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INTRODUCTION 

Prior to 1955,.the field of &gFocobalt chemistry was limited to a group of ill-defmed 
aryl- and alkyl-cdbalt compounds formed during the reaction of Grignard and other or- 
gzkometallic reagents with cobalt halides ’ _ However, with the great expansion of organo- 
metallic chemistry in the late 195% and aided by the knowledge that carbon to transition 
metal bonds might be stabilised by certain Iigands, there was also some progress in the pre- 
par$ion of compounds containing carbon-cobalt bonds. The first major group to be pre- 
paredand characteesed were the alkylcobaIt(1) carbonyls’ along with onIy infrequent ex- 
amples of or~nocobalt~II1~ compounds _ 3i4 Then, in I962 came one of the most interest- 
&g of the.deveiopments that have so far occurred in organometallic chemistry; this was 
the discovery, following the elegant X-ray crystallographic study of vitamin B12, that a 
naturally occurring molecule, vitamin B 1 2 coenzyme (I), contained a carbon-cobalt (T- 
bond’ _ Moreover, contemporary chemicd. studies showed that this bond was unaffected 
by a number of reagents which cleaved bonds elsewhere in the molecule: _ The realisation 
that this compound was formally a complex of cobalt(W) and that the co& ring might 
be an important factor in the stabilisation of tlie carbon-cobalt bond, led to wide consid- 
$a‘tion of the possibility that other carbon-cobalt(iil) compoUtids might be formed with 
the same l&and and perhaps also with analogous ligands. 
-I Progress since that time has been considerable, and the number of organocobalt(II1) 

‘c$mpounc@ that have now been described is nidre thari one thousand; these are catalogued 
iF.Table .l t One of the .reasons, for this rapid development has been. the wide interest which 
t@cs@ compounds provoke. This ranges from t&eir role as inorganic complexes, through 
T.heir interes]t as organic derivatives and in’orgariic synthesis, and especially to their bio- 
ch&mical.function and potential; Conseqtiently, the iiteratuie bn these compou&ds is scat- 
&i&$ &r a wide iap& of,journals, is couched in a variety of styles, and reflects a variety 
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: of dep’th of understanding of the several fields concerned. : 
This review is an attempt to explore the scope of the whole field with special emphasis 

:: on-the mechanism of the reactions concerned, thereby to deduce the common features of 
what-are apparently widely different compounds_ in such a rapidly growing field covering 
so wide a range of chemical and biological interest, there are more than the usual number 
of uncertain results which later prove to be erroneous or incorrect in detail. One of the 
reasons for this, and indeed. for the interesting chemistry of these compounds, is the fact 
that cobalt(IiL), cobalt(H), and cobalt(I), and even cobalt(N) species are all relatively ac- 
cessible, such that it is often difficult to know precisely with which species one is con- 
cerned, without much careful and detailed work. 

The organocobah(II1) compounds wizth which we shall be concerned fall into two main 
classes. The smaller class, which has not been studied in much detail, and which includes 
the hexaacetyIides3, some cis-dialkylcobalt(II1) complexes’, and the n-cyclopentadienyl- 
cobalt(II1) compound&‘, are merely classified and listed in Table 1. By far the larger 
class have a variety of nitrogen and oxygen donor ligands attached to the cobalt, besides 
the organic group, and these are iisted in Table 1, and discussed in detail in subsequent 
chapters. 

In view of the wide range of compounds within this major group, it is important first 
to outline the types of ligands that are commonly involved, not only for the purposes of 
the classification in Table 1, but also in order to become familiar with the terminology 
and to understand something of the role of those ligands in determining the stability and 
reactivity of the compounds. 

Table 1 starts at the end of the article on page 12 I. 
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-With the exception.ofthe~ @inor group of compounds; the .org&ocobalt(III) CO?: 

pounds-d&cu~s$ed~in~this review are generally square pyramidal‘or .octahedrzii five- and six-- 
coorclin&e.comple~es (II) in which the metal is coordinated to the or&u&group and to- 
various c&6bm$ions of n!on&, di;, tetra-, and pentadentate hgands.; ’ 

?&@I a kr-lety ofmonodentate _~ligands are involved, particularly as axial bases tians 
tothe organic group, it is inconvenient to use them for our primary classification; We 
therefore restrict our nomenclature to an initial consideration of those ligands in the equa- 
torial plane cis to.the organic group. These are subdivided, for the purposes of Table 1, in- 
to.the groups-shown in Table 2_ Since different authors have used different symbols for 
what, it will be-apparent, are a complicated series of molecules some of which are tedious 
to name systematically, we have attempted to revise the symbolism uniformly. Where 
more than one symboI has previously been used, we have selected the one that seems most 
appropriate, except in one case where the symbolism seemed inappropriate and we have 
provided an alternative. In general we have preferred the symbolism which may be suit- 
ably modified to indicate the formation of conjugate acids or conjugate bases of the li- 
gands where appropriate. Some alternatives that may be found in the literature are shown 
as footnotes to Table 2. The nomenclature of the cobalamins and derivatives is as standar- 
d&d elsewhere”. 

. . . R- I axial organic group 

Equatorial ligands 
which may be four/ 
mono-.two di-.or 

charge m = 2- (total charge 
on LnHcharge 

one tetra-dentate _ 
ligrjnd CL,,) I on 01 

a- axial base ligand 

(II) 

In addition to the abbreviations shown in Table 2, the following are also frequently en- 
countered: 

Vitamin Brz coenzyme = DBCC = 5’-deoxyadenos&obalamin(III). 
J3;2 = cyanocobalamin(II1). 
Blza = aquo- or hydroxo-cobalamin(111). 
B 1 zr = aquo- or hydroxo-cobalamin (II)_ 
B , zs = aquo- or hydroxo-cobalamin(1). 

The organobis(dioximato)obalt(III) complexes are also frequently referred to as organo- 
cobaloximes. 

-METHODS OF PeEPAliATION 

The methods of preparation of the organocobalt(II1) compounds are conveniently clas- 
sified according to whether the effective cobalt-containing reagent is formally cobalt(III), 

[continued on p_ 10) 
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c~_~~t~ii),obaIr(I) &r-a ~&&idocobaI~ spcies. $11 cl&ity; th~:m&o& of pk$a+i& _ -‘. 
h&e-cee‘e,_&qed & f&lo&: (I) A.d+&skn of the. methods bf &p%ratiq~: of the .jif- . . ‘, 
.ga;no~bait(IIacornp;iitndsfroin’theirimmediate &bal%~pr&k~sq&an$ osga&: &&nt&__.,~ 
(Ii)4 b~~f;di~~on_‘of.V1~-methods of preparation of&o& c~balt-contai$ng pr&ui- 1 
ers .ii.h#-(IIE) iii detailed.disqz&on of the mechanisms of the prepqative react&s. The ., 
&ei&~&&e.s~ _,&rised i6 Table .3 &nd thoSe used for each individual compound &e i& 

%hided.in Table.-!,-& which thi abbreviations under the heading ‘method? refer to the . 
headin&of the f&iowing sub%e~~o~% 

TABLE.& :- 

,~Sunkary OP mtiihods of pre&&ion of organocobait(Hi)n compounds 

Znorgqz& ieaijent .Organic reagent Products Section 

Electrkphilic reactions of cobalt(III) species 

Y(Co)B, Y = I&l, etc. RM, M.= metal R(Co)B f YM IA 
B(C0)’ R- R(Co)B IB 
B(Co)+ CH t =.C&(OH) RCOCH ,(Co)B + H+ IB 
B(Co)+ ROH + CO ROCO(Co)B + H+ IC 

Frei radical reactions of cobalt(U) species 

2 (Co)B RX, X = Hal, etc. R(Col B + X(Co)B IIA, B 
2 (Co)B RH -I- H,O, R(Co)B + HO(Co)B IlA 
2 (Co)B x,c = cx, B(CoKXrCX,(Co)B IIC 

.. 2 (Co)B RC=CR B(CoKR = CR(Co)B IIC 
n (Co)B AIN+, Ar(Co)B IID 
n (Co)B RLTIX R(Co)B+? IIE 

Nu&ophilic reactions of cobalt(I) species 

B(Co)_ RX, X = Hal, tosylate etc. R(Co)B + X- IIIA 
B(Co)-/ROH epoxides Hydroxyethyl (Co)B IIIA 

B(Co)- /ROH XC11 = CH,. X = CN. etc. XC’H,CH,(Co)B + OR- IIIB 
B(Co)-/ROH XC = CH, X = CN-, aryl, etc. XCH = CH(Co)B + OR- lllB 
B(Co)-/ROH CHZ =C=CH, CH, = CMe(Co)B + OR- IIIB 

Additions of hydridocobalt species 

H(CoiB RCH = CHI CH,CliR(Co)B IIIC 
: H(Co)B RC=q4 CH, = CR(Co)B IIIC 
H(CojB RCHN 1 RCH, (Co)B IIIC 

. 

’ a (Co) rcf r e s to the met& together with its equatorial ligsnds, charge unspecified. 
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(I) J+e@.&&on fro&.~&&(~~~j reagents. : 1 : .~ --.. .. .: 

. . 
(k> The earliest attempts made to prepare orgariocobalt compounds involved the reac- 

tion of Grignard reagents with cobalt(H) halide&Apart from the formation-of a few acety; 
lides”;these failed because of the absence of the requisite stabilising ligands on the metal 
(Table i) and probably also because of the greater instability of organocobalt(II) than 
of organocobalt(II1) compounds_ However, a variety of st,able covalent halocobah(III) com- 
pounds are now available, and many of these r&&t smoothly with aryl- and alkyl:Grignard 
reagentsand with other organometallic reagents such as the alkali metal alkyls, in ethereal 
solvents, to give the corresponding a&$-or arylcobalt(II1) compound in good yield. Sev- 
eral equivalents of the organometallic reagent are often necessary in order to aRow for the 
reaction with acidic sites on equatorial and axial ligands and with axial ligands (e.g. as in 
eq_ 1) 

(MeOCH,)2 
PhLi + BrCo(aetpor)py p PhCo(aetpor) i- LiBr (1)” 

PhCeMgX + XCo(dmgH)2py THF -----*PhC~CCo(dmgH)2py + MgXa cw2 

&FsMgBr + ICo(salen)A C6F5Co(salen) + MgBrI (3Y3 

(B) In principle, coordinatively unsaturated cobalt(II1) species are mildly electrophilic 
reagents. Since cobalt(W) complexes are usually substitution inert, they are generally in- 
sufficiently-reactive to promote bimolecular displacement reactions, but some are suffi- 
ciently reactive to capture appropriate stabilised carbanions and to react with enols, even 
in aqueous solution. For example: 

CH2(CN), + B +- CH(CN), + BH+ (4Y4 

-CH(CN)2 + Co(ambpn) (H20)’ aq + (NC)2CHCo(ambpn) (V5 

CH,=C(OH)Me + Co(salen)(MeOH) “-MeCOCHaCo(salen) (MeOH) + H’ (@I6 

(C) Several aquocobalt(II1) species also react with carbon monoxide in alcoholic solu- 
tion to give alkoxycarbonyl derivatives, i.e., 

ROH + CO + MeOCo(dmgIQ2py- ROCOCo(dmgH)2py + MeOH (7)‘71x8 
: 

(11) Preparation from cobalt(H) reagents 

i (A) Cobalt(I1) species are paramagnetic and hence are capable of inducing and termi- 
nating free radical reactions_ One of the earliest methods of synthesis involved combina- 
tion of both.of these properties’g*20. Thus, on addition of an alkyl halide to a solution of 
the pentacyanocobaltate(I1) ion under anaerobic conditions, the cobalt(H) species acts 
both,as-a halogen %tom abstractor and as a radical trap for the free radical produced, with 
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-The &a~tion~is &so applicable to other.. c&lt(II) species, but there &e ftiw exa.n$es of 
its &-Ji&on, and it may:require fairly Jeaiztive &kyl haliaeS, e.g.; .. 

: 
I.... ... 

. . C$le. +- ZCo(dmgHhpy Y Cl&&(dmgH);~y + CICo(drngjH)zpy . . : (lo)*1 
: : 
$ii$e the second stage of this reaction, i.e., the capture of the organic radical, is highly 
favourable, any-method which may produce organic radiCals in the.presence.of coordina- 
~tively~unsaturated cobalt(II) species may result in the formation of organocobaIt(II1) com- 
pounds. A possible** route might be: 

.Hz02 + Co” 1 HOCo + HO- (II) 
. 

HO + CzHsOCzHs -Hz0 + C2HsOkHCHs (12) 
. 

C2HsOCHCHs + Co KI ___f C&OCHMeCoI~ (13) 

(B) Cobalt(H) species are also capable of undergoing electron transfer. to certain readily 
reducible organic substrates. Thus, p-nitrobenzyl halides react with some cobalt(H) spe- 
ciesto give the corresponding nitrobenzyl radical, which may be captured by the excess 
of cobalt(H). This method has been investigated in some detai123, but has only limited 
preparative scope. 

ArCH2Br. & Con(salen) (Meirnd)* - [ArCH*Br]’ + Co*lr(salen) (Meimd)f (14) 

[ArCH2Br]_y ArCHt * -+ Br- (IS) 

ArCHz’ + Con(salen) (Meimd) - ArCH,Co(salen) (Meirnd) (16) 

(C) One of the first organocobalt(II1) compounds to be synthesised was a-dicobalt com- 
pound formed from acetylene and the pentacyanocobaltate(I1) ion. Similar addition of two 
tiaramagnetic cobalt(H) species also occurs with mono- and di-substituted acetylenes24, 
and with tetraflubroethylene, to give diamagnetic vinyl- and perfluoroalkyl-dicobah com- 
plexes, respectively_ 

RC=CR’ -+- .2;o(CN)ss- 3 (NC)~COCR=CR’C~(CN)~~-. (17) 

. . &i=;p2.+ &(cN)&~ @l&CoCF2 CFJZo(CN)s+ &3)*’ 

(D) Tie ~~~tacjranocobaltat~(lI) ion also reacts with the benzeuediazonium ion in. 
aqueous soiution to give the plienylpentacy&oc6b&ate(III) ick*‘; but the mech+k 



6RGArViC COMF%XJNDS OF COBALT(W) 

andstoechiometry of this-reaction have not been studied. 

Pm; + nco(cN)~- ---++hCo(CN)~- ‘.. 

13 

(1% 

(E) Perfluorophenylcobah(II1) dlandne complexes have been prepared by the reaction of 
bis(pentafluorophenyl)thalli~m(III) bromide with the bis(di&ine) cobalt(I1) bromide*!. 
The scope of this type of reaction has not been explored. 

.(C6;&TlBr. f Co(diars)lBri - C&Co(diars)LBr+ + ? (20) 

(III) Preparation fram Cobalt(I) and hydridocobalt species 

(Q) Nucleophihc displacementS by cobalt{I) species. The commonest route to organo- 
cobalt(III) compounds, and also the most versatile, involves the reaction of nucleophilic 
cobalt(I) +&es with organic compounds_ A wide range of cobalt(I) species, including vi- 
tamin B12S27*28 (a reduced form of cyanocobalamin a&of the coenzyme) and the anionic 
bis(dimethylglyoximatojpyridinecobaltate(I) ion’*, are amongst the mcst powerful of 
known nucleophiles towards satunited carbon; capable of displacing halide; phosphate*‘, 
and tosylate ion from the corresponding akyl derivatives, and of displacing trimethyl- 
amine from benzyltrimethylammonium ion2g, and of opening epoxide and ethyleneimine 
rings. The species [Col(7,7’-Me&en)]- is apparently so nucleophilic that it is capable of 
displacing bromide ion from bromobenzene, though the mechanism of this reaction has 
not been confirmed. 

t4CH31 + B12S- “CH3cobalamin + I- (21)3’ 

CHBr3 + [Co(dmgH&py]- L Br2CHCo(dmgHj2py + Bi (22)2”32 

MeCw + [Co(dmgH)2py]- a MeCH(OH)CH2Co(dmgHj3 py (23)33 

PhBr + [Co(7,7’-Me-salen)]- - PhCo(7,7’-Me-salen) + Br- (24)” 

CH2=CHC1 + [Co(acacen)]- - CH,=CHCo(acacen) + Cl- (293” 

P-&&(C%Br)2 + ~CO(~~%@)ZPY- + pC&L[CH, Co(dmgH)lpy], + 2Br-(26)3’ 

This method is usually unsuccessfu1 with vi&al dihalides, and unexpected products may 
be obtained with bromohydrins. e.g. : 

ClCH=CHCI + [Co(chngH)3py] - - HCSH + ClCo(dmgHj,py + Cl- ! (i7)36 

HOCH2CHMeBr + [Co(aetpor)]- - HOCHMeCH2Co(aetporj + Br: (28)’ l 

8) Reparation via nuclwphilic addition of cobkt(I)Speci& to unsaturated organic 
molecules~ Cobalt(I) species are also capable of undergoing nucleopbillc addition to a 
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variety.ofolefins irrprotic solvents~~In.the few cases studied in de&l; the-reaction with. 
acetylenes has been shown &be a W&addition of the m&I ion and the proton- frqni %e. 
soivent3~~38.-Stitable ,+&.ivated’olefin.s include acrylonitrile and~dimethylmaleate. ‘-I 

, .-:- _. _. . . 
. . CI-Ia=CHCQ,Et .[Co@+,IQpy]~~ EtOCOCH&I~Co(dmgH)apy <~EtO’(29~g. 

.” HC=CH + l&(7,7’-Me-salen)]-- CHi=CHC6(7,7’-Me-sales) 4 OH- mo~6 

: H-,C=C=CH, .+ lCo(dmgI-&py]-s CHz=CMeCo(dmgI-&py +MeO- (3 1Y” 

(c).&epar&n via a$ditiqn of hydridocobalt species to unsaturated organic compounds. 
ir. less basic solution the cobalt(I) species tend to form covalent, hydrides4’, which under- 
go distinct reactions with many of the unsaturated compounds described above. These 
reactions usually,~have a different stereochemistry from those with the nucleophilic CO- 

balt(‘[) species, The~hydriodopentacyanocobaltate(II1) ion does not appear to dissociate 
even.in strongly alkaline solution42 and appears always to react as the covalent hydride, 
but the less basic cobalt(I) species, such as the bis(dimethylglyoximato)pyridinecobaltate(I) 
ion or vitamin BIZS, may require neutral or mildly acidic splution before the reactiorrof 
their hyd$o species becomes ‘dominant4* *43. (Since many of the reactions described in 
Table .1 were carried out under ill-defined conditions it may be difficult to reproduce the 
yield and character of the product unless the pH is the same as that used previously.) 

CHa=CHCN + HCo(dmgH)zPBu3 - NCCHMeCo(dmgH)opy (32)44 

PhCZH + HCo(dmgH)zpy 4 H2C=CHPhCo(dmgH)2py (33)37*38 

2-pyCH=CHa + HCo(CN):- - 2-pyCHMeCo(CN)$? (34)45*46 

Diazomethaue and some strained olefins may also react with hydridocobalt species, Le. : 

CHaNa + Hcobalamin ----t CH+zobalamin + N2 (35)27J8 

HCo(dmgH),w + MeOH 

-/ :;’ -22 + 

Co(dmg Wpy CotdmgH)Z PY (36)“’ 

Uv) Prepar&m of cobalt{HIj, cobalt(II), and cobalt(I) reagents 

:’ The majority of the inorganic precursors of.organocobalt(III) compounds are derived 
from simple cobalt(I1) salts Aich, after complexing with appropriate ligands, are either 
oxidised to cobalt(II1) species, reduced to cobalt(I) species, used directly, or allowed to 
disproPortionate to a mixture containing both cobalt(I) and cobalt(II1) species. The meth- 
od,used depends upon the influence ofthe chosen ligands on the redox potentials of 
_:. ~- 
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the complexes and upon the lability of the organic reagents and the~organocobalt(II1) pro- 
ducts in the required media. The complex nature of the cobalamins, cobinamides, etc. and 
their hydrolysis products precludes their total synthesis except for the purposes of proving 
their structure48*4g _ They are usually prepared from the more readily isolated derivatives 
of naturally occurring cobalt(II1) corrinoid compounds, such as vitamin Br2, B rz8, etc. 

