
Gwrdmatlon Chemistry Renews 

Ekevler Pubhshing Company, Amsterdam - Prmted in The Netherlands 

RECENT DEVELOPMENTS IN THE FlELD OF ORCANOMETALLIC 
DERIVATIVES OF COBALT CHELATES 

G COSTA 

istrtlcto dl Chrnma dell C’nrverszta dl Trleste Trleste (itah j 

Current Interest 111 the last few years In cobalt chelates with maLrocyclrL hgands of the 

type shown m Fig. 1 IS due to the umque and versattle chemical behavrour they exhrbrt 

either tn the low spur db Co’*‘, or the d7 Cot* or d* Co1 formal oxtdatton state I-’ 

Two aspects of the chemistry of these complexes are especially relevant to btological 

problems. I e the redcttons yteldtng stsbIe organo-cobalt compounds’-” as m BIz coen- 

Lymes and the reverstble oxygenation of Co” representdttves ds m ndturally occurrmg 

oxygen carriers 12-16 

The chelates* consrdered m the present paper are those shown m Fig 2 

Owmg to the very high stabtllty ot the coordmatton bonds m the equatortA plane oc- 

cupted by the tetrddentate or bts-btdentate Itgand system. the reactive sites dre essenttally 

those m the axtal posrtton Depending on the stabtbty of the axtal coordmatron bond, the 

preferred coordulatton number varies from SIX as m the octdhedral complexes (Co”’ or 

Co”) to five as m square pyramtdal structures of the organomctalhc bae and saien denva- 

ttves, and four m the square planar d” Co1 spectes ’ ’ 

The formatton of relatively stable cobalt-carbon u-bonds c.m be achteved (Fig 3) etther 

from CoILI complexes by the Grrgnard reaction or from the hydroxo-CotIt derlvattves wtth 

organic compounds contannng dctdtc hydrogen ’ Organometalhc derrvattves can be ob- 

tamed, together with XCol*l chel complexes, from Co I1 Lhel by reactlon nlth orgamc hal- 

Ides ‘771R The latter easily undergo oxtdattve addttmn to the very nucleophlhc cobalt atom 

of the Co1 species. again yte:dmg a vartety of organo-cobalt compounds 

The formatlon of a cobalt--carbon a-bond IS also unpiled 1x1 the vartous redctton paths 

of C’om chelates with carbon monoxtde ‘g-27 In alcohol. the dlkoxocarbonyls are obtained, 

probably by attack of RO- on the mtermedrate carbonyl derlvdtlve Co(r_hel)(CO)L_ 

In the presence of water, the highly unstable Co(chel)(COOH) IS easily decomposed to 

give Co1 species 

Essentially the same reaction paths were Aso observed for the chelating monoamon 

(DO)(DOH)pn (Fig. 2) 

On the other hand, cleavage of the Co-C bond was observed m the homolyttL thermal 

or photochemlcal reaction of the organo-cobalt chelates giving, In anderoblc condltlons. 

l The &clatmg d~anmns I-V H 111 hereafttr bc mdxated as * chel” evxpt u hen It I\ nrcewxy to cpcc~ty 
the actual macroc~ cle 

Coord Chern Rev, 8 (1972) 



G COSTA 

R’ 

‘c =N /R\N=clR’ 
l , \I/ 

R" 
\ 

\ o/clY_~t 
I -IV 

V-VI 

Fig 1 Equatonal tetradentate chelatmg agents 

the Co” chel derrvattves ’ ‘-’ ’ 

Rearrangement processes m brologrcal systems m whrch the coenzyme RI2 (5’-deoxy- 
adenosylcobalamm) serves as Intermediate hydrogen carrrer were recently proposed to m- 
volve homolyttc cleavage of the Co-C bond, e g as m the ethanolamme-ammoma lyase 24 
and drol-dehydrase ” reactrons On the other hand, other reaction schemes assume hetero- 
lytic cleavage 26-28 

Reactions m which an enzyme-bound CH3 -Co derrvdtive IS a presumed mtermedrate 
are Iess well studted, but heterolyttc cleavage of the Co-CH3 bond 1s generally postulated 

