the electron exchange is fast and the electrode process 1s nigorously reversible and (1)
the chencal reactions, mcluding refease of Lewis base or the cleavage of the Co—C bond
which follow the electron transfer, can be kept slow enough to be studied separately

Thus, a iinear free energy relationship was found between the half-wave potential of
the first reduction wave £'L (I} corresponding to the process

[ColM (chef}L, | * < {Co™ (chel)1,]°
or

fColll {(DOYWDOH)pn}L, ] & [Col! {DO)(DOH)pnIL,)*

Coord Cham Rev , 8 (1972)
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TABLE S
Thermodynamic rrans mfluence ot aval hzands on the equiibrium quotient for the reaction?

K
R-Co{baell —a R—Cofbhac) + L

(30°C)
R
L pA -
CyHg— CHy— CHa=CH- CgHg—
p-CIC HsNH» 398 114 026 019 017
CsHszNH; 4 58 087 Q20 018 iz
p-LH3CgHaNH> 512 068 014 011 0 08
CsHsN 523 c24 o o2 02 005
4-CH3CgHaN 602 02l 012 ooz a9

2 G Coste and L Stefani, unpubfished results

TABLL 6
Thermodynamic frans intluence of ter.ary phosphines on the equilibrium queotient for the reaction

I.4
[CotchehbPR3]" + NO;” «—— [Co(chel{PR3}{NO,)}°

PR, o¥ {bae) {salen)
FPhj + 180 4 69 557
PPLaEL +110 iss 388
PBuy - 039 287 309
TABLE 7

Kinetic srans etfect of organic groups as axial lizands
IR-Co {iDOMDOHIpn}H, 0"+ Y — [R—Co {{DOMDOH)pn}Y " + Ha20
k
ph
M-H,0 M+ H,0
20§, 2

{Y = imdazole)

R kotsoc by
CgHg— 3.6t 03
CHa— 24856
CsHsCH, - 226 * 28
CaHz— 251 £ 23

n-CyHq= 602 * 139
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and the protonation constant of the Lewss base L *°+*7 (Fig. 4)
When the values of £1 (1) for the organometailic dervatives
£

[RCo(salen)DMF] ® &= [RCo(salen }DMF]~
[RCo {(DO)(DOH)pn}DMF]* = [RCo {(DOYDOH)pn}DMF]

are plotted agamnst the pK, of the corresponding hydrocarbon acid, a linear free energy
relationship is obtamed For RCa(salen) chelates the slope s almost comncident with that of the
subvalent RHg compounds, though the latter are reduced at much more negative
potentials *® (Fig 5).

As the enthalpy and entropy differences involved i the redox processes are low and
can he assumed constant along each series of chelates with the same equatormal ligand,
H% (1} 1s a measure of the electron affinity of the particle, manly representing the electron
affinity of the molecular orbital accepting the electron (redox orbital)

Coord Chem. Rev , R (1972)
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The displacement of E}L {1} values of organo-cobalr chelates relative to the arganomercury
RHg species can be explaincd assummg that m the former complexes delocahization of the
charge donated by the organic group in the redox orbital 1s mainly centred on the Lobait
atom Within a senies with a given chelaung agent the E.;_(I) values are determined by the
protonation constant of the organic group R™

{2) The effect of the equatoral higand 1s obviously the most important factor determming
the physico-chemical properties and the reactivity at the axial postiion as, {or instdance, 1n
the vit By, group complexes and oxygen carrners

The possibility of expressing this effect 1n quantitative terms comes fTom exanunation
of the series of chelates | -VI[ which show a stepwise variation of the electronic situation
around the metal atom Ewvidence of the eftect on a ground state property is given by the
decrease of the carbonyl stretching frequency 1 the sertes of acyl- and alkoxo-carbonyl
derwvatives This trend parallels the increase of the pX , values of the diaquo derivatives
with the same equatonal higand (Table 8} and presumably alse the stabihization of the five-
coordinate CH, Co(chel) species which arc obtained under vacuum at 80°C for chel = bae
but only at 150°C when chel = salen