The following methods have been used for the preparation of the reactive cob.alt(III), 
cobalt(H) and cobalt(I) species. 

(a/ Cobalt(IIIJ reagents 
Air stable cobalt(I1) salts, such as cobalt acetate and cobalt chloride, complex readily 

with a variety of ligands, including those shown in Table 2, to give cobalt(I1) complexes 
which are susceptible to oxidation and may be smoothly converted into the corresponding 
cobalt(II1) complexes on exposure to oxygen. This method is used (i), for the preparation 
of those halogeno-cobalt(II1) complexes” which react with Grignard reagents (method 
Ia; eq. I l-l 3) and (ii) for the in situ preparation of the solvated cobalt(II1) cations which 
behave as electrophiles towards carbanions, enols etc. (method Ib; eq. 5 and 6). 

lb) Cobalt(U) reagents 
(i) Direct preparation. The pentacyanocobaltate(I1) ion, formed by the reaction of co- 

balt(I1) salts with a slight excess (Le. 5+ fold) of cyanide ion under anaerobic conditions 
in aqueous solution, is suitable for direct reaction with organic compounds (method IIa, 
c, d). Dilute solutions of Co(CN):- decompose slowly in water51*52, but concentrated 
solutions decompose more rapidly and should be used when fresh. The bis(dimethylglyo- 
ximato)cobalt(II) complexes, which are also formed on mixing the cobalt(I1) salt with the 
appropriate ligands in aqueous or alcoholic solution under anaerobic conditions, may be 
isolated or used directly (method IIa, b)“, but are more commonly used for the prepara- 
tion of the cobalt(I) species described below. 

(ii) Reduction of natural& occurring cobah(III} species. The reduction of naturally oc- 
curring cobalt(II1) corrinoids, such as vitamin B 1 2, or cyanocobalamin, to the correspond- 
ing cobalt(I1) species may be carried out by several methods. (i) Controlled53*54, poten- 
tiometric reduction (see table 4). (ii) Reduction by metal ions at an appropriate pH that 
does not allow further reduction to cobalt(I) species. For example, by chromous acetate 
at pH 3”. (iii) Reducti on by certain thiols at an appropriate pH; for example by cystea- 
mine at pH > 8.9 56 The latter reaction is believed to be catalysed by trace metals, be- . 
cause it is inhibited in the presence of EDTA. (iv) Reduction by carbon monoxide57~58_ 

(c) Cobalt(I) reagents and hydridocobalt species 
The cobalt(I) and hydridocobalt species are usually formed by reduction of cobalt(U) 

species. They are usually somewhat unstable in aqueous solution and tend to revert to co- 
balt(I1) species and hydrogen. For example, Br2s reverts slowly to Brzr, particularly in 
mildly acidic solutions5g*60 . The following methods of reduction have been employed. 

(i) Reducrion with boroh_vdride ion. More cobalt(H) and cobalt(ll1) complexes are readily 
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: reduced by b&ohy+i$e @$in aqueqps or alcoh$ic solution?“~~?4_ Thf: Ke,ductiqn may -be 
c&ied out either in the, pr&ence,of, or prior. to the addition @f, the organic sub.strat& de-. 

_pending.up& the ~nsitivity .of that.substrate to sodium borohydride. In some CL+ the :. 
addition of &-few drops of -10% palladium(II).solution has been.foed to catalyse the reac- 
tion.-For example, though the bis(dimethylglyoximato)pyridinec~balt(II)~ion isnormally 
reduced, by sodium boro@ydr&ie; this reduction may be jnhibited if traces of oxygen have 
been introduced. The addition of palladium(H) appears to remove this inhibition-and the 
teduction to the dark biue cobalt(I) solution then proceeds smoothly. Cobalt(U), nickel(U) 
or, le.&s satisfactory copper metal , 64a has als6 been found to catalyse the reduction6’ _ HOW- 
ever, ti..solutions of pH < 99, the decomposition of B 12s to Blzr and hydrogen is catalyed 
by Pt” salts66, 

The tetradentate Schiff s base complexes, Co(salen), Co(acacen) and their derivatives, 
are only reduced by sodium borohidride in the presence of a palladium(U) salt and in al- 
kaline solution67, whereas cobalt(I1) aetioporphyrin complexes are not reduced by borohy- 
dride ion’ ’ . The reduction of bis(dirnethylglyoximato)chloropyridinecobalt(III) by SO- 
dium borodeuteride in methanol at pH 7 gives substantial quantities of DCo(dmgH)2py6g. 

(ii) Disproportionation of cobaZt(ll) species. The bis(dimethylg,lyoximato)cobalt(LI) 
species disproportionate rapidly and completely in strongly alkaline solution to the cor- 
responding cobalt(I) and cobalt(II1) species ” +‘, but do so more slowly in mildly alkaline 
and neutral solution. If the disproportionated alkaline solutions are wholly or partially 
neutrzlised, they form suitably mild reagents for reaction with organic substrates that are 
sensitive to strongly al&line solutions or to borohydride 73*74_ Such disproportionation, 
which has unfortunately not been studied in much detail, is apparently less evident with 
those cobalt(I1) complexes, like CoI*(acacen) and Coii(salen), which have large negative 
reduction potentials (Table 4), but may also be substantial with the more readily reduced 
Co”(dotnH)B* complexes” and the cobalt(I1) corrinoids7’ _ Pentacyanocobaltate(II) 
specie2 ’ similarly ‘age’in aqueous solution to give some HCo(CN)z-. 

(iii) Hydrogenation_ Several cobalt(I1) chelates may be reduced by treatment with hy- 
drogen. In particular, the pentacyanocobaltate(1) ion may be reduced directly with mole- 
cular hydrogen to the hydridopentacyanocobaltate(II1) ion68v76. Interesting variations in- 
clude the formation of DCo(CN)J by reduction of the pentacyanocobaltate(I1) ion with 
deuterium in aqueous solution46. Bis(dimethylglyoximato)pyridinecobalt(II) is reduced 

TABLE 4 

Half-wave potentials for the reduction of some coba!t(III) and cobalt(U) reagents’ 6~95 

Solvent. pyridine; predominant species in solution Co(chelare)py’, in the presence of Et, N+CIO; 
0.2M at O”?; units are volts vs. SCE. 

Clwhfe acacen 7.7’-Me-den den snlphen IdmgH) ‘1 

c&f _ c&r E*/,(I) -0.67 -0.52 -0.39 -0.35 -0.34 
c!oII 1 d-CO E,,,(U) -1.83 -1.50 -1.38 -1.35 -1.24 
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by hydrogen in neutral or alkaline solution66, but it is not known what part, if any, the 
disproportionation plays in this reduction. Reduction with deuterium in neutral solution 
gives the covalent DCo(drq$&py, which ordy undergoes slow exchange with the solvent 
proton@‘. 

(iv) Reducrion by sulphur compounds_ Undei appropriate conditions, thiols will reduce 
cobalt(W) compounds, especially the cobalamins, to the corresponding cobalt(l) species*. 
Reagents that have been shown to be effective are (a) NaSH”-“, (b) Na2S77*78*80, 
(c) glutathione77-78-8’, (d) aIkanethiols65-7g, (e) dithiols8*, such as dithiothreitol, (f) re- 
duced ferredoxin..(i.e., reduced by hydrogen and hydrogenases3), and (g) hydroxyalkyl- 
thi~ls~~. The mechanisms of these reductions have not been investigated in detail, and the 
role of metal catalysts is obscure. However, there is little doubt that thiols are important 
reagents in biological reduction of naturally occurring cobalamins. Sulphite ion is not an 
effective reducing agent84_ 

(v) Homogeneous reduction by metal ions. Chromous salts are sufficiently effective 
reagents in EDTA to reduce cobalt(ii)- to cobalt(i)-corrinoids27*3’, in contrast to their 
reaction at pH 3. 

(vi) Heferogeneous reduction by metals. Sodium, potassium, and SGdiUm amalgam are 
the commonest reagents for the reduction of the Schiff s base chelates such as Co’vsalen) 
and CoII(acacen) and their derivatives’2~34~85-87. R e UC ions are usually carried out in d t‘ 
tetrahydrofuran, though acetonitrile has also been used88*8g. Cobalt(ii)aetioporphyrin, 
which has not been reduced successfully by borohydride iongo, is best reduced by sodium 
amalgam in dimethoxyethane’ 17g1. Zinc dust has been used for the cobalt(iiI) corrinoids 
in aqueGusz7 acetic acid, in glacial”’ acetic acid, which gives hydridocobalamin, and in 
aqueous ammonium chloride55*92-94. which gives B12,. 

(vii) Electrol t _ y zc reducrion. Electrolytic reduction is not commonly used in preparative 
studies, but is valuable where pure materials are required_ The cobalt(ii1) and cobalt(i1) 
chelates are more readily reduced than the majority of the corresponding organtiobaIt(ii1) 
and organocobalt(i1) products and hence, by accurate control of the potential, the co- 
balt(1) reagent may be formed under conditions where the organocobalt(ii1) product is 
not reduced53*54. Some half-wave potentials for the reduction of the cobalt(ii1) che- 
lates’6~g5 are shown in Table 4 and may be compared with those for the organocobalt(Ii1) 
products shown in Table 24 (p_ 94). 

(viii) Miscellaneous reduction methods. Other reagents used for the reduction to co- 
balt(1) species include acyloins64a, hydrazine63.80, hypophosphorous acid”” and the 
d&ion of cydooctatetraene. The solid black hydridocobalt(II1) species 
HCG(dmgH)2PPh344 has also been prepared by the pyrolysis of the @cyanoethylbis(di- 
methylglyoximato)triphenylphGsphinecobalt(III) complex in vacua. 

(ix) Displacemepzt reactions_ Cobalt(i) species have also been prepared by their nucleo- 
philic dispIacement from acylcobaIt(ii1) compoundsg7 (see p- 63), and from main group 
metal cobaloximes such as R$nCo(dmgH)2py97”. 

* Reagents (a). (b), cc), cd) and (g) normallv Dive only C&_ In the presence of alkylating a-gents this 
behaves as if it were reduced further to Co< Cf. ref. 594. 
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Our discussion of the mechanisms of formation pf the organocobalt(II1) compounds is 
confined to the reactions of cobalt(I1) and cob&(I) species, as there have been no detailed 
mechanistic studies on the reactions of cobaIt(II1) species with organic compounds. 

(a) Atom transfer reactions 
Several atom transfer reactions have been studied in detaitg8-‘00~1 Ooa_ As shown in 

eqs. 8 and 9, and in eqn. 10, the overall stoechiometry of the atom transfer reactions is: 

ice” + Rx - RC$r + XCo’u (37) 

though the rate is given by the expression: 

_d[Co”]/dt = 3Ji:[=][C#] (381 

The factor 2 is included in eqn. 38 for convenience to allow for the fact that two molecules 
of the cobalt(II) species are consumed for each rate determining reaction with the alkyl 
halide. Some of the rate coefficients that have been measured are shown in Table 5. They 
refer only to the reaction of five-coordinate cobalt(I1) species after due allowance has been 
made for the proportions of the corresponding four- and six-coordinate species present in 
solution. It is probable that four-coordinate species are also effective atom transfer re- 
agents, but it is unhkely that six-coordinate species, being coordinatively saturated, are 
capable of undergoing such reactions. The latter are, however, effective in some electron 
transfer reactions described below. 

Unfortunately, the character and charge of the several cobalt(I1) species studied SO far 
preclude the use of the same solvent for all the kinetic studies. However, as virtually the 
same rate coefficients are obtained for the reaction of the uncharged bis(dimethylglyox- 
imato)pyridinecobalt(II) radical with benzyl bromide in acetone and in benzene99, it 
would-appear that solvent effects are not dominant in these reactions_ The reaction rate 
is largely determined by the following factors: 

(i) The characier of the equator&l ligands. The order of reactivity is - Co(CN)z’ > 
l Co(dmgH)2py > l Co(salphen)py but variation of the nature of the bidentate oximato 
ligands (e.g., dmgH to dpgH) has little effect. 

(ii) The character of the organic halide.. AS the transition state involves marked radical 
character of the organic group, the rate of reaction is largely determined, for any particu- 
lar cobalt(I1) reagent, by the stability of the incipient organic radical. The reactivity orders 
to Co(CN)$-; Le., CICCI&O; > CICHC!CO; > CICH2CO; (overall rate difference X 103) 
and BrCH& > BrCH2C!H2CO; (X 300) are due to the influence of the carboxylate ion 
group and the or-halogen0 substituents on the stability of the forming radical in the transi- 
tion state. The more reactive the cobaIt(I1) reagent, the less marked should be this influ- 
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TABLES . * . 

Rat& bf reaction= of alkyl halides with cobalt(X) species [Co&B] at 25” 

19 . 

Solvent RHaI Ln B k, ’ 'Ref: 

Benzene 
Benzene 
Benzene 
Benzene 
Benzene 
Benzene 
Benzene 
Benzene 
Acetone 
Acetone 
Acetone 
Acetone 
Acetone 
Acetone 
Acetone 
CH,CI, 

CH,CI, 
CH,& 

CH,G 
CH,G 
CHJI, 
CH,CI, 
CH,CI,. 
CH,Cl, 
CH,Cl, 
CH,Cl, 

pTO,CC,H,CH,B# 

-OZCCHoIb 
-O,CCH,B# 
-c,CCH,CH,B;b 
-O,CCH& 
-O,CCHCl$ 

-o,ccc1,~ 
-O,CCHBrCHBrCO,-b(meso) 
CoHsCH,B@ 
C,H,CH,B# 
C,H,CH,Bti 
C,H,CH,B# 
C,H,CqB# 
C,H,CH, BP ’ 
C,H,CH,B@ 
C,H,CH,BP 
C,H,CH, B&’ 
C,H,CH,B+’ 
C,H,CH,B# 
C,H&H,B# 
C,H,CH,BP 
C,H,CHZBti 
C,H,CH,BP 
p-NCC,H,CH,BP 
p-NCC,H,CH,Ib 
p-O,MC,H,CH,BP 
p-NCC,H,CH,B# 
p-NCC, H,CH,B# 
p-NCC,, H,CH,BP 
p-NCC,H,CH,B# 
p-NCC,H,CH,B# 
,u-O,NC,H,CH,BrC 
p-O,NC,H,CH,CIC 
p-O,NC,H,CH,CI= 

(CN), 
m-0, 
00, 
<CW, 
0% 
(-0, 
(CW 
(‘30, 
khwWz 
Wwi-0, 
WwH), 
(chwJ3, 
(dmgW, 
(dmgH), 
WngH), 
WngH), 
(dmgH), 
(dmgW, 
(dm@), 
(c-hgH), 
(dpgH), 
(MeOdpgH), 
(O,N-dpgH), 
salphen 

salphen 
salphen 
salphen 
salphen 
salphen 
salphen 
salphen 
salphen 
salphen 
salen 

CN- 

CN- 
CN- 
CN- 
CN- 
CN- 
CN- 
CN- 

PY 
WOMe), 

RP~VW, 
PPh, 

p@-MeC,H,), 
I’@-MeOC,H,), 
PBu, 
PMe, 

PY 
nicotinamide 
PPh, 
PPh, 

PY 
PY 
PY 
PY 
PY 
PY 
PhCH, NH, 
PPha 
PPh,Me 
PPhMe, 
PMe, 
imidazoie 
imidazole 
Meimidazole 

9.6x lo-’ 98 
8_9xjo-2. 98 

2.8~ lo-‘- 98 
8x IO-. 98 

c&2x lo-4 98 
1.9x lo+ 98 

4.4x 10-l 98 
78 98 
1.5x 10-l 99 
1.5x 10-l PPa 
9.7x lo-” ,99a 
2.1x lo-2 PPa 
3.4x lo’= PPa 
4.8x lo-’ PPa 
1.6 99a 
7.1 PPa 
1.7x 107’ . 99 
9.5x lo-= 99 
2-4~ IO-’ 99 
2.4x lo-= PPa 
3.7x lo-’ 99 
‘2.7x lo-’ 99 
5.5x 10-2 99 
2.9x 10-s 100 
2.0x 10-l 100 
5.5x lo-’ 100 
8.0x 10-I 100 
2.9x lo-” 100 
3.7x 10-2 100 
4.2x 10-l 100 
9.0x 10-I 100 
4.3x 10-l 23 
2.7x lo-‘ 23 
> 2.4 23 

a Sekond order rate coefficients M- ’ -s- ’ for five coordinate species; additional examples are described 
-in the references. 

’ Atom transfer reactions. 
c Electron transfer reactions. 
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e&e~of_subs,tituents. The trend of reakvity with substituted benzyl bromides (Tables) 
su&ests that some degreelof electron transfer may also be involved in transition state for 
.fheSe atomt+sfers, ie,, [B(dmgH&Cos”... Xs::_ RI*. . . . :“‘. ’ ..- . . 

Or& low yields ar& usu@IIy obtained from the reaction of secondary a&y1 h&des' with 
the per&cyarrocobaltate(II) ion, _ M This is in part due to alternative capability-of ,the.- 

icon: ion to act as hydrogen atom abstractor from organic radi&s (eqn. 39) and in 
part to the ability of the HCo(CN)z- so formed to act as a hydrogen atom donor to or- 
ganic radicals (e@. 40). The latter process may be eliminated by addition of a suitable ’ 
scavenger-for the hydridocob,alt species, in which case olefin is the major product. 

-. . . 

.I R&Me + l Co(W):- - RCH=CH2 + HCo(CN):- (39) 

ReHMe f HCo(CN)z- -RCHzMe f -Cog- (440) 

In some’cases, dimerisstion of the intermediate organic radical may be the predominant 
process, e.g. I 

PhCH=CHCH&l f -Co(CN);- - ClCo(CN)g- + PhCH=CHCHz (441) 
: 

ZPhCH=CHCHa - PhCH=CHCH~ CHaCH=CHPh (42) 

(iii) Z’?ze yrure of the abstractec /dogen. The reactivity order for the transferred atom 
is: RI > RBr > RCl in accord with the increasing carbon-halogen bond dissociation en- 
ergy from RI to RCl. The importance of this change is evident in the fact that the reac- 
tivity difference on’changing the halogen from iodine to chlorine in HalCH&O; is ca: 
lo6 even with the higbly reactive Co(CN)$- species. 

The a&m’+nsfer reactions of the p~ntacy~u~obaltat~I1) and ~o~atocob~t(II) 
species v&h the organic halides are alI characterised by low activation energies (3---10 
kcal/mol) and large entropies of activation (-20 to -36 eu.). The latter have not been 
adequately explained. 

(iv) The zrumre of the axial &gand. The influence of axial bases on.the rate of atom 
transfer reactions can be quite.marked, particularly with phospbine ligands9pa_ Separation 
of steric arid electronic effect&is not easy and the best indication of the influence of elec- 
tromc’ factors comes from the effect of para-substitution of triarylphosphine ligands on 
the reaction rates. The Hammett p value for the reaction of cobalt(H) species containing 
triply para-substituted WaI phosphines is -1.4, indicating that electron donation to the 
cobalt from the ligand assists the reaction, in accordance with the partial electron trans- 
fer described above. 
-. The%&pected correlation between @and b&city and reactivity of the cobalt species 
is; however, markedly distorted by steiic effects, both with pho@horus and with nitrogen 
bask. In general, the more bulky the axial base, the less reactive the cobalt species. 