Notwtthstandmg the large amount of work completed, exrstmg knowledge appears to 
be stall Inadequate to understand fully the detarled mechamsm of Co-CH3 bond fission 
and the underlymg mechamstrc concepts 

In order to Obtain a deeper msrght mto the mechamstrc concepts under&g the formation 
and rupture of the Co-C bond under the condrtrons relevant to the functron of the enzyme 
systen., the coordmatron chemistry of the chelated cobalt atom must be considered 

The molecular structure of the complexes obviously suggests two drstmct mam effects 
(1) The effect of the aural hgands (a) on the tram posrtron, and (b) on the equatortal 

ligand 
(2) The effect of the equatorial ligand on the axial pontoon. 
Adoptmg thus approach, the organic group can be considered as a hgand and the 

influence of the nature of the coordmation sphere on the ground state properties as well 
as thermodynamic and kmetrc aspects of the formatron and rupture of the Co-C bond 
can be studied in reactrons rmplymg essentially the exchange of the orgamc group wrth 

another hgand m the axial posrtlon 
(1) Evidence of the ground state tram influence of an axial hgand in the present serves 

of chelates could be obtained from the increase in the chemrcal shaft of the methyl hydro- 
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H H H H 
BAE (7 7’-(CH&-Saled 

Salen Saloph 

(DH), (DO)(DOH)pn 

I ~g 2 1 IS N,rV -ethylenebts(xet) lauxonetmmato), I e bae tdmuon) 11 IX ,V IV’-cth\ lcncb~~t7,7d~mctl~yl- 
sahcyhdenc~mm~to), I t‘ 7,7 -(CH3)2-\3len (dwnon) 111 1s N N -cth> lencbl<whc~ hdeneunmdto) 1 e 
slcn (demon) IV I\ o-phen?ilene-bl~(~~llcyIldencImInJto) , I e saloph (dlanon) V is bls-dlmethylgly- 
owmato, 1 e tDH)* (dtdnlon) VI IS d~~cetylmono~rme~~~~nod~~cet~~-n~ono~~m~t~~~~~~~no-prop~nc-l,3. 
I e (DO)(DOH)pn (monoamon) 

gens In CH3Co(bae)L (Table 1) complexes 29 or of the pyrldlne y-hydrogens III LCO(DH)~~~ 

(ref 30) (Table 2) wth mcreasm, 0 b.wclty of the rrms hgand L The LIS Influence was shown 

from the mcrease of chemical shift of the rnethene bae hydrogens 29 (Table 3) and of the 

methyl hydrogens of the drmethylglyoxmle 111 (DH)2 derlvatlves wth mcredstng baslLtty 

of the axial hgand 3o (Table 4) 

TABLE. I 

Ground state rrans Influence Dependence of chemical stifts of Co-CH3 hydrogens on substituted pyn- 

dme as alla1 hgand m CH3Co( bat)-pyrY 

--___ ____-- 

&H3) X 
-_- __--- 

741 CN- 

743 H- 

7-46 CH3- 

_____-___-_- --------. -__---___A_--__-__ ------_ -- ____ _-_-_- 

Coord Chem. Rev, 8 (1972) 
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yH,-CH -X (X=CN,COOR) 

Frg 3 Reactmg pattern of cobalt chelates UI different ovldatlon states 

If these Lhemlcal shrfts reflect changes m electron denaty, these data together wl:h 

changes m equatorial H-Cl0 chemical shifts and axid CN stretLhmg frequencies observed 

m cab,tlarnms ‘I-” Lsn be mterpreted dssummg that the charge donation from the hgdnd 

to the metal IS transmitted to equatorial and tram axial hgands 4 The same assumption 

Lan also explam the thermodynamic dnd kmetlL aspeLts of reactlvlty at the axial position 

The Iablh~~tlon of the dxiai Lewis base yleldmg square-pyrdmtdal five-coordmate 

forms 33 T34 increases wrth rncremng donor power of dn orgdmc group 37 or a tertldry 

r41311 2 

Grouna state mans mffuence Dependence of chemxal skfts of pyridine y-hydrogens OII R III 
RCof DIi )? P_vr 