All the trends can be explained by the increase of the effective charge on the cobalt atom
m going from (DOYDOH¥pn to bae chelates, asswintng that this charge 1s transnirtted to the
axial igand As a consequence, in the acyl derivatives the bond order of the carbonyl group
decreases and 1n the aquo complexes the ac:d sirength of the coordinated water decreases
through weakening of the Co—0 bond

Here again, the results of electiochemical investigation provide quantitafive datd ex-
pressing the overall effect of the equatorial ligand on the electron affimity of a miolecular
orbital which appears to tnfluence the coerdindtion bond m the axial positions 2774

In fact, the half-wave potenual £] (11} of the second reduction step Coll_Col 15 1nflu-
enced to almost the same extent in both the organometallic and [Co(chel}l . ]" complexes

(Fig 6)

TABLL 8
Lizand Ye=0 {cm™!} for pky tor Llectrochemical potential
OHa it QH voa SCL tor
CH3C—ColcheDCyHgMNy  Cotchelh X Cotchel) [R~Cotche} [ + e —
8 OH, OH, [R—~Cotchely ) -1+
bae 1670 -197
7,7 (CHjizsalen 1675 7 06 ~180
salen 15687 6 86 -1
salopl: 1650 673 -1 54
{DH)» 1690 314

(DO DCH}pn 1694 417 -093
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{The chemiLs reactions followng the electron transfer are not constdered }
The dependence can be expressed by a linear relationship of the type

1 =gx +
ET ax e

where x 15 a parameter related to the nature of the chelating agent The relation holds only
approximately and the slope is slightly different for different axial ligands but 1118 much
nrare preasely obeyed, and the slope 1s almost the same, when the three redox potentials
Er{ox). £1(1) and £} {11} for the organonietallic complexes are considered (Fig 73 1 we
compare these results with the trends of other effects of equatornal Iigand previousty dis-

Coord Chem Rev , 8 (1972)
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cussed, 1t follows that the increase of electron affinity as given by displacement ofE_;
towards less negative potentials 1s 1 agreement with the assumption of an increase of ef-
fective charge on the cobalt atom going from {DOY(DOH)pn to bae chelates This suggests
that this s also the trend of the averall donor power of the equatorial ligand

We shall now try to consider, in the hight of the above results, the ssmplest reactions
tnvolving formatien and rupture of the Co--C bond, 1e alkyl exchange reaction between
two differently chelated cobalt atoms™ 92

[CH3Co(chel}H, 0] + [Co(chel ){H,0), 1"
= [Co{chel}{(H,0):]" + [CH3Cof{chel ) (H, O)] °

Thus the methyl group 1s transfered from the methyl-cobalt bae to the
[Co(salen}(H: )2 ]" and not vice versa, but the reaction [CHiCo(salen}H, O] +
|Co(saloph}(H; O}, ] comes to equilibrium The methy] derivatives of any of the bae, salen,
saloph chelates act as methy! donor towards the aquo derivatives of the chelates V and VI

and aquocobalamin, viz

[CHaCo{chel)H, O] ° + [Co {DOYDOH}pn}(H,0),1%
= [Co(chel}(H;0)5 ]* + [CH3 Co {DO)(DOH)pn}H, O}*
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[CH;3Co(chel)H; O] + aquocobalamin == methylcobalamin + [Co(chel}(H, 0}, 1*

*On the other hand, (DOY{DOH}pn appears to be a better acceptor than aquocobalamin,
the reaction

methylcobalamin + [Co(DOYDOH)pn{H, 0),]1**
— aquocobatamin + [CH3Co(DOYDOH)pn(H, 03]~

bemng observed

The (DOYDOH)pn chelate contaming two methyl groups in the axial posttion turns out
to be an even better donor of methyl groups than all other nronomethy! chelates examuned
unt:] now From expenmental data on the direction of the methyl group transfer we can
now propose the following order for the “methyl donor™ power

[(CH3 ), Co {(DOYDOH)pn} © > [CH;Colbae)H, 0] % > [CH;Cofsalen)H, 0]°
Ep()=-197 Ey()=-171

> [CH3Cofsaloph}H; O] ° > methyl cobalanun > {CH3Co {{DOYDOH}pn}H, O]
E%(I)=-154 Er()y=-14 E1(l}=-093

Exam:nation of this trend leads to some important observations

(1) The order 1s parallel to the displacement af E; (1} towards less cathodic values (the
actual values given are those of the corresponding C, Hy denvatives).