Thci reactions of viti@raI dihalides ‘* follow the same mechanism except in so .far as the 
intermediate P_haloethyl~ or &halovinyl-cobalt(lH) intermediates are unstable. Thus, . . .. 
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m+o-u&iibromosuccinate ion reacts with the pentacyanocobaltat@) ion at’a rate only 
slightly greater than that for the cu-bromoacetate ion, but the first formed organometallic 
product, believed to be or-[(NC)sC~]~-$b romosuccinate (III), is unstable and decomposes 
by an independent first order process to BrCo(CN),3- and fumarate ion. 

-02ccHBrcHBrc0~ + ZCo(cNg (_ BrCo(CN)z- + -OAXXIBrCH(CO~)Co(CN~~ 
(III) .(43) 

-O,CCHBrCH(CO;)Co(CN))3- - BrCo(CN)$- + - Q#ZCH=CHCO; (44) 

If the reactions with Co(CN)g-are carried out in the presence of hydrogen, significant 
reduction of alkyl halides to the corresponding alkanes takes place, due largely to the hy- 
drogen atom transfer to the organic radical, as shown in eqn. 40. 

(b) Electron transfer reactions 
The electron transfer mechanism, shown in eqns. 14-16, has only been observed in a 

few cases23. The prime req uirements seem to be an appropriate organic electron acceptor, 
such as a nitrobenzyl halide which, after receiving the electron, will rapidly decompose to 
yield an organic radical, and a six-coordinate cob&(@ species. As the rate determining 
step is the electron transfer process (eqn. 14), the rate of disappearance of the cobalt(U) 
species, which can be determined spectrophotometrically, is usually given by the equation: 

-d[Co”]/dt = 2k [Con] [L] [RX] (45) 

provided the unreactive five coordinate cobalt(H) species is present in large excess over 
the reactive six-coordinate species, as is usual with such cobalt(I1) species. In eqn. 45, L is 
the ligand required to complete the sixth coordination site, and RX is the organic substrate. 
The factor 2 is to accommodate the fact that two molecules of cobalt(I1) are consumed 
for each rate-determining reaction with RX. Though a six-coordinate complex is required 
to effect the electron transfer, the capture of the organic radical in eqn. 16 requires a five- 
coordinate cobalt(I1) species. Since the latter is generally the predominant species in solu- 
tion, no build up of the organic radical usually takes place. However, in those cases where the 
five-coordinate species is not in large excess, not only do the kinetics deviate from the rate 
law shown in eqn. 45, but the build up of organic radicals may be sufficient for significant 
dimerisation to take place. 

An interesting feature of these reactions is that not all monodentate ligands are suitable 
for the formation of six-coordinate complexes which can undergo the electron transfer. 
So far, imidazole, 1-methylimidazole, and benzylamine have been found to be effective. 
In contrast to the results for atom transfer reactions, the rate coefficients for the electron 
transfer reactions, shown in Table 5, are insensitive to the nature of the departing halide 
ion. 
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As expected~from~the redoxpotentiais, the cobalt(I)spec are generally_more reati- ’ 
-‘tive than the cobah species. The most ‘reactive cobalt(I) species studied so fariis the j ,- 
pentacyanocobaltate()‘ion [Co(CN)z-] which is so reactive and basic that it has a haif 
life:of only ca: lo-’ see in water 42; and. reacts with quinone at. about the enc&.tnter~ratefi8; 
It_ forms. the e&lent hydride HCo(CN)z- the reactions of which are described above and 
discussed more fully below. .. 

Co(CN);-.+ HzO- HCo(CN)$- + OH- (46) .-.. 

However, the majority of cobalt(I) species are markedly less reactive-and less basic than 
the pentacyanocobalt&e(I) ion. Little is known about the acid dissociation constants of 
many of the hydrido species (eqn. 47), but it is apparent4’*43V44 that several of the species 
with which we are concerned have.pKa’s in the region 7-12. 

CO’&B~-- +H,O& HCO~LB(~-~)- +OH- (47) 

(a) Displacement reactions 
‘The cobalt(I) species are more reactive towards alkyl halides than are the correspond- 

‘ing cobalt@) species, as shown by a comparison of the rate coefficients in Tables 5 and 6. 
The reactions have the l/l stoechiometry shown in eqns. 21-26, and the rate lawxo’ is 
as shown in eqn. 48. 

-d[Co’]/dt = kt [Co’] [RX] (48) 

Seleeted~valueslo’ of the second order rate coefficients k2 are shown in Table 6. As 
both four and five coordinate cobalt(I) species are present in the reagent solutions and may 
have different reactivities, the observed value of kt depends upon (1) the rate of associa- 
tion of the fifth ligand, (2) the relative rate coefficients associated with the four* and-five 
coordinate species, and (3) the concentration of added ligands in solution. Two exemple~*“’ 
illustrate the effects that may be observed_ First, in the reaction between ethyl bromide 
and the bis(dimethylglyoximato)pyridinecobaltate(I) ion in methanolic solution, the esta- 
blishment of the four-five coordinate equilibrium is rapid and the observed rate coeffi- 
cient is a linear combination of the rate coeffidients of the four and five coordinate species. 
Secondly; in the read&n of ethyl bromide with the bis(dimethylglyoximato)aquocobal- 
tate(I) ion in the presence of 0.5 mole Bu3P, the rate plots shows two distinct but over- 
&pi&stages; an initial stage in which the solvated four coordinate .cobah(I) species is the 

-* The terms ‘four tiordikate complex’ when used in connection with the cobalt(I) species, and ‘five 
.... coordinate com&ex’ when used in connection with the organocobalt(II1) species, include true four 

‘and.fiv@ coordinate complexes, respectively, and those in which a solvent molecule may occupy the 
: fifth and sixth site, respectively. 
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TABLE6 

Second order rate coefficients! for the reaction of cobalt(I) species with organic halides in methanolic 
solution containing O.lM NaOH 

Substrate Temperature Cobalt(I) species k2 Ref. 

MeCl 

MeBr 
Mel 
EtBr 
n-PrBr 
i-PrBr 
i-BuBr 
-0,CCHsBr 
PhCH ,CI 
PhCH,Br 
Ph,CHCI 
EtBr 
n-PrCl 
n-PrCl 
n-PrC1 
n-PrCl 

n-PrCI 
n-PrCl 

n-PrCI 
n-PrCl 
n-PrCl 
n-PrCl 
n-PrC1 

MeCl 
MeCl 
McBr 
Me1 
i-PrBr 

ambP [Co(dmgH),PBu,]- 8.5x 10-l 
25.0 [Co(dmgH),PBu 1 I - 2.-2x 10’ 
25 .o [Co(dmgH),PBu,]- 25x 103 . 
amb. [Co(dmgH),PBu,]- 1.6 
amb. ]Co(dm%i),PBu, I - 1.5 
amb. [Co(dmgH),PBu, ]- 1.1x 10-l 
amb. [Co(dmgH),PBu,]- 2.8x 10-l 
amb. [Co(dmgH),PBu,]- 3.4 
25.0 [Co(dmgH),PBu, I- 4.4x 10’ 
25.0 [Co(dmgH),PBu,]- 1.9x IO4 

amb. ]Co(dmgH),PBu,]- 1.0 
25.0 ]Co(dmgH),aql- 10 
25.0 [Co(dmgH),aq]- 7.4x 10-x 
25.0 ]Co(dpgH),aq]- 6.6x 10-a 
25.0 [Co(c-hgH),aq]- 5.7x 10-Z 
75.0 [Co(c-pgH),aq] - 3.0x lo-” 
25.0 Co(dotnH)aq 4.4x 1o-3 
25.0 Co(doenH)aq 1.2x 10-Z 
25.0 Co(doenH)py 1.3x lo-’ 
25.0 Co(doenH)SMe, 55x 10-S 
25.0 Co(doenH)PBu, 2.7x lo+ 
25.0 Co(salen)- 1.2 
25.0 Cobinamide(1) 3.5x lo-z 
25.0 [Co(dmgBFz),aql- 8.4x 10~~ 
amb. B 13s 5-3 
25.0 B LZS 1.6x lo3 
25.0 B 12s 3.4x 10’ 
25.0 B 12s 1.8 

101 
101 
101 
101 
101 
101 
101 
101 
101 
101 
101 
101 
101 
101 
101 
101 
101 
101 
101 
101 
101 
101 
101 
101 

66 
66 
66 

101 

Q Further examples are shown in refs. 66 and 10 1. 
IJ 25 + 2”_ 

more effective reagent (k2 = 10 M-’ es-‘) and a final stage in which the less reactive five 
coordinate phosphine complex is the effective reagent (kl = 2M-’ -s-’ ). The values of 
k2 shown in the first part of Table 6 are therefore those for the five coordinate-phosphine 
complexes, in order to limit any ambiguity. 

Infuence of axial bases. The influence of axial bases on the rate is dependentupon the 
nature of the equatorial l&and. In most cases the effect is small. For example, the reac- 
tivities of the various bis(climethylglyoximato)cobalt(I) ions vary by a factor of less than 
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,. 50;~phos@ines and isocyanidek cause the largest rate reductions. Ho&ever, of several equa- 
‘torial ligands that have;been studied *Oi the results for the Co(doxnHj species (x=e jar t) , 
appear td be anomalous, because the influence of a&l bases is very large indeed. F&ex-. 
ample;& change from the neutral solvated cobalt(I) species Co(doenH)OHs to the species 
Co(doepH)py;-Co(ddenH)SMe2, and Co(doenfijPBu3 is accompanied by a decrease in-re- 
activity by fact&s of. IO’, 2 X lo*, and 4 X 10s respectively_ Such a dramatic change-is 
surprisin&even in view of the fact that these particular nucleophiles are neutral and may 
allow a greater interaction between the axial base and the metal orbitals. A more detailed. 
examination of this question would be of interest. 

Infience of eqz+totil ligands. The equatorial ligands have a large effect on reactivity. 
Of those studied so far, for any particular axial base, the most nucleophilic cobalt(I) 
species is the Co(salen)- ionand&e least reactive is the Co(dmgBF*h_ ion; ?he reactivity 
difference being approximately four powers of ten. The lower reactivity of the Co(dotnH) 
species has also been noted6* with respect to problems in the preparation of the alkyl 
derivatives other than methyl. The nucleophilic reactivities have been related to the loga- 
rithmic scale of nucleophilicities derived by Pearson.“‘, which is defmed as follows: 

n = log[k/k,] (49) 

where n is the nucleophilicity factor, k is the second order rate coefficient for the reaction 
of that nucleophile with methyl iodide in methanol, and k. is the corresponding rate coef- 
ficient for the reaction of methanol with methyl iodide. The values of n for many other 
nucleophiles, e.g., OMe- (6.3), CN- (6.7), I- (7.4), PhS-(9.9), etc., are much lower than 
those for the cobalt(I) complexes, e.g.. Co(salen)aq- (15.6)‘03, (14.6)xo4, Co(dmgH)2aq- 
(14.3)“‘, Co(dmgBF2)laq- (12.2)“‘. and vitamin B,,, (14_4)66_ 

Influence of the organic substrate. The nucleophilic character of the reaction with alkyl 
halides is also apparent from the variation of the rates of reaction with different organic 
halides’“‘. The order of reactivity: PhCH2 > CH3 > Et > n-Bu - n-Pr > iso-Pr > neopentyl 
is found with the bis(dimethylglyoximato)cobalt(I) ions, with vitamin BlzS and conven- 
tional nucleophiles such as methoxide ion. The order”‘: cyclopentyl - cyclobutyl > 
cyclchexyl > cyclopropyl is also found with the bis(dimethylglyoximato)cobalt(I) ions 
and with conventional nucleophiles. It would be surprising if other plausible mechanisms 
were to follow the above orders of reactivity so closely_ 

Some difficulties have been encountered in the preparative reactions of secondary hal- 
ides, particularly with the cobalamins. Rate measurements indicate that the reactions with 
secondary halides take place less readily than with primary halides, and preparative reac- 
tions with the former fail in a number of cases. For example, much difficulty has been ex- 
perienced in the preparation of cyclohexylcobalamin65~‘0send these have been overcome 
by some workers by a prior quatemisation of the axial benzimidazole ligand. It is suggested 
that the corrinoid ring is distorted upwards by the coordinated benzimidazole ligand, and 
that this causes steric hindrance both to reaction with the cyclohexyl halide’?5 and in the 
final product32~‘05* ‘06. R emoval of the benzimidazole by quaternisation (eqn. 50) allows 
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the corrinoid ring to attain planarity and thereby to reduce steric hindrance during and 
after reaction. Indeed, it has been observed that cyclohexylcobakmin does not complex 
significantly in solution with the be nzimidazole l&and or with cyanide ion. 

Though cobalt(I) species react with tertiary allcyl halides, no simple tertiary allcylco- 
balt(II1) complexes have been isolated4** lo’. 

Stereochemistry of the reaction at saturated carbon. The sterochemical studies have 
been restricted to consideration of reactions of the bis(dimethylglyoximato)cobalt(I) 
species. Ah the available evidence indicates that the displacement of halide ion from satu- 
rated carbon involves inversion of configuration at the &-carbon. Thus, the.reaction of 
cis- and trans-l $-dibromocyclohexanes with the bis(dimetbylglyoximato)pyridinecobalt(I) 
ion gives trans- and cis-(4-bromocyclohexyl)bis(dimethylglyoximato)pyri~ecobalt(III), 
respectively”‘. 

“nBr + [Co(dmgH),PY]- - 

+ [Co(dmgH@‘]- - 
Co(dmgH12pY f Br-(52) 

Similar inversion of configuration &as demonstrated in the reactions of bis(dimethyl- 
glyoximato)pyridinecobalt(I) ion with cyclohexene oxide, trans-1-bromo-Z-metboxycy- 
clohexane, and the mono p-toluenesulphonates of cis- and trans-l$-dibydroxycyclohexane. 
The postulate of inversion of configuration in the formation of (+)-set-octylcobaloxime 
( [culD +50”) from (-)-see-octylbromide ( [arID -29”) was assumed’** following the work 
on the cyclohexyl systems, and, as subsequent reactions of cyclohexyl- and sec-octyl- 
cobaloximes also parallel one another there seems no reason to doubt this assumption. Op- 
tically active set-butylcobaloxime log has also been prepared from partially resolved sec- 
butyl alcohol via the tosylate, but optical activity could not be determined and was in- 
ferred from further reactions which produce optically active materials_ Some loss of ac- 
tivity of the see-butylcobaloxime is believed to occur in the presence of an excess of the 
bis(dimethylglyoximato)pyridinecobalt(I) ion’0g (cf.. p_ 60-61). 

In the reaction with allylic halides, both SN2 and $2 mechanisms may occur73. How- 
ever, unlike the reactions of the same halides with conventional nucleophiles, the prefer- 

* The symbolism used inthis equation represents the cobalamin and related ligands similar to those 
shown in Table 2 and in I. 
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ence-of-the-cobaltiI)‘~u.~~~phile for primarj ctibon seems suffkiently~pronounced that :... 
.zonIy~one-of the two possible isomeis is k_raIl~ obtained-from bbtb i-y- a& jf-substituted. ... 
; &rl h&de-$, &_ : .-: -: -: :‘ : -‘. : : ._’ _. 

.CCo(d~&)*pyl_ .T MeCH%HCH2C1 
.I 
7 MeCH:CHCH2Co(dmgH)apy -t Cl- ’ (53) 

.- [Co(dr&I)~py] - + CH+HCHClMe 
: 

(b) k&&m with olefns 
Certain substihred oleflns react very rapidly with cobalt(I) species in methanol at 

pH --IO sQ*r lo_ The reaction is characterised by an immediate change in the ultraviolet 
$ectrum, but no alkylcobalt(Ii1) complex is apparently formed at this stage of the reac- 
tion’ lo _ In most casesthe olefin may be slowly regenerated by the addition of electrophi- 
lit reagents that are-more reactive towards the cobalt(I) than is the olefin. From the in- 
fluence of.olefin concentration on the rate of reaction between cobalt(I) species and alkyl 
halides, and from spectral changes in solution, it has been deduced that the olefin forms 
a &-complex directly with the cobalt(I) species. However, it is surprising that, whilst most 
olefms reduce the’reactivity of the cobalt(i) species towards alkyl halides, the species 
[Co(dmgBF2), py] - is apparently less reactive than its complex with acrylonitrile towards 
methyl iodide and towards benzyl chloride”O. 

(pH 10) CH2=CHX 
(CoI) + CH2=CHX+---& 

(Iv) (54) 

(C& 

The olefin may also be displaced by the addition of a more strongly coordinating 
l&and, such as an &cyanide, but on standing the rr-complex (IV) slowly rearranges to the 
P-substituted ethylcobalt(II1) complex, with the uptake of a proton from the solvent. 

CH25= slow 
-.- 4 - XCHiCHzCoW (X = CN, C02R, etc.) (55) 

(Co’) .;.pH’= 

(IV) 

The kinetics of the reaction of vinyl halides with cobalt(I) species have not been studied 
in detail, but it is apparent that the overall rate of displacement of halide ion is much 
slower than that from alkyl halides’ r ’ _ For example; the displacement of bromide ion 
from ~$~cmostyrenes by methoxide ion is very difficult to achieve’ “_ It requires the : 
‘presence_ of an activating group, such as a p-nitro group in the aromatic ring, and also the 
use ofelevated temperatures, e.g. 100”. In contrast, bromide ion is displaced from /I-bromo- 
stirerie by’the~bi$dirnethyIgl~oxirnato)pyridinecobaltate(I) ion in a few. hours at 40~~‘*~*. 
Surprisingly even vinyl chloride undergoes fairly ready displacement of chloride ion by 
the bis(d~ethylgl4;ox~t~)~~~d~~c~baltateii) ion at 40”. 
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--$I@ electron.t~fe;-~~~tior;ls.~f-,cobalt(I) speles with orgarlicbalides or olefins have 

: yet’bekn’reported;.~~ev, inview of the ready electron transfer from:eobaIt(II) species; 
described-above, it seems: re&nabIe that &es .wiII be reported in the future. Indeed, the 
first cases’may involve the r&&m of Co(acaCen)- and Co(saIen)- w&h the trimethy&-’ - 
hi& ions*? The latter, surprisingIy; gives phenyiCo(saIen) rather than the expected . . . 
&&ylc0(si&~j_ -:. . . ~.‘_ ‘. 

.(I..) Reactions of hydnmdo&balr species 

The main evidence for the intermediacy of covalent cobalt hydrides in these reactions 
comes from the marked changes in product character on changing from alkaline to neu- 
tral or acidic solutionss4’ , and from a comparison v$h the reactions of a well defined 
hydridopenta~yanocobaltate(II1) ions’ . Thus, only o-substituted ethyIcobalt(II1) com- 
peunds are formed 3g* r l4 from the reaction of the covalent hydride with mono substituted 
olefins, whereasonly &substituted ethylcobalt(II1) compounds are formed from the simi- 
Iar reaction of the cobalt(I) species in miIdIy alkaline sohrtion. 

HCo(dmgH)zpy. + CH2=CHX- MeCHXCo(dmgH),py (58) 

Moreover, whereas Br ss does not react with simple olefins such as ethylene, hydridoco- 
balamin rea&vvith ethylene to form ethylcobaIamin4’. 

The reactions of the hydridopentacyanocobaltate(II1) ion have been studied in the most 
detai11r5. Thus, the reaction with olefins has the stoechiometry shown in eqn. 58, and obeys 
the rate Iaw115 shown in eqn. 59: 

-d[CoH]dt = kz[CoH] [olefin] 09) 

The second order rate coefficients, which are shown in Table 7, show rather perplexing 
trends, which are indicative of slight electrophilic rather than nucleophilic attack on the 
sub&ate: For example, the reaction is accelerated by the replacement of a carboxyl by 
either a cyan0 or a methyl group. The most likely mechanism’ l5 appears to involve the 
attack of the.hydrogen atom on the terminal methylene group with the synchronous de- 
velopment of partial radical character on the cobalt atoni and on the adjacent carbon 
atom, i:e.: -- 

.- (:H&X + HCo(CN);- - H3C~HXCo(CN)~- (60) 
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TABLE7 ... L. . . .. 
. . 