-- _---- -_I-- 

R T( H - pyr) 

C I 3-CHz- 2 24 

CH3- 2 27 
CH3CH2 - ’ ‘9 _- 

+C3H,- ’ ‘9 __ 
Free pyr&ne 2 37 
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c 
TABLF 3 
Ground state LZS mfluence. Dependence of methene hydrogen chemical slufts on axial &and R tn 

RCd hde) 

67 

________-_ ---- 
R rl.=CII-) 

C6H5- 4 58 
CH2 -CH - 4 76 
CH3- 4 88 

CH3-CH2-- 4 92 

--___ --- 

I-ABLE 4 

Ground state m influence Dependence of bae methyl hydrogen chemcal sh&ts on axal hgand m 

XCocDH,)L 

T(CH~ f Y 
-___ -pP 

7 79 CN- 

7 99 Cl- 

8 18 ct13- 
8 19 C-Ha--CHz- 

phosphlne in the tram posltlon and Lan be att-lbuted to the higher effective charge on the 
cobalt atom, closer to that charaLterlstic of a lower oxidation and coordmatlon number ’ 

(Tables 5 and 6). 
The kmetlc tram effect could be shown m a series of organometalhc derlvatlves of the 

bls-dlaLetylmonoxlme hgands VI from the trend of the dissoclatlon rate of the hmltmg 
SN 1 process, which increases wtth increasing donor power of the orgamc group 3s (Table 7) 

Under sultable experimental condltlons, the polarographlc half-wave potential gives quan- 

tltdtlve mformatlon concernma, thermodynamic aspects of the mteractlon of the axial 

ligand with the rest of the molecule,owmg to the fulfillment of the followmg condltlons- 
(I) the electron exchange is fast and the electrode process IS rigorously reversible and (II) 
the chemlLa1 reactions, mLludmg release of Lewis base or the cleavage of the Co-C bond 
which follow the electron transfer, can be kept slow enough to be studled separately 

Thus, a linear free energy relatlonshlp was found between the half-wave potential of 
the first reduction wave E+ (I) corresponding to the process 

ICoIn (chel)Lz] + 6 [Co” (chel)L210 

[CO”’ {(DO)(DOH)pn}L2 ] ‘+ s [CO” {(DO)(DOH)pn}L2 ] + 

Coord Chem Rev ,8 (1972) 
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TABLE 5 
Thermodynamrc tram Influence or aural hgdnds on the equrhbrmm quotient for the reactrona 

K 
R-Co(bae)L z R-Co(bae) + L 

(30°C) 
- -___ -__ 

R 
L ph- -- 

C2H6- CH3- CH2 =CH- CsH5 - 
--- 

p-CIC6H4NH2 3 98 1 14 0 26 0 19 0 17 
CeHsNHz 4 58 0 87 020 0 18 0 12 
pCHaCeH4NHa 5 12 068 0 14 0 11 0 08 
CsHsN 5 23 0 24 0 02 0 02 0 0.5 
4-CH&H4N 6 02 021 0 12 0 02 0 19 

- __ . 
a G Corn dnd L Stefdm, unpublrshed results 

TABLE 6 
Thermodyndmrc tram mtluence of ter.rary phosphmes on the equrhbrmm quotrent for the reactron 

[Co(chel)PRa]+ + NO; - -% [Co(chel)(PRa)(N02)jo 

PR3 u* (bae) (salen) 

PPha + 1 80 4 69 5 57 
PPh2Et + 1 10 3 54 3 88 
PBu3 - 039 2 87 3 09 

TABLE 7 
Kmetrc tram etfect ot orgamc groups as av1.11 hgznds 

(R-Co{(DO)(DOH)pn}HaOj++ Y - [R-Co{(DO)(DOH)pn}Y]++ Ha0 

5 M-H20 x; M + H20 

(Y = imrdazole) 

R k*(sec-‘) 

C6H5_ 3.6 * 0 3 
CH3- 24.8 * 5 6 
CeH5CHa- 226 + 28 
C2H5- 251 + 23 
11C3H7- 602 f 139 
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and the protonatlon constant of the Lewis base L 36*37 (Fig. 4) 

When the values of .E’* (I) for the organometalltc derwatlves 

[ RCo(salen)DMF] ’ 2 [ RCo(salen)DMF] - 

[RCo {(DO)(DOH)pn)DMF]‘& [RCo {(DO)(DOH)pn)DMF] ’ 

are plotted agamst the pKa of the correspondmg hydrocarbon acid, a linear free energy 

relationship is obtamed For RCo(salen) chelates the slope 1s almost comcldent mth that of the 

subvalent RHg compounds, though the latter are reduced at much more negative 

potentials 38 (Rg 5). 