(2) The methyl donor power 1s determmed by both the equatorial and the axial hgand,
1.e 1t is sensittve to both the cis and trans effect

Both conclus:ons show that the release of the organic group 1s {avoured by an increase
of the electrontc charge on the cobalt atom The effect should be noted of one methyl
group 1n [{(CHa1): Co {{DOY(DOH)pn}], acting by charge donation to the cobalt atom and
strongly enhancing the release of the rrans methyl group relative to
[CH;Co {{DOY(DOH)pn}H, 0}

The transfer of the CH; group requiring higher electron affinity i the acceptor than
the donor complex can be considered formally as involving a coordinated carbanion. A
brnuclear intermediate could be assumed, the methyl transfer taking place from the less
electrophilic metal atom to the more electrophilic one The cleavage of the Co—C bend from
the donor cobalt atom probably occurs via electrophilic attack of the acceptor Co atom to
the saturated carbon atom This 1s believed to occur in the removal of organo-hgands as-
sisted by Ag" or Hg™, recently reported as a substitution of coordinated carbanion ** and
i the dealkylation of alkylcobalamins with mercuric acetate, which probably occurs via
an Sg2 mechanism ** This mechanism is also tmplied 1n the conversion of tnorganic mer-
cury to methylmercury compounds by methylcobalamn and is probably also operating mn
the formation of highly toxic organomercurials in living systems %

Coard Chem. Rev ,8(1972)
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The formation af the Co--C bond instead mvolves the nucleophitic attack of the carba-
nton to the Co— OH; bend of the acceptor complex as tn the carbanian nucleophili. sub-
stitutton of activated methylene groups leading to formation of Coll-alkyl compounds *.

viZz
[CoM(salen)OR]® + R'CH, R” - [Colll{salen)CHR'R"] ® + ROH

The evidence discussed 1n the piesent paper shows how changes 1n the nature of the
equatona!l and frans-ax.al igand can help the cleavage of the Co—C bond i1n the CHy~
group transfer. by increasing the electronic charge on the cobait atom For a given acceptor
atom, the driving force of the reaction parallels the decrease of the electron affinity, which
cdn be expressed by E.} values The opposite trend should be expected for the reaction 1n-
volving the transfer of 2 potential CH3" group This type of reaction can take place by the
attack of a nucleophilic Col chelate to the carbon atom of an organic halide The cleavage
of the Co—C bond, yielding Col vit B,,. was proposed for the vit B;,-dependent methio-
nine biosynthesis In this case the formation of the Co—-C bond 1s sard to occur by oxidative
addition to Col while the fission of the bond yielding the Col species i1s a reductive de-
inethylation As a special case, the formation of the dimethyl derivative
[{CH21); Co {{DOYDOH)pN}] °, by chem:al or electrochenneal reduction of
[CH1Co {{DO}DOH)pntH; O]*, van be explatned exther by transfer of CH;™ from Col to
COM complex or as a transfer of CHa™ from CO™ to Colspecies Another most interesting
type of transmethylatton reaction requires coupling with a redox process

Methylwvitamin B, ; was shown to be demethylated by a Pt!t--Pt!V system A mechanism
mvolving attack on Ptl} was proposed ¥, viz.

v
Pl - CH3B,» — PIIICH3B12 —PE_’ Peit + PEIVCH3 + Bia,

In this case probably the Pt atom of the PtHCH;B;» ntermediate has to be oxidized
in order to help the cleavage of the Me--Co bond In the biological methy! transfer 4 cou-
pled redox process 1s likely, tnvolving the Co atom

Further studies on inodel systems should show how coupled redax processes or changes
in the coordination sphere leading to changes 1n electronie charge on the cobalt atom can
promaote Co—C bond formanon and fission
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