Rates of reaction of hydridopentacyanocobaltate(IIi) ion with &&s in SO%aq methandll IS 

Olefin . Jha 

CH,=CHCO; 
CH,=CHCO,H 
CH,=CHCN 
CH,=CHpy 
CH,=CH pyH + 

CH,%HPh 
CH,=CMeCN 
Butadiene 

Isoprene 

a M-‘-s-’ at 25”. 
’ See also ref. 120. 
c Ref 116. 

-. 
1.5 2.0.5 3 10-9 
2.0 f CL5 x 10-Z 
1.8 -’ 0.2 X 10-l 
1.0 f 0.1 
4.7 f 0.5 x lo2 
1.1 + 0.5 
40 + 1.0 
1.6 * 0.2 

(7.4 * l.O)C 
2.5 +_ 0.6 

‘. ’ 

The predominance of the direction of addition to vinyl pyridine”* ’ l4 and to sevkral 
other substituted olefins” has been demonstrated by examikation of the deuterium-con- 
tent of the reduction product (e.g.;ethyl pyridine)-formed du&g the decomposition of 
the adduct (e.g., ar-pyridylethylpentacyanocobaltate(II1) ion) in DzO. 

D,O 
pyCHMeCo(CN)~- w 

DCoKN): 
PYCH(CH,D,-,$o(CN);-- PYCHDCH,D+, (61) 

Such reductions of intermediate alkylc6balt(III) species are believed to be involved iri 
the crucial stages of the extensively studied cobalt-ca+lysed hydrogenation of many mono- 
and poly-olefins, which h& been well .reviewed” _ Ainong the intern&Sates that have been 
identified”6, +Lhe initially formed l,Z-adduct of butadiene with the: hydridoperitacyano- 
cobaltate(II1) ion, rearranges to the more stable I&addu& (k, = 4.0 X lo-’ * s-’ at 25”). 
probably via a ~allyl complex”‘. The 1,4-adkluct has also been obtained from btitadiene 
and from isoprene and hydridobis(di~ethj&lyoximato)p~ridi&ecobalt(III)’ 18- ‘lg. 

CH2=CHCH=CH2 + HCo(CN):-+ CH&I-ICH(Me)Co(CN)~-+ MeCH=CHCH,Co(CN)$- 

(62) 

(b) Aaaitgn to acetylmes 
Oqly the cu-styjlcobalt(II1) complexls obtained from the reaction between phenyla- 

cetylene and hydridobis(dimeth~lglyoxim&o)pyrid~~cobalt(~I1)38*6g~ or.the hydedbpen- 
tac&nocdbalt+e(III) ions1 in neutral or acidic solution. The reaction of phenylacetylene 
kith DCo(dm@I&py, prepared by reduction of cobalt(I1) aid qobalt(III) com$exes with 
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d&a-i& kd BD,,:respecti~~ly,,shows that thiS; is a~stereospecific ci&additi& &the 

The latter reaction also illustrates the relatively slow rate of proton exchange between 
the metal hydride and the protic solvent under approximately neutral conditions. 

PHYSICAL PROPERTIES 

The nature of the carbon-cobalt bond has been of interest since the discovery of the 
structure of the coenzyme. The discussion of carbon-metal bonds before that time was 
largely confined to reasons for their instability; since then to understanding their stability 
and the fe&ors which control it. Unfortunately, some of the arguments about stability 
have been based OR an inability to prepare certain compounds, which later prove to be 
stabfe.when prepared by other methods. 

Since there are few thermodynamic data available about the carbon-cobalt bond, ar- 
gumentsabout the bond character have relied on X-ray crystallographic data, ultraviolet 
and infrared spectroscopic measuremerits, and upon the observations that homolysis of 
the alkylcobalt compounds usually requires relatively high temperatures (e.g. & 2W for 
simpIe &yI cobaloximes), 

-Approaches to.tbe estimation of the bond character have largeiy reiied on consideration 
of the chan&s.in orbital energies on the formation of the bond between ad’ cobalt(II) 
spetiies-and the or&& radical. In a simplified version of this approach”’ ‘, the d-orbital 
arrangement of the 67. cobalt system has been considered to be intermediate between that 
for the d8 system, m which the E& orbital is believed to be appreciably higher in energy 
than the dzz, and the d6 system in &rich the C& orbital is of higher energy than the dxy 
orbital. As the bond. formation involves the pairing of the C+ orbital with the 
carbon orbital, the stability of that bond will depend upon the ielative energies 
of these two orbitals and upori the relative energies of the c$_ and dzz orbitals; 
ix, if the dxy orbital is the higher-in energy, then the promotion of an electron to that or- 
bital from. the dzz orbital is necessary and the ,energy required for this must bemore than 
offset by -the p&i&g of the t+vo betiding orbit& As the relative energies of the &G and 
dzz o&itals ark ktsitive to-the nature of the equatorial ligand in tkd’ configuration, so’ 
the-ch$&ter of-the krborkobahbond is dependent upon thok ligands. The magnitude 
oftheae~,u&&inties therefore makes prediction about bond character extremely unreli&Ie_ 
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Busch has discussed the stability of organocobalt compounds in somewhat more prac- 
tical termsa8, and has attempted to correlate the crystal field parameters of the dichloro- 
cobalt cations ClaCo(chelate)’ with the ability of the complexes to lead to stable cobalt 
alkyls. The suggestion that the relatively high parameters 04 and Dt for the complexes 
ClaCo(tim)’ and Cl&o&r)+, which are known to form stable alkyl derivatives, compared 
with those for other dichloro complexes, which have not so far led to the formation of 
stable alkyl derivatives, may well prove a useful guide for consideration of new cyclic 
ligand systems. 

More complete molecular orbital descriptions have been attempted, based on HMO and 
modified Wolf-Helmholtz MO calculations of the cobalamin65*’ a2 and cobaloxime65 series. 
These results indicate that the metal atom of the cobalamins has a slightly smaller partial 
positive charge than that of the cobaloximes; otherwise cobalarnins and cobaloximes are 
strikingly similar. The relationship between these calculations and the observed electronic 
spectra has been discussed_ 

(II) Electronic spectra 

The complex structure of the organocobalt(II1) compounds usually results in complex 
electronic spectra, the main bands of which are difficult to resolve. The spectra of the co- 
balarnins and cobinarnides have been of interest since the early observations of the ready 
photolysis of the coenzyme and the characteristic shift from red to yellow on acidification. 
Consequently, these and the cobaloximes have been studied in the most detail. 

The spectra of the cobalamins are dominated by transitions associated with the corrin 
ring65. Such rr-transitions in the region 450-55Onm have been designated cy and, where 
vibrational fine structure is evident, this has been designated p. The intense transitions be- 
tween 350 and 400nm are designated y, and other bands have been designated D and 
Erz2 a. The assignment of these transitions is not without ambiguity, but it is apparent 
that bands associated with the Co-C charge transfer are weak and largely obscured by the 
other bands. 

In the electronic spectra of the alkylcobaloximes, the equatorial ligand transitions oc- 
cur at much lower waveIengths, in a region where they may be indistinguishable from 
those of the axial base ligand. However, the intense bands in the region 400-SOOnm are 
probably due to d-d transitions62 though they have also been ascribed to a charge transfer 
absorption involving promotion of an electron from the highest filled a-bonding orbital 
to the corresponding a-antibonding orbita165. 

This transition is shifted to higher energy when the o-carbon becomes more electrone- 
gative (i.e., greater s-character) and with increasing a-donor character of the axial base or 
of the equatorial ligands 65. Some examples of the shifts observed are shown in Table 8. 

Similar shifts to higher wavelengths are also observed with the several bands of the co- 
balarnins and cobinamides, as the axial base is changed along the nephelauxetic series’ 24 _ 
The circular dicmoism of the cobalamins has also been investigated’22a*125. 
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ki&~t&~~t_~t~~~~ f& ?:ipqocobali(JIl) comp&&ds -. :_ ,_. : ,_ -1.z.y : ~ -‘: I: ..‘, ;, : _I_ _ ; 
. . . R; .:.. ,:i;.$_;__ ;- ‘~:..._B~~‘.~~. -;-., ,- .i&inrnp .:Io”J&t, :._ sd,v~~i;.,~: -‘&-.,- 

,,j;-. _‘; Q&,&),_‘: ._:: ;‘,a~.- :’ ‘:;: -448. .:- lk3- -’ ,aqMeOH 1. .Qs 

..?%i' . . . _, &El); _- .: .: py .- : 405 ., 1.27 : ~...aq MeOH -. r;s’- 
Me’ _-. (dpgH), : ai 475 -2.1 aq MeOH :. .-- 65 
Mel-.. :.... doenH .,, aq ,, .454 ; 2.i. aq MeOH 6.5 
Me.:’ . .:_ :+-hi =I- :’ 428 .2.i. aq MeOH . .65. 
Me +P -. .’ aq ._ __ 48.5. _. 0.98-.. MeOHoraq ’ 62 : 
Et- :-. d0-H : .’ =q 463 0.56 aq M&H 65 
-Me : (dmgbz ” .PY : 438 1.48 aq MeOH 65 : 440 l-i5 MeOH 62 
Me . . .’ w&e, PY 440 1.2 aq MeOH 65 
Me -: cr PY 502 1.12 MeOH or aq 62 
Me safen PY 490= 2.34 EiOH/py 183 -- 
Ph den PY 483C 2.04 EtoWpY 183 
Ph acacen PY .‘, 490 0.52 EtOHlpY 183 

‘Ph . . ‘. (dmgH), PY 419 1.3 aq MeOH 65. 
Et kdtigH1, PY 452 1.35 MeOH 62 
Et. .’ acacen PY 5 497 0.56 EtOHlpy 183 
Pr acken py. 505 0.58 ” EtOH/py : 34 
VinYI. acacen PY 48.5 0.58 EtWpY 34 
Me cl Br- 490 1.05 MeOH 6i 
hle . . fdm& 2-picoline 450 2.07 aq MeOH 65 
Me ,(dmgHj, benzimidazole 425 1.2 aq MeOH 65 
hfe a&i), imidazole 410 1.95 aq MeOH 65 
hfe. GfmgH), CNC,H, f 425 0.32 aq MeOH 65 
hfe (dmgHf, :. Ph,P 446 1.37 
hfe 

aq MeOH 65 
_, (dmG-0, Ph, AS 446 0.82 aq MeOH 65 

ale (dmgH), Ph,Sb 447 2.48 aq MeOH 65 
hfe . . Cdmgf-0, ‘. NH, 412 1.08 aq MeOH 6.5 

.hfe 1 ., <dmgH), N; 435 1.3. aq 123 
hfe --- CdmSW, _ ‘~CN- 42OC 0.24 aq 123 
CP, : idm#i)~ PY .',. 335 2.3 aq MeOH 65 
PhCkC <dmgH), PY 370 0.95 aq MeOH 65 
4-hfeg,H, (dmdi), PY 424 i.3 -aq MeOH 6.5 ., 

a Other values h refer&c&. O&the lowest energy band is quoted. 
’ May be inffuenced by dissociation in solution. 
c Shoulder. - 
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The spectra of some aIkjrlpentacyanocsbaItateOII) species show’strong charge trans- 
fer bands, &rtictkar with the 2-; 3-, and ~~pyridiniomethylpentacyanocobaltates and with 

‘the cY;(2-pyridinio)ethylpentacyanocobaltate ion, which have intense maxima at 326Snm 
(log E 4.3), 292.5 (4.2), 326 (4.3), and 34Onm (4.3), r&pectivel~5~1 14_ 

Infrared spectra have provided further insight into the cis- and trots-influences of equa- 
torial and axial ligands on one another. The most detailed studies have been carried out on 
the axial cyanide stretching frequencies of derivatives of the alkylcobalamins’ 26, alkylco- 
baloximes’23. and the alkylpentacyanocobaltates 1g*g8. Unfortunately, not all the measure- 
ments have been carried out in solution, because of problems of stability. Nevertheless, 
the correlations between the different sets of results are reasonable. 

A selection of the measured frequencies, shown in Table 9, shows the decrease in fre- 
quency of the terminal axial cyanide as the o-carbon of the organic group becomes more 
electronegative, Le. CN > RCFC > RCH=CH > 5’deoxyadenosyl> methyl > n-alkyl and, 
for equatorial l&and variation; (dmgJ&. > (CN)4 > cobalamin. A similar variation with 
the change of alkyl group, though in the same direction, is evident in the stretching fre- 
quencies of the bridged cyanide ligand in compounds of the type [RCo(dmgH)* CNCo- 
(dmgH)sMel- lz3. A selection of these values are included in Table 9. 
J Attempts have been made to correlate these cyanide stretching frequencies with other 

physical parameters;such as the ultraviolet spectra, dissociation constants’26, and NMR 
chemical shifts. These have been summarised’27. 

(continued OH p_ 36) 

TABLE 9 

Bridged and terminal axial cyanide stretching frequenciesa of.organocobalt(III) complexes 

R Rcob&mtnCNb RCo(CiV):-= RCO(~W~~CN~ fRCo(dmgH) &NCo- 
(dmgH)2Me/-e 

CN 2119 2134 2130 2170(2134f 
PhC=C 2130 2167 
H&C 2110 
H,C=CH 2093 2118 2153 
5’-Deoxyadenosyl 2091 
PhCH, 2093 2112 2148 
Me 2088 2094 2112 2145 
Et 2082 2094 
n-Octyl. 2109 2145 

o In cm-’ _ 
b KC1 discs. 
c Nujol mull. 
dInCHCI,,* 1 cmmi_ 
e In CHCI, , 2.2 cm-’ . 
f Terminal cyanide. 
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: Other &ids whi& have been studied in some detail, include v(C-Co’), v(C=y’), 
y(co__w), @_o’j74,118,128;1~_ s ome of the problems of correlation of such .dataare 
evident on a comparison of the various sets of data from different workers, using different 
media. The frequencies .v(Co-CH,) and v(Co-CDs) have been compared’*’ and the .. 
changes in axial Y(CAO) and v(N=CR) from those of the free ligands has been ascribed to 
the presence of some n-bonding with the metalr3’ _ 

(IV) Nuclem magnetic resonance spectra 

The organocobalt(II1) compounds are diamagnetic and hence much information about 
their structure, intramolecular-interactions, and reactions, has come from studies of their 
NMR spectra_ In view of the many results that have been reported, this section merely 
outlines some of the main features of interest. 

IQ) Roton magnetic resonance spectra 
(i) 17re organic groups. The chemical shifts of the organic group are dependent upon a 

number of factors, including the electronic effects of the equatorial and axial ligands. For 
example, small variations in the methyl resonance of the methyl cobaloximes’ 18*‘23**30 
(up to lppm; Table 10) are brought about by changes in the axial base component_ How- 
ever, much larger changes in the chemical shift may be brought about by changing the 
equatorial ligand, particularly where that ligand has an induced ring current. This is ap- 
parent on comparison of the chemical shifts of the methyl group in the methylbis(di- 
methylglyoximato)cobalt(II1) complexes (ca. T 9), in which there is no equatorial ring cur- 
rent, with those of the methyl group in the corresponding methylcobalt(aetioporphyrin) 
complex (~15.15 in CDCIs)” and the methylcobalt(tetrasulphonatophthalocyanine) 
complex (716.1 in D20)63. The very much larger chemical shifts in the latter complexes 
are due almost entirely to diamagnetic shielding caused by the equatorial ring currents. 
Such ring currents also have a marked effect on the chemical shifts of protons more remote 
than the a-carbon; for example, the (Y-, p-, r-, and b-protons of the n-butyl group of the 
nBuCo(aetpor) compIexg* have chemical shifts 714.3, 15.3, 11.61 and 11.0, respectively, 
which are far higher than would normally be expected for the n-butyl group attached to 
the metal. A similar, but less marked effect is apparent in the allcylcobalamins and cobin- 
amides*31_ 

Electronic effects of the equatorial and axial ligands also influence the chemical shift 
of the organic group. Thus, when the effective charge on~methylbis(dimethylglyoxImato)- 
aquocobalt(II1) is progressively increased by mono- and diiprotonation in aqueous sul- 
phuric acid, the chemical shifts of the methyl protons of both the organic goup and the 
equatorial ligands are moved successively dotinfield (eqn. 64)13*. The very large shifts of 
the axial methyl group resonance hidicates,that-the protonation probably does have a 
sizeable effect on the charge on$he central metal atom. Though there is no direct corre- 
lation between &&chemical shif$Gf the do-methyl with the pK of the axial base, the difr 
ference between r(CH2) and 7(CH3) (A(CH2CH3)) for ethylcobaloximes does decrease -_ 
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with increasing basicity of the axial base’32a. 

37 

M;Co(dm 
?H 

9.24 7.76 

[MeCo(dmgH2)2aq]2+ (64) 

7.;9 7.& 

Where other magnetic nuclei are present in the alkylcobalt(II1) complexes, structural in- 
formation may also be obtained from the heteronuclear coupling constants. Thus, long 
range P-H coupling constants have been observed between axial phosphine ligands and 
protons of both the organic group and the equatorial ligands’33 -135. Studies of such 
coupling have been of value in the determination of the stereochemistry of substituted 
vinylcobaloximes6’. 

Information about dynamic processes has also been obtained from the variations in 
proton NMR spectra with temperature and with added &and concentration136T’37. The 
observation of a single proton resonance for the organic group of (Y, &dicyanoethylco- 
baloxime at room temperature and of a multiple resonance at low temperatures has been 
ascribed to changes in the rate of the equilibration’ lo- 13’: 

N&H a~H(CN)Co(dmgI-I)l py + py(dmgH)1C08H(CN)EH2CN (65) 

(ii) The equatorial &and. Similar effects are evident in the proton resonances of equa- 
torial ligands. The chemical shifts of the methyl resonances of the dimethylglyoximato 
ligands in alkylcobaloximes are susceptible to the nature of the two axial ligands’ “. For 
a series of axial triphenylphosphine complexes, the variation of the ligand methyl reso- 
nances is an approximately linear function of the up value of the other axial ligands which 
includes some alkyl ligands. Similarly, the very small changes in the methine proton reso- 
nances of the equatorial ligand in p-substituted arylCo(acacen) complexes have been as- 
crlbedr3’ to the electronic effect of the p-substituent. 

Where either of the axial ligands is asymmetric, otherwise symmetrical ligand resonances 
may be split. For example in complexes of the type MeCH(CN)Co(dmgH),py and 
MeCo(dmgH)2NHMeCH2Pfi, two sets of equatorial ligand methyl resonances are ob- 
served’40y140? Two equal methyl equatorial resonances are also observed for 2-propynyl- 
cobaloxime (CBCH2Co(dmgH),py) at room temperature 73, possibly due to restricted 
rotation about the Co-C, bond. The formation of dimeric complexes of the otherwise 
five-coordinate methylcobaloxime complexes also gives rise to splitting of the equatorial 
methyl resonance’37~‘4’. Observations of changes in the latter have been used to deter- 
mine the rates of cleavage of the dimerlc species by added ligarrds’36 (p. 49). The temper- 
ature variation in the spectra of the alkylcobaloximes shows that the hydrogen bonded 
bridge O-H ---0 exchanges at a rate of 50 s-r at 25” and 10 s-l at 5”. 

The proton NMR of the alkylcobalamins is complicated131V i42*143 but the resonance 
due to the Cl,-, proton stands out and has proved to be very useful. Not only does its 
chemical shift change with the character of the axial ligandsr44; but its exchange-with 
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deu&i~r45 ;a$ be f&lowed &net&$ and-h& been shown to be ~acid-catalyGd’?4: : 
@i 65); MI+ov&, the-fact that th$ resonance di:appea& on haloge@ation of the alkylco- ‘. 
b&n&s has been-usedas evidence that’such stibstitution-takes place &‘C,,8!*“!4. 