As the enthalpy and entropy differences mvolved In the redox processes are low and 

can be assumed constant along each series of chelates with the same equatorial Irgand, 
H+ (I) IS a measure of the electron affimty of the particle, mainly representing the electron 

affinity of the molecular orbltal acceptmg the electron (redox orbital) 

Coord Uaem Rev, 8 (1972) 
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The displacement of E+(I) values of organo-cobdr chelates reldtlve to the organomercury 

RHg spectes can be explamed assunun g that In the former complexes delocdhzatlon of the 

charge donated by the orgdmc group m the redox orbItA IS mamly centred on the Lobalt 
dtom Wlthm a series with d gtven cheldtmg agent the E+(l) values are determined by the 
protonatlon constant of the organic group R- 

(2) The effect of the equatorial hgand 1s obviously the most Important factor determmmg 
the physlco-chemical properties and the reactivity at the axial posttton as, for mstdnce, m 

the vlt Bl Z group complexes and oxygen Larrlel s 
The posslblhty of expressmg this effect m quantitative terms Lames from exammatlon 

of the serlcs of chelates I --VI whlLh show a stepwise variation of the electronic sltuatlon 

around the met4 atom Evldencc of the effect on a ground state property IS given by the 

decrease of the carbonyl stretchmg frequency m the series of acyl- and alkoxo-carbonyl 

derivdtives This trend pdrallels the increase of the pli’, values of the dlaquo derlvdtives 

with the same equatorial hgand (Table 8) and presumdbiy also the stablhLatlon of the five- 

coordinate CH3Co(chel) species which are obtdined under vdLuum dt 80°C for chel = bde 

but only at 150°C when Lhel = salen 

Ali the trends can be expldmed by the Increase of the effective Lhdrge on the cobalt atom 

m going from (DO)(DOH)pn to bae Lhelates, assummg that this charge IS transmltted to the 

axldl Ilgand As a consequence, m the dcyl derivatives the bond order of the cdrbonyi group 

decreases and m the aquo complexes the acid strength of the coordinated water decreases 

through weakemng of the Co-O bond 

Here agdm, the results ofele~tlochem~al mvestlgation provide qudntltdtive ddtd ex- 

pressing the overall effect of the equatorial hgdnd on the electron affmlty of a molecular 

orbttdl which appears to influence the coordmdtlon bond m the axid posltlons 37-40 

In fact, the half-Wave potential _E$ (11) of rhe second reduction step Coll-Col IS tnflu- 

emed to almost the same extent m both the orgdnomet&c dnd [Co(chel)L, ]’ complexes 

(Fig 6) 

TABLE 8 

- __-- --- - - 

LtL.atd z u C=O (cm-‘) for pK1 tar Clecrrocl~cm1c.11 pottntkd 
OH1 -_I{+ OH “\ s C c for 

CH3C-Co(chel)C3H6N2 i’ot &cl) - ko(che1) 
- 8 6Hz 6H2 ;k’=~:ft;f;;;;-$r 

-__-___________ - 

bGtc 1670 -197 
7,7 -(CHJ:Z salen 1675 7 06 -1 80 

salen 1687 6 86 -171 
s.lloph 1690 6 73 -1 54 
(DH)z 1690 5 14 
(DO)(DOIf)pn 169-Z 4 I? -0 93 
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Xl 
bae 

aMe-salen - 

c 

Salen - 

saioph- 

(dh), - 

{(DO)(DOH)pn}- 

Pm 

I I I I I 
-05 -10 -15 -20 

E1/V(vs SCE) 
2 

[RCo(chel )L]‘;?? [RCo(chel)L] ’ ~‘2 [RCo(&el)Lj- “_ [RCo(&el)L] ‘- 
-e - P - <’ 
.k 4 (ox) E*(I) E;_(H) 

(The chemlA reactlons followmg the electron transfer dre not Lonsldered ) 

The dependence c,.m be expressed by d lmedr rel,ltIonshIp of the type 

where x IS A parameter related to the nature of the chel‘ttmg agent The relation holds only 

approxundtely ,md the slope IS shghtly dlffelent for different .IXIJI hgands but If IS rnu‘h 

more preLtscly obeyed, ,md the slope IS Amost the same, w1v.m the three redox potentIJs 

E+(ox), E+(I) and E; (II) for the organometall1c complexes dre consIdered (FIN 7) It-we 

compare these results wtth the trends of other effects of equdtorlal hgand previously dls- 

Coord Chem Rev ,8 (1972) 
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X 

aMe-salen 

salen 

/ 
‘4 (OX) E+(I) 

EpI) 

A 

saloph baei I (( Me-cobalamln + 

{(DO)fDOHkm}- 
t 1 1 I I I I I I I 

+10 +06 -10 -14 -18 

E,/V(vs SCE 1 
2 

Irg 7 

cussed, tt follows that the mcrease of electron dffimty as grven by displacement of El 

towards less negative potentrals IS m agreement wrth the dssumptron of an Increase of2 ef- 

fectrve chdrge on the cobalt atom gomg from (DO)(DOH)pn to bde chelates Thus suggests 

that thus IS also the trend of the overall donor power of the equdtonal hgand 

We shall now try to consider, m the hght of the above results, the simplest reactions 

mvolvmg formation and rupture of the Co--C bond, r e alkyl exchange reaction between 

two drfferently chelated cobalt atoms’“-42 

[CHaCo(chel)HaO] ’ + [Co(chel’)(HaO)a]’ 

* [Co(chel)(HZ O),]’ + [CHaCo(chel’)(H, 0)] ’ 

Thus the methyl group 1s transfered from the methyl-cobalt bae to the 

[Co(salen)(H20)z]f and not vrce versa, but the reaction [CH3Co(salen)H20] + 

]Co(saloph)(H, O),] comes to eqmhbrrum The methyl denvatrves of any of the bae, salen, 

saloph chelates dct as methyl donor towards the aquo derlvatlves of the chelates V and VI 

and aquocobalamtn, viz 

[CHaCo(chel)Ha 0] ’ + [Co {(DO)(DOH)pnI(H2 0)~ ] *+ 

=+ [Co(chel)(Ht O),]’ f [CHaCo ((DO)(DOH)~I~IHZ 01’ 
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[CHS Co(chel)H2 O] + aquocobalamm + methylcobalamm f [Co(chel)(H2 O), 1’ 

‘On the other hand, (DO)(DOH)pn appears to be a better acceptor than aquocobalamrn, 
the reaction 

methylcobalamm + [Co(DO)(DOH)pn(H2 O), ] *+ 

-+ aquocobalamm + [CHSCo(DO)(DOH)pn(H20)]+ 

being observed 

The (DO)(DOH)pn chelate contammg two methyl groups m the axial posltlon turns out 

to be an even better donor of methyl groups than all other monomethyl chelates exammed 

untd now From experimental data on the drrectlon of the methyl group transfer we Lan 

now propose the followmg order for the “methyl donor” power 

[(CHs)z Co {(DO)(DOH)pn}] ’ > [CHJCo(bae)Hz O] ’ > [CH,Co(salen)Hz 0] ’ 

E+(I) = -1 97 &j(L) = -1 71 

> [CHJCo(saloph)H2 0] ’ > methyl cobalamm > [CHsCo {(DO)(DOH)pn)H, 0] 

El.(I) = -1 54 E+(I) = -1.4 E+(l) = -0 93 _ 

Exammatlon of this trend leads to some Important observations 

(1) The order 1s parallel to the displacement of E: (I) towards less cathodic values (the 

actual values given are those of the correspondmg C2 H5 denvatlves). 