(b) @her nuclei 
._-. :&b&-13, fluorine-19, and cobalt-59 N+ have all been.studied briefly. The proton 
decoupled &bon-13 spectrum &the coenzyme’4.6-‘47 demonstrates dramaticall? the 
power .of this m&hod because of the almdst complete resolution of all of .the individual 
carbdn resonances, and because 6f the information that canbe obtained about their envi- 
ronment by relaxation, techniques. It is interesting that the a-carbon resonance of the ori 
ganic group has not been observed by this method, either in the cobalamins’47 or the 
simple co&loximes4’, presumably because of its more rapid relaxation and consequent 
wide line width. 

&b&-5? NMR studies14’ of Co(salen) complexes show that both alkyl and acyl groups 
cause.a large downfield shift (ca. 7000 ppm) compared with the standard Co&N):-. 

Fluorine-19 NMR studies on 3- and 4_fluorobenzylcobalt(IIZ) complexes have provided- 
information about the electronic effects of substituents of the type -CH2CoL,B on the 
benzene ring in the ground state4’. They demonstrate more clearly than many other studies 
the very marked effects that both axial and equatorial ligands have on the organic groups. 
The order of the upfield shift of the fluorine resonance, which is also an indication of the 
extent of electron donation by the substituent, is CH,Co(dmgH),CN- > CHpFe(CO)2cp 
> CH2Cti(dmgH)2aq > CH3 > CH2 Co(dotnH)aq”_ It is interesting that the group 
CH&o(dmgH)&N- has a larger effect than the group CH2Fe(CO)2cp, which is known to 
be extremely strongly electron donating from its effect on a number of chemical reactions 
and equilibria* 5o*15’. 

&nilarly, the chemical shift of the fluorine resonances of 3- and 4-fluorophenylco- 
balt(II1) compounds ArCo(dotnH)* show that the metal with its appendant ligands is both 
a II- and a o-electron-donating gro~p’~’ . The extent of this electron donation is strongly 
dependent upon the nature of the axial base, in the order: Me > 3-FC6H4 > NC0 > SCN 
for o-donation, and I > Br > SCN > OCN > Me for z-donation. 

f V) X-ray crystallography 

Since X-ray analysis ‘54 of the coenzyme revealed for the first time the presence of a 
stable carbon-cobalt bond in a naturally occurring material, some ten other much less 
complex organocobalt(III) compounds (Table 11) have been examined_ It. is convenient to 
consider the crystal @uc@res in terms of the steric and electronic effects and their varia- 
tion with (i) the tioordination number, (ii) the equatorial ligands, and (iii) the axial organic 
‘&o&s aqd base Iigands. 

.’ (i)COOrd@uhiOn nu??zber_ The ody compound examined that is truly fivecoord&e 
with.iespect-to cobalt is M&o(acacen) in which the equatorial ligand donor atoms form 
the base of a square pyrar@d, the apex of which is occupied by the methyl gro~p*~~. The 
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TABLE I I 

Bond lengths (A) in or&ocobdt(iiI) compounds . 
compou?ui R-Co CO-L CO-B Ref: 

3K* CHF,CF,Co(CN>:- 

MeOCOCH,Co(dmgH),py 
MeCo(acacen) 

CH,=CHCofacacenfOH, 

PhCofacacen)OH, 

EtCo(saIen) 

MeCOCH,Co(salen)OHMe 

NCCH,Co(salen), MeOH 

(NC),CHCo&lpn)py 

MeCo(dotnH)OH; 00; 1.99 

5’-Deoxyadenosylcobalamin 2.05 

MeCo[acacen)py 1.99 

CH,=CHCo(salen)py 1.98 

I-99 

2.04 

1.95 

I.93 

1.93 

1.99 

2.02 

1.99 

2.02 

I.89 

1.88 

1.87(N) 
i-87(0) 

1*89(N) 
1.92(O) 

1.89(N) 
1.91(O) 

1.88(N) 
I .89(N) 
1 .PO(coord. 0) 
1.94(O) 
1.89(N) 
1.9010) 
1.89(N) 
1.90(O) 
1.87(N) 
1.90(N) 
1.89(O) 
f .88(01 
1 .P3(bridge N) 
1.8 7(oxime N) 

I .92(N of ring A) 
1.91fN of ring B) 
I .97(N of ring C) 
l.PS(N of ring D) 
1.92(N and 0) 

1.86(N) 
1.88fO) 

i-93 162 

2.04 164’ 

155 

2.22 173 

2.33 174 

2.34kO) 156 

2.20 161 

2.09f9M) lfii 

2.07 14 

2.14 178 

2.23 154,106 

2.16 I79a 

2.12 176a 

cobalt atom is raised 0.12 a above the basal plane supposedly to strengthen the C-Co 
a-bond without losing much of the a-bonding potential from the chefate. 

AU the other compounds studied are six-CoOrdinate and, whikt some distortion from 
octahedral symmetry is always apparent, it is nbt usually very large, The cobalt-four-donor- 
atom group is alwais planar or very nearly so. Although two of the compounds contain 
no added axial base component, the sixth Site is nonetheless occupied by a donor atom’ .*. 
from within an adjacent molecule of complex. EtCo(Sakn) forms dimeric species in which 
one .of the chelating oxygens of the SchifPs base.of each mofecule becomes an’akiai base 
ti the,neigh$‘ouring cobalt of the other molecule ’ s6 This behahour has been found ftir . 



‘40 :. ‘- -., _. _ .. : : -y. ti. DODD, M.D. JOHNSON. 
. . 

(salqn) & inorganic cobal@II)‘~’ tid c&aIt(II)‘5% ‘5’ complexes where added axial bases 
are absent, the-only exception being the oxygen-active crystals Co”(salen)CHCIf i6*. It 
r&&in a rather long Co-B: (i.e. Co-O) bond, and the equatorial bond from the other.. 
cobalt to the same donor atom is somewhat weakened. X-ray data and caIculations’*‘! of 
n-overlap popuktions indicate a Iesser availability of thk lpz &bit&l on the equivalent 
acacen oxygen and this’may account for the absence of such bonding in the Co(acacen) 
complexes studied so far. Dimer formation of MeCo(dmgH), in solution and in the solid 
state141a is believed to be due to an interaction of this type alsor4r. 

Jii contrast, in the compound NCCH&(salen), the cyanide nitrogen is a much better 
donor to a neighbouring cobalt atom than is an oxygen of the already compIexed salen 
&and, and consequently the crystal is built up of polymeric chainsr6’ _ 

(ii) Equatorial Zi’tzds. In the complexes studied so far, the bond lengths from cobalt to 
the f&r equatorial donor atoms (see Table 11) are very similar to those of the closely re- 
lated inorganic cobalt(II1) complexes_ Thus the Co-L distance of 1.89 A for L . 
CHFaCF* Co&N):- r 62 compares with that of 1.89 A for Co(CN)z- Its3 and the Co-L 
distance of 1.88 a for MeOCOCH2Co(dmgH)lpy’64 compares with that of 1.89 li for 
ClCo(Cr2 [mgH12)py’65 ( h w ere Cr 2 [mgH], is c&-l, 12-bis(methylgIyoxirninato)dodecane). 
Values for dmfCo(salen)O,Co(saien)dmf [ 1.88 A (N) 1.90 A (O)]‘66, MeOCo(saIen)py. 
Il.89 A(N) 1.90 A(O)]“= and for cyanocobahmin [‘wet’ 1.80 (A), 1.92 (B), 1.86 (C),’ 
1.87 @); ‘dry’, 1.86 (A), 1.90(B), I.91 (C), 1.95(D)~%~~‘*‘~~ and cyanocobalamin-5’-phos- 
phate [1.87 (A), 1.99 (B), 2.10 (C), 194(D) A]‘“’ are comparable with those for the or- 
ganic derivatives listed in Table 11. Thus, there is no significant effect of the organic group 
on the equatorial bond lengths. 

While the four donor atom group remains nearly planar in all the compounds, the re- 
maining parts of the chelate are often subject to considerable conformational changes 
brought about by steric interaction with the axial groups. In the cobalamins interaction 
of C-5 and C-6 of the corrin ring with H-4 of the coordinated benziminazole causes a pro- 
nounced upward bowing of the ‘top’ half of the corrin containing rings A and B. This bow- 
ing, with the axis approximately along Co-C (lo), amounts to lS” in the coenzymero6, 
11” in vitamin B12-5’-phosphater6’ and 19” in B12 itself16’. It is not surprising that a 
bulky group fratzs to the benziminazoIe, as in set-alkyIcobalamins, will tend to reverse this 
interaction with consequent loss, in solution at least, of the coordinated base. Corrinoids 
such as the hexacarboxylic acid”’ and cobyric acidr’r , that have small axial ligands, do 
not suffer this distortion. All the natural corrins, however, exhibit rdtemate puckering of 
the @-carbons in the pyrroline rings owing to the substituents carried in these positions. 
The orientations of these side chains are subject to considerable variation between differ- 
ent ckmponnds, often moving to give more favourable hydrogen bonding. The latter is 
rampant in these molecules and involves axial groups as well as water of crystahisation. 
Such bonding may sometimes be significant in chemical transfkations. 

In MeCo(acacen)’ “, as.m Co(acacen) PhH”* , where there is little or no steric ixkerac- 
tion from axial groups, the chelate is very nearly planar with an eclipsed ethylene bridge. 
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-of the compounds there may be steric effects on axial bond length in cases where the.che- 
l+is forced d&vnw&da by the bulky organ&group, This will tend to weaken the bond 
as will any iptermoIe.c&r hydrdgen bonding iti. which the base &involved. Such effects 
II& be important in C!&=CHCo(acatin). It is oKintereSt that-the crystal structure of a .. 
&r&o;b~dged.~om&lenj comp@x shows axiA.dimethylfo_rmamide coordinating through 
oxygemather .than nitrogen. 

The ‘RX0 boird lengths (Table 11); and -their changes with different hybridisation of 
the bonded a-carbon, are consistent with covalent u-b.ond character_ In the examples stud- 
ied, there appears to be no marked. effect of the charge on the complex on the bond length. 
As the axial group affects the chelate conformation so does the chelate produce a distor- 
tion in the Co-GC angles at the a-carbon. Typical values are CJ3F&Fz~o(CN)~- (120”), 
MeOCOCH&o(dmgH),p (1 X5”), EtCo(salen) (1200), 5’-deoxyadenosylcobalamin (125”), 
and CHz=CHCo(acacen)OHz (127O). The a-carbon is itself distorted from the octahedral 
symmetry to varying degrees, and one can envisage that, for t-alkylcobalt(II1) compounds 
where such distortion would be greatly limited, the resulting strain in the angles at the 
&carbon might give these as yet unprepared compounds a very low stability. 

REACTIONS OF ORGANOCOBALT(II1) COMPOUNDS 

.The reactions of organocobalt(II1) compounds are complicated by the several reactive 
sites that are present in most molecules. Thus reactions commonly occur at the metal, at 
the organic ligand with and without cleavage of the carbon-metal bond, at the equatorial 
hgands, and at the axial base ligand. The following discussion of the reactions is therefore 
arranged in terms of the type of reagent, the way in which it may function, and the var- 
ious sites at which it niay react. 

(I) Reacrions with nuckophilic reagents 

The reactions of nucleophiles with organocobalt(II1) compounds are dependent upon 
three-main properties of the nucleophile: (i) its affinity for cobalt(II1); (ii) its nucleophih- 
city at carbon and at cobalt; and (iii) its proton basicity. 

(a) Nucleophiles as ~bxial ligands 
The commonest reaction, and one which is fundamental to consideration of nearl!: all 

others, is that in which one axial base is replaced by another. Since such reactions are 
reversible, both thermodynamics and the kinetics of the replacement reaction are of inter- 
est. Much of o.ur knowledge of cobalt(III) compounds comes from detailed studies of the 
inorganic complexestao . For example, there is much evidence that most inorganic cobah(III) 
complexes are relatively inert to substitution, particularly towards associative substitution 
.arrd that t&inertness is kinetic rather than therrrrodynamjic. However, the presence of an 
organ+Qr&p, or of certain other groups, such as sdphite”l, on the cobalt makes the 
five coordinate intermediate relative& more stable, and allows a much faster dissociation . . 
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of the axial &and in the position lrans to the organic &roup. Consequently equilibria be- 
tween axial ligands of organocobalt(IiI) compounds are established relatively rapidly and 
a solution of such a compound may contain significant proportions of more t&n one six- 
coordinate species as well as some of the five coordinate species. 

RCoL,B f B ‘z+RCoLnB’ + B (66) 

In a few cases stable five coordinate complexes have been prepared by removal of a 
l&and from the corresponding six coordinate complex. For example, by.azeotropic dehy- 
dration of several aquo-complexes in boiling benzene solution, or by standing the solid 
over a suitable desiccant’82~‘83~‘48~34~118_ Five coordinate complexes are also believed to 
be formed on irradiation of alkylcobaloximes (see p. 95). 

RCo(acacen).OH1 - RCo(acacen) 

RCo(salen) . OH2 - RCo(.salen) 

RCo(dmgH), B - RCo(dmgI-0, 

(B = H, 0, Me, S; R = Me, Et) 

(67) 

(68) 

(69) 

The complex MeCo(salen)iqgreen, soluble in most organic solvents, but turns red on 
treatment with ethers, and is readily reconverted to the orange six coordinate complexes’48. 
The complex RCo(dmgH), is associated in solution; at low temperatures (e.g. -50”) in 
methylene chloride, two molecules are bound together by coordination of an oxygen of 
an equatorial ligand of one molecule to the cobalt atom of the other molecule141. Conse- 
quently two distinct equatorial methyl resonances are observed in the iH NMR spectrum 
at this temperature_ At higher temperatures (e.g. 40”) where the complex undergoes rapid 

.dissociation and reassociation, only a singlet resonance is observed for these protons. Such 
dimeric species are also partially broken by the addition of even weakly coordinating li- 
gands to the solution, including MeNC and C0130*‘36_ 

[MeCo(dmgH)a]s + 2B _ 2MeCo(dmgH)2 B (70) 

(i) Thermodynamic measurements of axial Zigand exchange. The association constants 
of a range of alkyl- and aryl-cobalt(II1) compounds are shown in Table 12. The relevance of 
these figures to other reactions of organocobalt compounds is evident from the fact that, 
in an d-L&f aqueous solution of methylbis(dimethylglyoximato)pyridinecobalt(lII) (log K = 
ca. 3) ‘84*‘8s, some 5% is present as metbylaquobis(dimethylglyoximato)cobalt(III). 

Though the media used for the determinations were not all the same, several features 
are evident. First the more electron withdrawing the organic group, the higher the associa- 
tion constantIt is inteiesting to note that, as the p-methoxy group in p-MeOC,H,Co- 
(acacen) apparently r86 behaves as an electron-withdrawing substituent, there can be little 
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Some formation cd&ta&s_for or&ocoba&I) cornPounds ._ 

R 3 
Bin BZb Temperature fog K .-Rex. 

~(a/ Cobinamkies in water 
Me as 
Me .- aq 
Me aq 
Me. aq 
Me_ . -aq 
Me aq 
Me aq 
Me aq 
h%e benzimidazoled 
Et =q 
Pr =q 
vinyl aq 
vinyl aq 
Vinyl aq 
vinyl aq 
viny! benknidazoled 
HC=C benzimidazoled 
CN aq 
CN =q 
CN. aq 
(b) Cobaloximes in water 
Me aq 
Me =q 
Me aq 
Me aq 
Me aq 
Me aq 
Me aq 
Me .w 
Me aq 
Me aq 
Me aq 
Me 
Me i&i 

(c) Cobaloximes in CDCI, 
Me WNPY 
Me ~-M~,CPY 
Me 4Brpy 
Me PY 
Me : 4Mepy 
Me i&dazole 

{d) Co(acacen) compounds in CDCZ3~ 
Me . . non& 
Me none 
Me I none 

.Me none -. _ 

NH, amb -1 191 
PF amb 0.8 191 
imidazole amb 1.04 191 
CN- amb 2.1 126 
CN- amd 2.36 191 
1-Me-imidazole amb 0.7 I91 
ethanohnine amb -1.5 191 
piperidine amb c-2 191 
CN- amb 0.1 193 
CN- amb 0.6 126 
imidazole .zmb -1.0 191 
CN- amb 2.7 126 
MeNC amb 0.6 190a 

N, amb 0.6 190a 
I- amb 0 190a 
CN- amb 0.7 193 
CN- amb 2.7 193 
MeNC amb 2.8 190a 

N; amb 2.7 190a 
OH- amb 3.0 193 

CN- 10 6 184 
NH, 10 3.6 184 
N; 10 2.3 184 
SCN- 10 2.0 184 
OH- 10 l-4(1.3) 184(205a) 
PY 10 3.6af 184 
PY 20 3.3e 185 
PY 45 3.0e 185 
HSRh 25 -0.13 205a 
-SRh 25 5.30 205a 
RS$ 2.5 1.95 205a 
-SR? 25 5.43 205a 
RS-h 25 4 205a 

Benzylamine 
Benzylamine 
Benzylamine 
Benzylamine 
Benzylamine 
Benzylamine 

aniline 
p-Cl-aniline 
p-Me-aniline 
PY 

39 
39 
39 
39 
39 
39 

30 
30 
30 
30 

057 132a 
0.15 132a 

-0.20 132a 
-0.62 132a 
-0.85 132a 
-1.82 132a 

0.7 -289 
058 289 
0.85 289 
1.7 289 
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TABLE 12 (continued) 

R Bla BZb Temperarure fog K Ref- - 

Me none 4-Me-py 30 0.92 289 
Et none aniline 30 0.06 289 
Ph none aniline 30 R.92 289 
vinyl none aniline 30 0.74 289 
pO,NC,H, none pip&dine 30 1.9 186 
p-NCC, H, none piperidine 30 1.7 186 
P-BGH, none piperidine 30 1.3 I86 
P-&H, none piperidine 30 1.25 186 
Ph none piperidine 30 0.7 186 
P-GNGH, none ‘I%-PY 30 1.9 186 
p-NC&H, none =H,-PY 30 1.7 186 
P-~&H, none ‘H,-PY 30 1.3 186 
P-ICJL none =H,-PY 30 1.3 186 
p-MeOC,H, none =Hs-PY 30 0.8 186 
p-MeC,H; none =H s-PY 30 0.7 186 
Ph none ‘H 5-PY 30 0.7 186 

Q Outgoing axial l&and. 
b Incoming axial ligand. 
= Pyridine. 
’ Cobalamin side chain. . 
c AH’ = -5.1 0.4 kcal/mol, + AS’ = -2 f 1.5 e-u. 
f/J = 1.0. 
g Possibly dimeric RCo(acacen)? 
f 2-Mercaptoethanol. 
f S-Methyl-2-mercaptoethanol. 
1 Mercaptoacetate. 

conjugative interaction between that substituent and the metal, ie. little rr-electron dona- 
tion from the aromatic ring to the metal. Similarly, the greater the electronegativity of 
the o-carbon, the higher the association constant, i.e., HCZC > H2 C=CH > MeCHz _ There 
is no direct correlation between the proton basicity of the axial base and its affinity for 
cobalt, but, within a series of bases of similar structure, such as pyridine and its derivatives, 
the affinity of the axial base for the metal increases with the basicity of the former 
(Table 12). For a series of similar bases with different donor atoms, the affinity for the 
metal increases in the order: 0 < S < N < P which is characteristic of the behaviour of a 
relatively soft or class B metal acid. Arnbident ligands, such as thiocyanate and cyanate, 
bond predominantly through nitrogen, but appreciable proportions of the other isomers 
may be present in solution* 23. Cyanide ion bonds predominantly through carbon, but 
bridged complexes of the type (VI) are readily formed in aqueous solution and in chloro- 
form, in the presence of the corresponding aquo compound (eqn. 7 1; R = R’). Such 
bridged complexes have ah.0 been isolated in the solid state’23. 