(2) The methyl donor power IS determmed by both the equatorial and the axial hgand, 

1-e It IS sensitive to both the CIS and tram effect 

Both conclus:ons show that the release of the organic group IS favoured by an Increase 

of the electronic charge on the cobalt atom The effect should be noted of one methyl 

group In i(CH3 )2 Co {(Do) WWpn>l , acting by charge donation to the cobalt atom and 

strongly enhancmg the release of the tram methyl group relative to 

[C% Co ~(DO)(DOH)pnV% 01 
The transfer of the CH3 group requiring higher electron affinity m the acceptor than u-t 

the donor complex can be consldered formally as mvolvmg a coordinated carbamon. A 

bmuclear Intermediate could be assumed, the methyl transfer taking p&e from the less 

electrophdlc metal atom to the more electrophlhc one The cleavage of the Co-C bond from 

the donor cobalt atom probably occurs via electrophdlc attack of the acceptor Co atom to 

the saturated carbon atom This IS believed to occur m the removal of organo-hgands as- 

slsted by A$ or Hg*, recently reported as a substltutlon of coordmated carbamon 43 and 

m the dealkylation of alkylcoba!amms with mercuric acetate, which probably occurs via 

an SE2 mechamsm 44 This mechamsm is also lmphed m the conversion of morgamc mer- 

cury to methylmercury compounds by methylcobalamm and IS probably also operating m 

the formatlon of highly toxic organomercurlals m hvmg systems 46 

Coord Chem Rev, 8 (1972) 
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The formatlon of the Co--C bond mstedd involves the nuLleophdlL attack of the cdrbd- 

man to the Co- OH2 bond of the acceptor complex as m the carbamon nucleophlhc sub- 

stltutlon of activated methylene groups leading to formatlon of Corn-alkyl compounds 4s. 

VlZ 

[Con*(salen)OR] ’ + R’CHl R” * [Colrl(salen)CHR’R”] ’ + ROH 

The evidence dlscussed m the plesent paper shows how changes m the nature of the 

equdtorlal and ~TCIIIS-X~ hgand can help the cleavage of the Co-C bond m the CH3- 

group transfer. by increasing the electronic charge on the cobalt atom For a given JLceptor 

atom, the drmng force of the reaction parallels the decrease of the electron affinity, which 

cm be expressed by I?* values The opposite trend should be expected for the reaction m- 

volvmg the transfer of a potential CHs+ group This type of reaction can take place by the 

attack of a nucleophlhc Co’ chelate to the carbon atom of an organic halide The cleavage 

of the Co-C bond, yielding Co1 vlt Bz2, was proposed for the vlt B12-dependent methlo- 

rune biosynthesis In this case the formation of the Co-C bond 1s said to occur by oxldatlve 

addition to Co* while the fission of the bond yleldmg the Co1 species IS d reductive de- 

methylatlon As a special case, the formation of the dtmethyl derivative 

[(CH3)S Co {(DO)(DOH)pn)] ‘, by chemical or electrochenucal reduction of 

lCH3Co I(DO)(DOH)pnIH2 Ol’, Lan be explained either by transfer of CH3- from Co1 to 

CO’” complex or as a transfer of CH,’ from CO” to Co’ species Another most interesting 

type of transmethylatlon reactlon requires Louphng with d redox process 

Methyl-vltdmm B12 was shown to be demethylated by a Pt”--Pt’” system A mechdnlsm 

mvolvmg attack on PtII was proposed 47, VIZ. 

PtlV 
Ptl’ -r CH3Bl? + Pt”CH3B,, - Pt” + Ptn’CH3 + B,*a 

In this case probably the Ptll atom of the PtI*CH 3 B 12 mtermedlate has to be oxidized 

m order to help the Lleavage of the Me--Co bond In the bIologica methyl transfer d LOU- 

pled redox proLess 1s hkely, mvolvmg the Co atom 

Further studies on model systems should show how coupled redox processes or changes 

m the coordmatton sphere leadmg to changes III electromc charge on the cobalt atom can 

promote Co-C bond formatlon and fission 
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