ERCo(dmgH)2c=Nl-+R'Co(dm~)2aq- 'a [RCo(dmgH)sCNCo(dmgH)2R’]; + Hi0 

(VI) (71) 



46 . . _: .- . . ._.. .’ -_ : ... -D; DODD, M.D. JOHNSON 

” Where the org&ocobalt .comppnents of the bridged cyanide complex Fe not the same. :. 
(9&i .7.1; R.f R’); the initial& formed cyanide b.rjdge may slotily rearrange to a m&tie 
,ofljbrid&d-i&mers whiqh cari be detected by proton NMR ax@ infrared spectroscopy. :- 
:-. Thebe.- ._- ‘_ n.zmud&ole &oUp of the cobalar&side chahi is parti&ltily fily held..Howr 
ever; bcoordin&ion of this group does require distortion of the corrin ring from the equa- 
t&al $l@ex06,‘ the formation constants are grbatly reduced where the organic ligand has 
an @preciabl& steric r~@&ement41~65~‘87 . The planar asymmetry of the corrin ring allows 
two isomers of alkylcobalt(III) corrinoids with the alkyl group ‘above’ or ‘below’ the 
pIaIie of the corrin rit;g. These have been detected by ultraviolet spectroscopy and thin 
layer chromato&aphy, and the equilibria between the respective pairs have been studied. : 
Examples are known for methylcobyric acid, methylcobinamide monocarboxylic acid, 
methylcobalamin and methylkbinamide phosphoribose’84 1 “_ 

(ii) Kinetics of axtil ligand ejrchange_ The considerable amount of detailed work on the 
kinetics and mechanism of substitution reactions of inorganic cobalt(III) complexes has. 
established (i) that such reactidns are exclusively dissociative and (ii) that small amounts 
of cobalt(U) impurities may have a profound influence on the reaction ;ate because of 
redox processes coupled with the large difference in rate of substitution of cobalt(II1) and 

lg5 cobah complexes . With the organocobalt(III) complexes, the latter effect may prob- 
ably be ignored, because of the much higher rates of substitution at the position tmns to 
the organic group, which may be sufficiently fast as to require the use of stopped-flow 
methods for their study. However, the dissociative mechanism involves a rather compli- 
cated kinetic form, which has been derived by use of the steady state approximation based 
on the mechanism shown in eqns. 72 and 73, where R(Co) is the five coordinate interme- 
diate. 

R(c0)s01v. k, ‘k~- R(Co) + solv. (72) 
L 

R(Co) + B + R(Co)B 
2 

(73) 

k &s = (k, WI + k-,k-d’4l(k-ilk, + PI) (74) 

The form of k,,,f(B) depends upon the magnitudes of the various rate coefficients; 
several different types of behaviour may be observed: 

(a) k&s may be a linear function df [B] and effectively zero when [B] = zero; i.e. km2 
must be small; and kel /k2 is !arge compared with [B]; 

(b) kobs may be a’linear function of [B] and have a fmite value (k_,) with [B] = zero; 
:i.e. k-i is significantly large; and k-,/k2 is large compared with LB] ; 
(cji/kobs may be a Linear function of I/[B], particularly when the reaction is studied at 
relativkly high concentrations of B; 
($) Fobs maybe independent of B; i.e. k2/ks1 is large. 

; Khietics df tjpe (Q, (b>; and type (c) have been observed so far with organoc6balt(lII) . 
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compounds_ The rate coefficients obtained in several studies are shown in Table 13, to- 
gether with their relationship to the rate eqn. 74. The second order term k, ka/k_r is the 
most significant, because this usually .determ&s the overall rate of the forward reaction. 

These resultsindicate that ihe inco&ng iigkd &as kle influence on.the reaction rate; 
except in so far as it may compete with-the solvent or with other ligands for the five-coor- 
dinate intermediate (R(Co)) and be involved in the solvation of, or- ion-pairing with, the 
complexes concerned. The higher rates of these reactions compared with those for the in- 
organic cobalt(II1) complexes are due to the higher positive entropy and energy of acti- 
vation of the latter’85. For example, for MeCo(dmgH)saq with SCN-, @ = 17.5 + 
0.4 kcal/mole and’&* = +lO t- lS’e.u., and, for a typical inorganic’complex’g6 
OaNCo(dmgHj;aq + SCN-, mf= 19.4 kcaI/mole and Uf= -9 f 4 e.u. This difference 
has been ascribed in part to the need for greater flexibility of the partially five-coordinate 
transition state for the alkylcobalt(II1) compoundsts5, resulting in greater reactivity. 

The kinetics and thermodynamics of exchange.of several sulphur llgands have been 
studied2”” in considerable detail (Tables 12-13). As expected, the rates of substitution 
of thiols, thioethers, and thiolate ions are not dissimilar, but the thiolate ions are the much 
more firmly attached (Table 12): 

The rates of axial base exchange are lower with aryl- than with alkylcobalt(III) com- 
pounds and the very high rate of exchange with isopropyl compounds is probably a result 
of a relief of steric strain present in the six coordinate complex, aided by the inductive 
effect of that group’ 97_ 

The rates of axial base exchanges in methylcobaloximes have been shown by semiquan- 
titative ‘H NMR methods to lie in the order’37y’36’: MeCN - Ph,SO- Me,SO > MezS > 
thioxane (via S), Me3N > PPhJ > P(OMe)3 ie., in the order expected for the cobalt act- 
ing as a class B acid. Dlmethyl sulphoxide exhibits‘coordination isomerism with the equlli- 
brium between S and 0 bonded species observable by ‘H NMR at low. temperatures. T& 
ratio O-bonding/S-bonding decreases from 4.6 at -72” to 3,l at -2~5~ 136. The rates of 

-phosphine ligand exchange are conveniently measured by observation of the collapse of 
intramolecular P-H coupling as the temperature is raised, and the-fact that this process 
involves a dissociative rate determining step is apparent from the NMR line shapes. 

No quantitative data are available for the exchange of axial ligands in alkylpentacyano- 
cobaltates, but it is apparent from a number of kinetic studiest ‘* of their reactions that 
one of the five cyanide ligands, presumably the frans-ligand, is readily lost. This may have 
important consequences. For example, the reversible loss of cyanide ion from allylpen: 
tacyanocobaltate(II1) ions gives a five coordinate o-ally1 complex which rearranges revers- 
ibly to the corresponding n-ally1 complex (eqn. 75)20. 

3- -CN- ,.=“2 

CH2=CHCH2CdCN)S _ _.” 

< 
c -Co(CN)‘- 

+CN- =. 4 
\ 
=Hz 

(75) 

syn-rr-(l-Methylallyl) complexes have been observed, together with cis- and frans-o-but-2- 
enyl complexes, in the products of hydrogenation of butadiene in the presence of the penta- 

cyanocobaltate(I1) ion’ I’_ 
(continued on p. 50) 



.- ‘H,O-./ .: 

&fe ” :i : (&@.q -- :. 
aq ‘. SRLi H,O 

Me :- .- ;’ <drn@);~ : : ‘aq SR’i f&(-J 
&fey _“. -Mwm, =i HSRq Hz0 
Me www, aq HSRi H,O 
NO, -: WwH), .:aq SCN-: H,O 
M& (dotnti) -: 89 hninazole’ acetone + 1% H, 0 
&is: ._:. (<otnH, q benzylamine acetone + 1% H; 0 
.Et ‘.-. (dotnH) aq iminazoit? &atone+ i%‘H,O 

i-R . . kk+i-I~ aq iminazole acetone + 1% H,O 

PheH, ‘. .. :.;. (dotnH> a& iminaz~le acetone+ 1% H,O 
ph .. -(dot&)- aq iminazole .. acetone + 1% H,d 
Ph (dot& aq benzylamine acetone+ 1% Hi0 
Ph -- ._ (dotnH) - aq Ph,P acetone+ 1% H,O 
5’-D&cyadimosyI c&i&mide~ be&iminazole CN- -. Hz0 
Me: : (dmgH)(dmgH,) SCN- .a HCIO, (4M) 
Me (dmgH), SCN- aq ic~O,@&.i) 

Qs-I .; 
.b_& ., - : -.., 
c~-'~~_'~-i _. : 1, ..' 
d s-' ; ca& fmti the in&rcept k&bs YS. [B3 j, or from the product k, k,/k_ $f. 
-e&=1.0.:. 
f AfZf I= 205 g 0.4 k&l/mole; L& L IS’i 1 S e.u_ 
‘i? .&f =’ 173 * 0-4 kd/mol-,; as* & lo* 1.5 i3.u.’ .. 
.t.ReIativ& r&s only: - ” .. .. : ‘. 
f M&iptGethiinol = KSH. 
i Me&j&ac&te = R’SH. . 

. . 

PI*+ of fotiatio? donstant and forward rate coefficient. ._ 
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i0 

10 
10. 
10 
10 
15 
40 

1s 
47 
25 
25 
25 
2.5 
25 
25 
2s 
25 
2s 
25 
25 
25 
25 
25 
25 
25 

: 
‘_ 

24.8 r 5.6 0.18 
40.9 0.18 
251 223 0.13 
602 a 139 0.35 
226 + 28 0.15 

3.6 ;t 0.3 0.1 
6.9 0.15 
4.9 0.013 

3.1= :. _’ :, 
14.oe 

,‘l(14,.: 
-. .1&s 

29.9e 
‘. 

-34.v 
I84 “. 
184 

49.6” 

52f 
63d 
2@ 

8808 
27 
13 
50 
50 

5.8 X IO-’ 
138 
227 

1930 
1720 
1500 
36s~ 3 

46 
377 

2.9 x 1o-1 
xh 
4*7x& 

70. .: 

1400 
0.88 

98 
1.4 x lo-= 
5 x 10-S 

- 

6.7 x 10jk 

184 
185 
185 
185 
185 
20% 
205a 
20sa 
205a 
196 
197 

197 
197 
197 
197 
197 
197 
197 
199 
200 ‘. 
200 
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-f&i ‘tie alk$&baJaminS (er$. 76). The 6Qu~@ium co&tan& decrease iq the @et ~3~r9a201 
(T&e. 14) ethyi(3.87) > 5’-deox$adenos$(3.35) > methyl(2.5) > vinyl(2.4) > &ynyl ” ’ 
-(0.7).- : : .. 

. . 

.Otli&Le~ ac!ds are also effective in rehoving the benzimidazoIe202~203 ligand and in 

accelG@ng the r&m&al of other ambident ligands, such as tbiocyanate and cyanide, from 
other cobalt(IlI) complexes, Le. : 

~RCo(~mgI-QtNCS’ 4 Agf % RCo(dm&aq + AgSCN 

R&3@- + Hg2” -%- RCo(CN)4aq2- + HgCW 
_ 

‘ : 
TABLE_+ 

(77)‘54 

(78)“’ 

Proton&ion of axial bases on orpmocobakunins 

R -_ ‘pK,_ Ref: 

HC& 0.7 193,201 
NOCOCH, 150,2.20 204,192 
MeOCOCH z 2.25,2.5 192,193,201 
H,C=CH 2.4 193.201 
Me 2.72 
2’.3’-IsopropyIideneS’-deoxyrtdenoxyI 

192 
2.94 192,204 

NCCH,CH, 2.95 192 
hrieOCH,CH, 3.10 192 
HOCkI,CH, 3.15 192 
HOCOCH,CH z 3.25. 192 
$feOCOCH,CH, 3.27, 192 
5’-Deoxyadenosyl 3_%5,3_52 193,204 
n-Pr 3.84 204 
Et ‘,- 1. . . 3.87 192 

.n-m. .. 3.93 ..204, 
n$leptgiL .- ._ 1 4.01 204 :. 
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The reversible change in the spectrum pf alkylpentacyanocobaltates in aqueous.acidic 
solution has been ascribed to the protonation of one of the cyanide ligands, i.e. .. -. 

-. 
RCo(CN& + H30+ * RCo(CN)&NH*: ,+ Hz0 

: 
(79)45 

(b) Nucleophires as proton Sases 
Some nucleophiles, such as hydroxide ion are relatively inert towards cobalt(W), but 

are strong bases. The majority of molecules concerned in tbis review have acidic sites _at 
which such bases may react, as follows. ., 

(i) Acidity of ax I 1 ia igands. One of the simplest examples, but which is indistinguishable 
from a simple ligand exchange, involves the removal of a proton- from a coordinated water 
molecule, ie. 

OH- + RCoL,- OH2 * RCoL,-OH- + Ha0 (SO) 

The pKa of the coordinated water parallels the stability of the aquo complexes_ Thus the. 
alkylaquocobaIt(II1) complexes are much less acidic (e.g. MeCo(dmgH), aq pKa 12.3rs4; 
1 2.7*Osa than the corresponding less labile inorganic aquocobalt(II1) complexes184, though 1 
there is some doubt as to which proton is removed from the dimethylglyoxime com- 
plexeszo5 ‘. Though the effect of equatorial ligands on the pK, of the aquo l&and has not 
been investigated in detail, the results from inorganic complexes suggest that the acidity 
decreases in the orderI 7,7’-Me-salen > salen > salphen > dmgl-l > dotnH. 

The effect of acidity of thiolate ions on the degree of complex formation has been 
studied in some detai1205a. For example, the pKa of the complex of methylcobaloxime 
with 2-mercaptoethanol (L p for losses of thiol-H from the complexed thiol) is 4, whereas 
the free thiol has pKa 9.51205a. 

(ii) Acidity of equatorial Zigands. Many equatorial ligands, such as glyoximato ligands, 
also have acidic sites. Few direct measurements of the pKa of these sites have been made, 
although nuclear magnetic resonance measurements, particularly of the O- - - - H - 0. 
bridges between glyoximato ligands of inorganic complexes, indicate that the chemical 
shift is an approximately linear function of the pKa20s~206,207. Some examples of the very 
low chemical shifts of these protons are shown in Table 10. 

The loss of these protons, which undoubtedly occurs.in strongly alkaline solution, has a 
profound effect of the reactivity of the carbon-cobalt bond. For example, in the reactions 
of styrylcobaloximes with methyllithium in ethereal solution, cleavage of the carbon+o- 
halt bond is hindered by the formation of the less reacti;e and less soluble anion (VII; 
eqn. 81)2e8. Such disadvantages may perhaps be overcome by prior selective methylation 
of the h$d&xyl groups. 

.; . . 
RCo(dmgH),B + MeLi 2 RC~(dmgH)(dmg)B~ Li’ + CH4 031) 

CvIIi -. 
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(iii) &&ry’&!hti oi&&c iigrkd. In alkal@e so@ioa acidic functional groul&on the 
.orgar& l&and ‘may bc converted into their conjugate-bases. The influence of thi?metal.&d 
its append& ligandson the acidity of these functional groups therefore p&ides.& Us&l 
measure of the electronic effect of the met&For example, the p-carboxyetbylcotialoirime 
(pK, 5.7) is slightly less acidic than propionic acid @K, 4.87), but carboxymethylcobalo- 
xime (pK, 7.14) andor-carboxyethylcobaloxime (p& 7.14) are both significantly~less 
acidic than acetic acid (pKa 4.76) and propionic acid3’. These are indications that the group 
--CH,Co(dmgI-&py is more electron donating than is the methyl group, under such cii- 
cunistances. -. 

The group -CH&o@N)~- is even more effective in its electron dona~g capacity than 
are the groups described above. Thus, the 2-, 3-, and ~py~d~ome~ylpentacy~ocob~- 
tate(II1) ions~(VIII;~IX and X, plu, l&5,8.1, and 9.2, respectiveIy)20g*45 are very much 
less acidic than the unsubstituted pyridinium ion (p& 5.2). Since the inductive effect.of 
a substituent in the 3-position of the pyridinium ion influences the acidity of that ion more 
than do&the inductive effect of the same substituent in the Pposition of the pyridinium 
ion’ 5o (unlike the corresponding effects in benzoic acid), the much greater effect of the 
substiiuent -CH&@!N)~- in the 4- than in the 3-position, indicates that this electron 
donation is largely conjugative in origin. It seems probable that the effect of the other 
methylene-cobalt substituents i.e. CHscobalarnin and CH2Co(dmgH)&, is also partly 
conjugative though less pronounced_ Such effects have been termed a+r-conjugation or 
vertical stabilisation, and are apparent in a number of other methylene-metal substitu- 
ents, both of the transition metals’51 and of main group metals”O. 

CH2CdCN)3; G===== CH2CofCN>;- + “jO+ WL) 

2- mrf 
3- TX 
4- x 

iiv)-sase-catarysedf of the azrbon-cobbit bond. A number of organocobalt(III), 
compounds undergo reductive elimination reactions promoted by attack of basic nucleo- 
phites at a b-proton of the organic group, For example, severaf @-substituted ethylcob& 
amins and cobaloximes that may be prepared by the addition of the cobalt(I) species to 
an olefm under mildly alkaline conditions (p. 14 and p. 26-27), are also reconverted into 
that oIefin by the action of base, i.e. 

XC&CHsCo LB + -OH- * XCH=CHs f [Cor,B]- + Hz0 ’ (831 

The e&&t studies of-this reaction involved the reaction of ~-cyanoethyl~b~amin with 
base2” r . In solutions of pH greater than 9, the rate of reaction was first order in the sub- 
strate con&mtration and first order in alkal concentration (cqn. 84), but at bigber acidi- 
ti@, the kinetics were more complicated. 
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- 

-d [organocobaltlldt = k2 [organocobalt] [OH-] -. (84) 

The formation of the cobalt(l) species during the forward reaction was confirmed by 

&e isolation of nethylcobalamin from the products of reaction of &cyamkthylcobalamin 
with base in the presence of methyl iodide under anaerobic conditions. The fate of the 
organic ligand (eqn. 83, X = CN) was determined using cu-‘4C-&cyanoethylcobalamin and 
the method of isotopic dilution2' r. 

The complicated kinetics in the less basic solutions is almost certainly a result of the m- 
cursion of the reverse reaction, described more fully on p_ 26-27, but as there have been 
no detailed rate studies of this reverse reaction, the kinetic form is uncertain. However, 
the related studies on the @-substituted ethylcobaloximes are of interest, because of the 
observation that sr-complexes are formed between the product olefm and the product CO- 
halt(I) species * l”*r3’_ It has been assumed that such complexes are the immediate reaction 
products of the forward reaction and that, in the reverse reaction, the n-complex is the 
immediate precursor of the o-complex’ 38_ 

However, whilst this seems to be the most reasonable me&a&m, it is not yet com- 
pletely proven. An alternative mechanism might involve n-complex formation after forma- 
tion of the free olefm and cobalt(I) s p ecies in the forward reaction. Indeed, the formation 
of the o-complex from the olzfm and the cobalt(I) species (discussed earlier, p. 26-27) 
might actually be retarded by n-complex formation, if it involves reaction between free 
olefm and free cobalt(I) species. It may even be possible for the 7r-complex to react with 
a further molecule of olefm to form the u-complex. A detailed analysis must await kinetic 
studies involving the reverse reaction. 

Two pieces ofevidence quoted in favour of the formation of the rr-complex in the for- 
ward reaction may also be questioned. First, it has been suggested that the increase in rate 
coefficient for the forward reaction with the increasing nucleophilicity of the displaced 
cobalt(I) srkcie: is due to d-orbital participation in the formation of the olefin ‘IT-corn- 
plex r38*1io_ However, there is no reason to suppose that this is not the order to be expected 
for the leaving group tendencies of the several cobalt(I) species in a normal bimolecular 
elimination (E 2) reaction2r2. Certainly, the nucleofugal character of the halide ions de- 
creases from iodide to chloride as does their nucleophilicity2’3 (see however, the leaving 
group order on p. 57). 

Secondly, the observed primary isotope effect (kD/kH = 1.60) has been considered to 
be too low for a simple bimolecular elimination reaction’!0”38. ‘ibis is not necessarily so 
because the isotope effect for such a reaction rises to a maximum of ca. 6 and then falls 
again as the transition state for bimolecular elimination involves progressively more carbon- 
hydrogen bond breaking214. The observed isotope effect is therefore consistent with either 
(a) a small amount, or (b) a large amount, of C-H bond breaking in the E 2 transition 
state, more probably the former. 

The observation that the Ptrimethylaminoethylcobalamin does not give the vinyltri- 
methylammonium ion has been interpreted in terms of steric hindrance to the formation 
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-of.the required mans-antipeiiplanar transition~state @I) because of interaction between 
t&. bulky‘ NM&f @oup.&d the corrin kng2? ‘.- 

H- 
,: 

: H a-. “X0). 

-:- .#-?q ._ H.- PjR3- ‘. 
&**A -.x-H . . 
e 

.’ (XI) .- .-. 

&Substitued ethylpentacyanocobaltates 30 decompose under alkaline conditions in 
aqueous solution’ r41 Under anaerobic conditions there is a slow decomposition to the ole- 
fti and the~corkpondlng alkyl derivative, whereas under aerobic conditions the’olefm is 
the main produkt. For example, the cr-2-pyridinioethylpentacyanocobaltate(III) ion de- 
comjroses -in alkaline solution irrthe presence of air to 2-vinylpyridine. The rate of this 
reaction increases linearly with the all&h concentration in the region pH 6 to pH 9, but 
reaches an upper limit at ca. pH 12. This levelling off in the rate is consistent with either 
a unimolecular loss of the hydrldopentacyanocobaltate(II1) ion from the pyrldylpentacy- 
anocobaltate (XII) or a base catalysed elimination of the same hydride from the pyridino- 
methylpentacyanocobaltate(II1) ion (XIII; pK, ca. lOS), probably the iatter, eqn. 85_ 

- OH- 
-I- 

CWH,~CO(CN)~- 
HCo(CN);- 

H 
CH=CH, 

(8% 
mm ZIU; 

In some of those reactions where cyanide ion apparently promotes the decomposition 
of organocobalt(II1) compounds, this has been shown to be a result of the reaction of hy- 
droxide ion present in aqueous cyanide ion solutions. One example of this is the cyanide 
ion promoted decomposition of j3-cyanoethyIcobalamin*“. The observed rate coefficient 
(6, = 1.~15 X 10m3 h’ ; in 35 mM KCN) is the same as that observed at the same pH (10.5) 
in the‘absence of cyanide ion. Some, but not all, of the reactions of cyanide ion may be 
explained in this way. For example, the decomposition of 5’- deoxyadenosylcobalamin 
(XIV) in lM sodium hydroxide to give 4’, 5’-dehydro-5’-deoxyadenosine (XV) (eqn 86)‘@’ 
is several powers of ten slower than the corresponding reaction with O.OlM cyanide ion’04, 
which gives the, cyanhydrin (KVI) of the open chain 2,3-dihydroxypent4-en-1-al’gg2’6*2r7. 
Rate coefficients for several of these reactions are shown in Table 15. Interpretation of 
these values is complicated by the fact that the extent of cyanide coordination,as &e axial 
base is not known In O&l4 KCN in bicarbonate buffers at 2S”, the coordination of cya- 
nide ion has been shok to take place in a rapid first stage of the overah reaction”‘. 
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TABLE 15 

Kinetics of reaction of B-substituted ethylcobalt(II1) compounds with alkali and with cyanide ion 

L .B Reagent k, 0-l ) k, l- Ref 

(a) 5’-Deoxyadenosylcobalt(~II)~m~~lnds (eqns 86,87) 

Cobalamin 1M NaOH 5.0 x lo-’ 5.0 x 10-e. 

Cobalamin O.OlM NaCN 8.3 x IO-” 8.3 x 10-l’ 

Cobalamin O.uM KCNC 8.4 x lo+ 8.4 X IO-‘= 

(dmgH),b PY 1M NaOH 1.6 x 1O-3 1.6 X 1O-3 

<dmgH), PY O.OlM NaCN 2.3 x 1O-4 2.3 X lo-‘” 

(b) f.?-Hydmxyethylcobalt(IiI) compounds (in aqueous solutiond?, eqn. 88-90) 

(dmgH), H,O/OH- 9.6 x 1O-3 

(dW-0, benzimidazole 1.6 x 1O-3 

WW-0, PY 4.3 x 10-z 

(dmgBF,), PY 2.9 x 10-l 
(dotnH) H20/0H- 1.2 x 10-l 
salen H,O/OH- 5.2 x 10-a 
Cobinamide H,O/OH- 9.9 x 10-e 
Cobalamin 1.5 x 10-4 

Cobinamidee py 1.4 x 10-Q 
Cobinamidef py 8.8 x 10-s 

(c) pCyanoethylcobalt(DI) compounds (in aqueous solution, eqn. 83) 

CobaIamin pH 10.5 1.4 x lo-” 3.8 
Cobalamin 33mM KCN 1.15 x 1o-3 3.58 
Cobalamin pH 9.89 1.48x 1W3 18 
Cobalaminh pH 9.89 4.0 x 10-4 5.2 

(d) a-(2-Pyridyl)ethylcoba~t(lI.l) compounds (eqn. 85) 

(CN), : CN- pH 8.7 4.71 x 10-q 9.4 x 10’ 
(CN), CN- pH 9.4 1.17 x lo-’ 4.6 X 10’ 
(CN), CN- pH 10.1 4.8 x IO-’ 4.0 x 10’ 
(CN), CN- pH 10.7 1.13 x lo-’ 2.3x 10’ 

27 104 

27 104 
25 199 
27 104 
27 104 

104 
104 
104 
104 
104 
104 
104 
IO4 

104 
104 

110 
110 
192 
192 

25 215 
25 215 
25 21s 
25 215 

a Assuming reagent is CN-. 
b Probably as conjugate base form, e.g. (dmg)(dmgH). 
c Buffered at pH 10. first stage is rapid coordination of cyanide ion td cobalt. 
d Not stated; aerobic conditions. 
e EMethyl derivative. 
f &Hydroxymethyl derivative. 
g Assuming reagent is OH: 
h PMetcoxycarijo. y rl khykobalamin. i 



56 -;-__ .,.-;. . . ._ .- -, ‘,. ‘. : .) _. 

.: ._.‘. 
: - 

‘_. _. -’ . . . 
:’ 

.:. 
‘. . . 

‘._ - _. ‘. (co)- + : 
: ._ __._ .: 

.*H- 

‘:. 

V.-Y ..-.N c--1_: 

-.. -’ I-. If+ x/ 
c”; 

i -- 

(37) 

..,. - ““- K no reaction * 
!XlX: X=OrY=OHrA=odenine) 

Cm: X = CH2 ,Y = OH, A=adeninel 

t~:%=O,Y=HtA=H) 

The reaction of the coenzyme with aikali is probably reversible under anaerobic condi- 
tions, because the very similar reaction with the corresponding tetrahydrofurfinylcobala-’ 
min (XVIII) has been shown to be ~0”~. It is possible therefore that the overall rate of 
reaction with alkali depends upon the rate at which either the organic product or the co- 
ix&(i) species may be removed from the system, and upon the rate of the reverse reaction 
as is the case with the &mination from the ~-cyanoe~ylcob~t(~rI) compounds. For ex- 
ample, this reversal shtiuid be prevented under aerobic conditions, owing to the removal 
of the cobalt(I) species. 

The presence of cyanide ion might influence the reaction in a number of ways. First, 
it might effectively remove the initial organic product of a base-catalysed reaction by <or- 
mation of the cyanhydrin. Secondly it might react directly with the nucleoside group, 
thereby assisting in a base-catalysed cieavage. Thirdly, and most likely, it might attack the 
metal from either above or below the plane of the corrin ring; attack from below is known 
to occur and results in the formation of the relatively stable species with cyanide ion as 
the axial base. Attack from above might distort the stabilising ligands and cause cleavage 
of the carbon-cobalt bond irreversibly, provided this could be assisted by synchronous 
cleavage of the C(5)-0 bond 217J21 In the latter case, the cyanhydrin formation would be - 
a subsequent reaction which should have no effect on the cleavage rate. Similarly, there 

-is no reason why oxygen should interfere with this reaction as the oxidation state of the 
cobalt remains high. No effect of ‘oxygen is apparent”. 

The corresponding carbocyclic derivative*’ ’ (XVII& which cannot undergo the corre- - 
spending cyanhydrin formation or give the same synchronous C(S’)-0 bond cleavage with 
formation of the ani&r, is practically inert to cyanide ion and also to borohjrdride ion2’*. 
However, a @oxygen is not the o’nly requirement, for &alko~yethyl_cobalamiris and -co-, 
baloximes are stable to cyanide ion, as is 6-deoxyglucosylcobalaminigg, except in so far 
as axial bas& exchange takes place, Clearly, the aza-a&al or a similar glycosidic arrange- 
ment is important..T%e fate of cyanide cleavage of.cobalamins has been studied as a func- 
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tion of the nucleoside base; the more electron attracting is the base, the slower the de- 
composition, but the differences in rate are small lgg The rate is also affected by the axial . 
base; for example, S’deoxyadenosylcobide is more reactive than 5’deoxyadenosyl- 
cobalamiir, which is more reactive than 2’,3’-isopropylidene-5’deoxyadenosylcobalamin2**. 

The &carboxyethylcobalt(III) compounds are relatively stable to base because ionisa- 
tion of the carboxyl group reduces the tendency to olefin formationso. Similarly, Pmeth- 
oxyethylcobalt(III) compounds are also stable33, but the fi-hydroxyethylcobalt(II1) com- 
pounds decompose 33 in alkalinesolution by a different mechanism to the corresponding 
carbonyl compound and cobalt(i) i.e. 

HOCHpCH~cobalami.n + OH- -MeCHO + Brzs + Hz0 (88) 

MeCH(OH)CHaCo(dmgI& py + OH- + MeCOMe + [Co(dmgH)2py]- + Hz0 (89) 

HOCH2CH(OH)CH2Co(dmgI&py + OH- -HOCH&OMe + [Co(dmgI&py]-+ Hz0 

(90) 

The hydride shift involved in this reaction has been the subject of much interest be- 
cause of its apparent relation to the diol dehydrase reaction33122o described more fully in 
the final section. That the base-catalysed decomposition of the hydroxyethylcobalt(II1) 
complexes requires the conjugate base of the hydroxyethyl group is apparent because the 
corresponding alkyl ethers are inert even to 50% NaOH46. When there is no o-hydrogen 
capable of undergoing the shift, as in 2-hydroxy-2-methylpropylcobalt(III) compounds, 
the reaction with hydroxide ion does not appear to take place. 

The kinetics of this reaction, which follow the rate law of eqn. 84, have been studied 
as a function of the nature of the equatorial ligand, the axial base, and the /3-hydroxyethyl 
substituent. The rate coefficients shown in Table 15 clearly decrease as the nucleophilicity 
of the displaced cobalt(I) species increases. In accord with this, the displacement of the 
very reactive CoI(aetpor) species (which cannot be made by borohydride reduction of the 
Co”(aetpor) species) from &hydroxyethylCo(aetpor) is very slow in alkaline solution. 

The isotope effect (&/kD = 5.5; observed with 2-hydroxypropylcobaloxime[2-*Hr ] 
in 2M NaOH) is consistent with a concerted mechanism in which a trans-P-hydrogen mi- 
grates to the ar-carbon as the cobalt(I) species departs (eqn. 9 1). The conformational re- 
quirements of this mechanism also support the low rate of reaction of the 2-hydroxycy- 
clohexylcobaloxime. However, the analogy between this mechanism and that of the diol 
dehydrase reaction has been challenged’ ‘*46*220 , In fact, the surprising thing about this 
reaction is that apparently no epoxide is formed, whereas the corresponding phydroxy- 
ethyl halides readily form the epoxide by an intramolecular displacement of the halide 
ion via atta& of the P-oxygen on the a-carbon. These reactions of organocobalt compounds 
appear to involve attack of the &hydrogen on the o-carbon, as follows: 
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+ (cd-. 

(c) Nud~ophilic attack on the organocobaZt(lll) wmpouna’ 

(i) &cZeophilic attack at the cY-carbon. In principle,.nucleopbilic attack at the a-carbon 
of an organocobalt(II1) complex may involve the displacement of cobalt, with its appen- 
dant ligands; in the +1 oxidation state (eqn. 92). The conditions for such a reaction are 
as follows: (i) Only a strong nucleophile towards saturated carbon will be effective. (ii) 
The reaction may be reversible, because the displaced cobalt(I) species is know? to be an 
excellent nucleophile. 

The &versibility will therefore depend upon the leaving group ability (nucleofugal 
character)223 of the cobalt(i) species and the incoming nucleophile, and upon their car- 
bon basicities224 . It will also depend upon the presence of materials which remove the 
dispIaced cobalt(I) species from solution_ For example. reactions carried out under aero- 
bic conditions may proceed smoothly, whereas the same reaction carried out under a:l- 
aerobic conditions may not be apparent. 

RCH&obB + N- =+ RCHzN + CoLB- (92) 

Though there are a number cf reagents of sufficiently great nucleophilicity and carbon 
basjcity to be potentially effective in such a displacement, few have been tried and the re- 
sults are largely shrouded in ambiguity. One of the reasons for this ambiguity is that some 
workers have used aerobic conditions for their studies, others have used anaerobic condi- 
tions, and sometimes the conditions are not specified_ Another reason is that it is not al- 
ways clear whether the nucleophilic attack occurs at the &carbon or elsewhere in the mole- 
cuie. As much of this ambiguity involves the reactions of cyanide (see also previous sec- 
tion) and thiolate ions, these are discussed first. 

It has been reported that cyanide does”’ and does notls4 react with methylcobalo- 
xime. For example, no reaction has been observed between methyl cobaloxime ( lob4 M) 
and sodium cyanide (l&Z), presumably other than coordination of cyanide as the axial 
base, over I hour at 65”. AlkylCo(aetpor) complexes are also reported to be stable to cy- 
anide ion in the absence of oxygen’ 1 _ However, it is well established that cyanide ion 
causes the decomposition of the coenzyme217*“g, probably via attack at centres other than 
the cr-caibon. Such reactions are also photocatdysed. The existence of the coenzyme was 
at first co&eal&by the fact that, inter a&, thS: stable cyanocobalarr&(vitamin B,;) 
was t-cad-ily is&fated from the reaction of the coenzyme-containing matGals with cyanide 
ion, and was therefore the first cobalamin to be studied in detai1225. 

in contrast to cyanide ion, which is a good nucleophile and a moderately strong proton 
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base, as well as having a strong affinity for cobalt(III), thiol&e ions &e better fiticleophiles 
towards saturated carbon, but much poorer bases lo*. The role ofthiolate ions in the pro- 
motion of base-catalysed reactions is therefore tiegligible, but their reactions have the ad- 
ditional complication of the pos$ble role of the readily formed thiyl radicals. 

It has been reported’* that several thiolate ions displace cobalt(I) species from methyl- 
cobalt(iII) compounds, (eqn. 93), but unfortunately no indication has yet been given as 
to t@& conditions, including the important question of the presence or absence of oxygen. 
Some approximate relative rate coefficients have been measured and are shown in Table 
16. The order ,of reaction is not stated, but the rate coefficients pres&ably refer to sec- 
ond order reactions. More detailed studies of the reaction of methylcobaloxime. with thio- 
late ions under anaerobic conditions2’sa suggest that no carbon-cobalt cleavage occurs. 

TABLE 16 

Relative rates of reaction of thiolate ions with alkylcobalt(II1) complexes 

Substrute K(relative)n 
Mecobalamin 1.0 
MeCokhud-ILw 4.0 x 10-a 
MeCo(dmgH),PPh, 9.1 x 10-3 

Me-Co(dmgBF,),py 4.0 x lo-’ 
M&o&den)-OH, 4.5 x 1o-2 

0 Reaction order not specified. 

RS + MeCo LnB =+ RSMe + [CoL,B]- (93) 

However, other studies on the reaction of thiols with methylcobalamin suggest a more 
complex behaviour226. It has been shown that this reaction is dependent upon the pH, 
and the concentration of added Bgzr, but appears to be independent of the thiol concen- 
tration. In some cases an induction period is observed and it is confirmed that oxygen is 
required for reaction to take place, but its role is ascribed to the cobalt catalysed oxida- 

tion of thiolate ions to thiyl radicals_ The following mechanism has been proposed: 

RS* + Mecobalamin --+ Blaa + Me- + RS- (94) 

RS- + Btza B Blzr + RS. (9% 

RS- + Me- - RSMe (96) 

However, it is surprising that the methyl radicals generated in such a reaction should react 
with the thiyl radicals present in iow concentration and not with the thiol present in high- 
er concentration, because thiols are known to be excellent radical traps, even in the pres- 
ence of other radial traps such as chromous ion **’ If methyl radicals are formed in the. _ 
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~pre$&Ce of th.ioIsi one would expect to f&d:appreciable quantities of-methane and pf 
the &lkyhlislllpll@.le, ie. : -. - 

.: 

RSH + Me-- ----t Rs’ +.a& - ,^ (93 

-2RS*- Y RSSR (98) 

A mnnber of reactions between sulphur amino acids and organocobalamlns and -cobal- 
oxides are also of interest, because of the role played by methylcob&min in the biologi- 
cal formation of methionine from homocysteine 228 Homocysteine itself reacts only very . 
slowly and not‘very cleanly with methylcobaloxime in the dark7g, but this may in part 
be because the intramolecular condensation ofhomocysteine to the thioIactone in neu- 
tral and acidic solution reduces the concentration of active reagent. However, in solutions 
of pH ca. 10, where homocysteine exists largely in the thiolate form, the reaction is much 
cleaner and methionine can be isolated (- 8% yield), together with umeacted materla17g. 
Similarly, methylcobalamin reacts smoothly with homocysteine, but not apparently with 
cysteine, and the reaction of ethylcobalamin with homocysteine is sloped’_ The transfer 
of t4CH3 to homocysteine from 14CH3cobalamin has also been demonstrated22g. 

Several of the studies are difficult to interpret because of the conditions used; for ex- 
ample, that between sodium homocysteinate and S’-deoxyadenosylcobalamin XIV in the 
presence of sodium borohydride under hydrogen and with ultraviolet irradiation, which 
is reported2” to give some S-adenosylhomocysteine XIX (eqn. 99). 

OH 0i-l 

OH OH 

D 

0 
+ SCH~CH~CH(NH~)CO; 

i3Hi 

H2W’ 
- -02CCH(NH2)CH2CH2SCH2 O ! 

0 A 
CH2 

I 

(XIX) 

CO 

@ N 

(XEZ : A = adenosine) 

The reversibility of such a nucleophitic reaction has not been demonstrated, but the 
corresponding reaction of the cationicS-adenosylmethionine does take placeg3 i.e.: 

The role of the thiolate ion coordinated to the cobalt in these reactions has not been 
elucidated, but anionic alkylcobalt(II1) complexes have been isolated’?” and it would bc 

(99) 

(1001 
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expected that these would reduce the nudeofugal ctiracter of the cobalt(I) species in a 
reaction of the type: 

RS-- + [MeCoJL,$R]- ___f RSMe + CoLSR” - (101) 

The role of thiolate ions as reducing agents is discussed below _ 
(ii) Mdeophilic metal-metal exchanges If the nucleophilic displacement of cobalt(I) 

species by attack of a nucleophile is possible, then it should certainly be observed when 
the attacking reagent is as nucleophilic and carbon basic as the outgoing cobalt(I) nucleo- 
phiie. Such a reagent would be a similar cobalt(I) nucleophile or another metallic nudeo- 
phile of similar power. It is not surprising therefore to find that the exchange of methyl 
groups between two similar cobalt(I) species is rapid 223 For example, the equiIibrium in- - 
volving methylbis(dimethylglyoximato)pyridinecobalt(III) (RCoL, B in eqn. 102) and the 
bis(cyclohexanedione dioximato)pyridinecot;alt(f) ion ([CoLhB]- in eqn. 102) is effec- 
tively complete within five minutes in methanol at O”, using 10s3M reagents_ 

[CoL;, B]- + RCoL, B 
k ke RCoL’,, B + [CoL,B]: 

2 
(102) 

The approximate half-lives for this reaction and for reactions of other alkylcobaloximes 
(ca. 10-3M) are shown in Table 17. Since most of these reactions are expected to proceed 
to an equilibrium r_dxture containing ca_ 50% of each alkylcobaloxime, the use of half- 
lives is justified, despite the fact that the forward and back reactions are bimolecular. 

TABLE 17 

Half liv&* 3 for the exchange of alkyd groups between alky~cobdoximes ( lW.‘i%f) in methanol at 0” 

Me <5 min 
Et -%5 min 
Pr lh 
n+Xtyl lh 
s-actyl >lOh 
s-butyl >lOh 
i%obutyl >lOh 

It is interesting to note that, had the exchange of secondary alkyl groups been rapid, 
the optically active secondary octylcobaloxime would probably not have been obtained”‘, 
because for each exchange with inversion of configuration at the a-carbon, there is effec- 
tive racemisation of two molecules of optically active halide23’. Some decrease in the op- 
tical activity of the secondary butylcobaloxime, described earlier (p. 25), has been as- 

‘cribed to such exchangetog. 
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m. Th&z~e+a&i n&ions sieni td. be subject to a-very IargeWste& effect, because any. . . . 
--edange of the.prim& isobutylcobaloxime must be at least 100 times slower tha&that .: I 

of ?he.ethyIcobaloxime, as is- the exchange of the secondary alkylcobaloximes. Such ste& 
.~h.iridr&ce~~ould he expected when both incoming and ou,tgoing nucleophiles a&very 

large in a trnnsition state that requires the alkyl group to be sandwiched between them, 
(ii-e_ XX). Branching at, either the 01- or the P&bon appears to be sufficient to prevent the 
ready attainment .of this configuration. 

-The’rapid exchange of methy groups between two cobaIt(1) species is of considerable 
interest in consideration of the role of biological methylation232~233 for it implies, con- 
trary to previous beliefa*, that a methyl group might be readily transferred from methyt- 
cobalamin to a cobalt(I)enz system without the need for intermediate transferring 
agents such as thiols. 

Other nucleophihc reactions of metal ions at the o-carbon include the displacement of 
cob.alt(I) by rhodium(I)~(eqn,. 103), which tends to produce mainly the alkylrhodium(II1) 
species, and the SN~ displacement of cobalt(I) from the cu-carbon of aIiylic systems (eqn. 
104)73. In contrast, Sh’2’ displacement of cobalt(I) by cobalt(I) has been observed for the 
related propynyl cobaloxime (eqn. 105)40V73. 

IRh(c-h&%pyl- + MeCo(dmg&py * MeRh(c-hgI-&py + [Co(dmgH)zpy] (103) 

MeCH=CHCHzCo(dmgH),py + [Co(c-hgI&py]- 

* MeCH=CHCHzCo(c-hgH&py + [Co(dmgH)tpy]- 
(104) 

HCqCH,Co(dmgH)2py + [Co(c-hgH)2py]- 

-* H2C=C=CHCo (c-hpH)zpy. f [Co(dmgE&py]- 
(105) 

Both alkoxide and hydroxide ion might be expected to displace‘halide ion from ar-halo- 
alkylcobaloximes. However, though halide ion is displaced when the mono-chloro-, -bromo-, 
or -iodo-methylcobaloxime reacts with methoxide ion under anaerobic conditions, this is 
not a direct displacement by the methoxide ion 2’ . Instead, it is believed that the methox- 
ide ion first displaces the cobalt(I) species with the formation of the ar-halomethylether 
which is itself very susceptible to nucleophilic attack. Consequently, the cobalt(i) species 
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then displaces the halide ion from the halomethyl ether with-the formation of the ar-meth-. 
oxymethylcobaloxime. Some a&al (MeO),CHi might also be expected in the presence. 
of an excess of methoxide ion. ‘. 

MeO- + XCH&o(dmgH),py -+ MeOCH*X + Co(dmgi-Qzpy- (106) 

Co(dmgH)apy- + Me0CHa.X \ MeOCHzCo(dmgH&py +- X-. (10% 

A similar initial reaction is believed to take place with hydroxideion, but the subsequent 
reactions are more complicated and the fmal products include methanol, methane, and 
formaldehyde?‘. Dihalomethylcobaloximes21 do not give isolable organometallic products 
with hydroxide ion, and generally lead to the carbonyl complex of the cobalt(I) species, 
under anaerobic conditions. The trihalomethylcobaloximes (halogen = Cl,Br,I) are very 
reactive in alkali, but trifluoromethylcobaloxime*’ is less reactive_ For example, trichloro- 
methylcobaloxime with methoxide ion gives methoxycarbonylcobaloxime in 25% yield. 

(iii) Displacement of cobalt(I) from acyl carbon. Cobalt(I) species are themselves large- 
ly inert as nucleophiles towards carbonyl carbon and are consequently very readily dis- 
placed from acylcobalt(II1) compounds by attack of other nucleophiles on the carbonyl- 
carbon”. Ammonia and hydroxylamine are sufficiently nucleophilic to displace B I 2s 
from acylcobalamins to give the corresponding amide and hydroxamic acid, respect,ively. 

YCH*CO cobalamin + HzNX--+ YCH,CONHX + B,,, 

(Y = H, NH2, NHCOCH,; X = H, OH) 

(108) 

(iv) Displacement of cobalt(l) from unsaturated carbon. Nudeophilic displacements at 
vinylic carbon are not common, but there is some evidence that methyllithium may attack 
both the a-carbon and the metal of styrylcobaloximes. Whereas methyllithium is reported 
to be inert towards alkylcobaloximes, cis-a-styrylcobaloxime reacts with methyllithium in 
ethereal solution to give, after further treatment with water, a mixture of cis-phenylpro- 
pene, styrene, unreacted styrylcobaloxime, and methylcobaloxime208. The stereospecific- 
ity of the phenylpropene formation suggests a nucleophllic attack of the methyilithium at 
the o-carbon with retention of configuration (see p_ 27), and the methylcobaloxime for- 
mation suggests an attack of the methyllithium at the metal with formation of the styryl 
anion which, on treatment with water, gives the observed styrene. 

cis-PhCH=CHCo(dmgl-Q2py + MeLi - cis-PhCH=CHMe + Li’Co(dmgH)tpy- (109) 

cis-PhCH=CHCo(dmgl-&py f MeLi - MeCo(dmgH)2py + cis-PhCH=CH-Li+ (110) 

(vj Reaction of nucleophiles on organic groups without carbon-cobalt bond cleavage. 
Few hydrolyses of functional groups on the organic ligand have been carried out under 
basic conditions, because of the alternative base-catalysed reactions that may occur. Ex- 
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~$pti&mclude the .alkalie hydrolyses of the-acetyl groups of for exampie. 2’, 3’di&. 
ac&yLS’-deoxyad&osyIcobaiamin in a synthesis of the coenzyme*‘. : :. _ 

Id) Nuclm~hile~ as-r&dicing agents 
Several Potentially nucleophilic species are also capable of behaving as reducing agents. 

The most c.ommon such reagent is borohydride ion, less common are tbiols and dithio6. 
However, the mechanism of these re&ztions have not been ascertained except ‘in ti few 
&&es, a&may involve attack on either the metal or the organic group, but it is not known 
in all car& whether the cobalt(I) species observed in the products are formed by direct 
dis&acement or by subsequent reduction of other inorganic cobalt species.. 
: Allenyicobaloximds are reduced by borohydride ion to allene andcobalt species234 

and the latter wihreact with added organic halide to regenerate more allenylcobaloxime 
(eqn. .111). In contrast, when the reduction of haloalkylcobaloximes is carried out in the 
presence of be&y1 chloride, no benzyl cobaloxime is formed3*. The transient green colour 
apparent during this reaction is therefore ascribed to the presence of the reduced sub’- 
strate in which the carbon-cobalt bond remains intact, rather than to displaced cobalt(I) 
species (e@. 112). The loss of halide ion from’ such reduced haloalkylcobaloximes would 
then give novel nucleophilic carbene complexes that would be readily protonated by the 
protid solvent to give the observed product, the corresponding alkylcobaloxime (eqn. 113 
and 114). Similarly, the reduction of CliCDCo(dmgH)zpy with borohydride ion in the 
presence of methyl iodide gives only CDHICo(dmgH),py. 

R2C=C=CHCo(dmgH)zpy + BH, __f R,C=C=CH, + (111) 
-(Rz =Hz or(CH;!)s) 

RCHXCo(dmgH)zpy + BHG - [ RCHXCo(dmgH)~py ]* - (112) 

(X = Cl, Br) 

RCHXCo(dmgN)zpy2- - X- + [RCHC~(drngH)~py]- (113) 

RCHCo(dmgH)zpy- + R’OH - RCH2Co(dmgH)zpy + R’O- (114) 

The absence of direct attack.on the or-carbon is apparent from the reactions of cy-halo- 
ccbaloximes with sodium borodeuteride and sodium borohydride in methanol and O-‘H- 
methanol respectively, i.e. : 

BDZ 
---GG-- 

RCHK~(~%~%PY 015) 

RCHXCo(dmgH)zpy 

RCHDCo(dm@D2py (116) 
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The stepwise reduction of dihaloalkylcobaloximes has also been demonstrated (eqn. I 17). 

XaCHCo(dmgH)apy BH’ l XCHaCo(dmgH)spy BH’ ? CHsCo(dmgH)spy (117) 

Some organocobalt(Ii1) compounds are also rapidly and quantitatively reduced by 
thiols to the corresponding hydrocarbon7g. It has been suggested that the reaction involves 
carbanion formation following nucleophilic attack of thiolate ion on the metal, but the 
reactivity order: ROCOCHMe(Co) > ROCOCHtCH2(Co) > NCCHMe(Co) > NCCH2CH2(Co) 
suggests that free carbanions are not formed. It seems more likely that the reduction of 
the alkyIcobaIt(II1) compound greatly increases the tendency for electropbilic attack by 
the protic solvent on the cr-carbon- Evidence in support of this mechanism comes from the 
reaction of methylcobalt(II1) compounds with dithioerythrito18*, which yields the intra- 
molecular disulpbide and the alkane, Le. : 

Me(Co)B + -SdH + Me(Co)-S-H t B 

Me(Co)-F- TH * Me(Co)S S- + H’ 

(118) 

(119) 

Me(Co)- - 
‘i 

- + ROH- CH, -+ (Co)- + 
73 + OR- 

(120) 

alternatively, 

Me(CoT-Y- -Me(Co)‘- + 7-7 021) 

Me(Co)2- + HOR ---t CH;, + (Co)- + OR- (122) 

(II) Reaction with acids and other electrophilic reagents 

(a) Protonation of axial and equatorial ligands 
The protonation of axial ligands, either after their dissociation from the cobalt, or 

whilst still attached to cobalt, has been discussed above (p_ 50). Protonation of equatorial 
ligands has also been observed and, in some cases, this may have an even greater influence 
on the reactions than the removal of the axial ligand. The various types of equatorial li- 
gand protonation are discussed below. 

(i) Protonation of the corrin ring oj’alk~~lcobalimzins. The methine bridge proton on 
C(10) of the corrin ring is readily identifiable from the ‘H NMR spectrum. Acid-catalysed 
exchange of this proton for deuterium has been measured’44 in several cases; the rate in- 
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. . ~@+??ia ~z&~ofdk+mzt~ &$%rzdi Tlie$&t_onation 6f~~,thy~~~~j6mato.~~~ds - 
.-of &the alXyItiob&lo&n& h&s a marked inff ueuce on the reactivity at the carbon-cob& : 
., bond,.SpedtioSdopic-.studies ‘on ‘the equilibria in per&o& acid at 2 10 (Jo = I -0 aniG = 
-:0:5) show&t ‘the’ jpK, :fdr the monoconjugate acid (eqn. 123) is only .shghtly sensitive .: 
. tothe.$a&&r-of the.organic‘giou~2~* (Tabie 18)Theaddition of the seoond’proton : : 
mt&ei$la& & a’ much hij&isi.itcby~-e.g; in solutions of ca; 30% stiphuric acid-for berizyl- 
: Fob&&&~ -1. .: .M ._ 

. . . .;. 

Rtio&mgH)!eq : -+ HsO* A’,< 1) &RCo(dmgH)(dmgHz)aq* f H20 023) .’ 
(XXI] ,. 

Reo(dmgH)(dmgH&q’ + HsO* T-lRCo(dmgH;)zaqz’ + Hz6 ‘- (124) 
K+(2) 

(=I0 

As mentioned earlier (p_ 36) the proton&ion hss a marked effect on the ‘H NMR spec- 
trum and also on the rates of reaction at the o-carbon described below and on p_ 82. It 
also has an appreciable effect on the stability of various alkylcobaloximes. For example, 
methylcobaloxime is stable for many months in concentrated suiphuric acid, secondary 
alkyfcobaIoximes show signs of decomposition after several days and decomposition of 
benzylcobaloxime is evident almost immediately. 

.The kinetics of the aerobic decomposition of benzylcobaloxime have been studied as 
a function of the sulphuric acid concentrationZ3’ . The rate of decomposition increases 
linearly with acid concentration in solutions of up to ca. lS% sulphuric acid, thereafter, 
the increase taiIs off and there is no significant increase in rate between 40 and 80% sul- 
phuric acid. The decomposition products change.gradually over the same range, being 
mainly the O-benzylether of dimethylglyoxime and its acid hydrolysis product the O- 
benzylether of diacety~ono~me, together with benzyl alcohol in the lower acid range, 
and changing to dibenzyl as the acid concentration increases. 

This has been ascribed to the change from the decomposition of the monoprotonated 
species (XXI) to that of the diprotonated species (XXII) as the acidity increases. The latter 
certainly decomposes predominantly by a homolytic process, and this gives mostly di- 
benzyl. Little. benzaldehyde is~ formed, even.in dilute sohrtions of the complex frbm which 
the air. has not .been excluded. 

The.monoprotonated complex (XXlII) may also partly decompose hon~olytically, but 
the main m&de of reaction would appear to involve a nucleopbilic attack of solvent water 
Ceqn. X25), of.other anions preseni in solution feqn. 126), or of the remaining glyoximin- 
ato ligand~(eqn. 127), to give-be&y1 alcohol, a benzyl derivative; or the benzyl ether.(XXiQ 
respectivelyl ~, .i . . 
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wy) (127) 

@) Ero~onation of cyanide ligfinds; cyanide insehm reactions. The majority of alkyl-, 
a$-,-benzyl-, and vinyl-pentacytinocobaltate(I11) ions undergo reversible protonation of 

-one or more of the.cyanide ligands in concentrated rmneral acid. For example, the pK,‘s 
of the conjugate acids, 2-,3-, and 4-HfiyCHtCo(CN)4(CNH)2- are -1.2, -1.1, and -1-6, 
res$ectively4’_ Such protonation may merely assist in the removal of a cyanide ligand to 
give the tetracyano species, or it may promote a more interesting and complex intramole- 
cular migration. 

Thus the protonation of one of the cyanide ligands (presumably but not necessarily 
one of the equatorial cyanide hgands) also promotes a migration of the organic group from 
the cobalt to the carbon on one of the cyanide ligands with the formation of the green 
‘insertion’ product XXV (eqn. 12Q4s* * 14*238_ 

RCH&O(CN)~CNH~- - RCH,C(=NH)Co(CN)$-aq (128) 
(xxv) 

At low acidities in which the pentacyano species predominates, the rate of this reaction 
increases linearly with the acidity4’ , but reaches tin upper limit at high acidity (ca_ H,, 
r -8), corresponding to an acid-catalysed rearrangement of the pentacyano complex or a 
unimolecular rearrangement of the protonated complex. It is not known whether it is the 
protonated cyanide which is involved or whether an unprotonated cyanide is involved, 
which is later protonated; probably the former. Such a migration is analogous to the more 
familiar carbonyl-insertion reaction of organometal carbonyl compounds, in which the or- 
ganic group migrates to the carbon of one of the carbonyl ligands. Indeed, the similarity 
of mechanism is to be expected as CNH is isoelectronic with C=02sq. 

If the green cyanide insertion product XXV is kept in acidic solution, then hydrolysis 
to the corresponding substituted acetic acid takes place (eqn. 129), but if the fresh solu- 
tion of the insertion product is basified, a reductive elimination reaction (eqn. 130) takes 
place to give the corresponding substituted acetonitrile; the fate of the displaced cobalt(I) 
species has not been investigated. 

/RCH,CO;H + Co(CN):- f NH; (129) 
/Hz0 

RCH2C(=NH)Co(CN):- , 

‘“CRCH~CN + co(cN):- (130) 
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In solutions of low acidity, where the cyanide insertion reaction is slow, an alternative 
decomposition may intrude, in which loss of a cyanide,ligand gives the tetracyano-aquo 
complex XXVI which undergoes further decomposition, .probably via homolysis of the 
carbon-cobalt bond. This reaction may be suppressed by the addition of an excess of 
HCN*“. 

RCHa Co(CN)4aq __f RCHL 1 + -co(c?l))42- (131) 
WW 

These reactions are not apparent with the allylcobalt complexes, because of the alter- 
native n-allyltetracyanocobaltate(II1) ion formation (p_ 47) and/or decomposition accord- 
ing to cqn. 136. 

(b) Proronarion of the organic group 
Protonation of the organic group may lead to a number of interesting reactions in which 

the carbon-cobalt bond is broken. 
In common with a great many a-bonded organotransition metal compounds, there is 

little evidence of direct attack of the proton on the o-carbon of the organic ligand in min- 
eral acid solution236. An exception might be the formation of methane from the reaction 
of Me,Co(dotnH) in aqueous acid237_ 

(i) Acid-cata&sed cleavage and solvo&sis of Ph_vdroxy-. p-alkoxy-. and fl-aceroxv-ethyl- 
cobaZt(II1) complexes. Reaction of S-hydroxy-, I3-acetoxy-, or P-alkoxy-ethylcobalt(III) 
complexes with mineral acid leads to the formation of ethylene, or a substituted ethylene 
and an inorganic cobalt(II1) complex. Two distinct mechanisms have been postulated for 
this reaction: (a) protonation of the P-oxygen followed by a one step reaction33 in which 
there is synchronous cleavage of the carbon-oxygen and carbon--cobalt bonds (eqn. 132); 
and (b) protonation of the o-oxygen followed by a two step reaction240 in which the 
carbon-oxygen bond cleavage precedes the carbon-cobalt bond cleavage (eqn. 133). 
Both mechanisms may well occur, for there are few kinetic studies on the reaction, which 
has been observed with P-substituted ethyl-cobaloximes33v240, -cobalamins33*’ ‘* and -pen- 
tacyanocobaltates’ 14y5’_ However;there seems little doubt that the second (two step) 
mechanism operates with the cobaloximes240. 

R&l)CH2CH2(Co) - ROH + CH2=CHz + (Co)’ (132) 
+ 

RO(H)CH,CH,(Co) =+ ROH + +CH2CH2(Co) - CH2=CH2 + (Co)’ (133) 
(XXVII) 

For example. the methanolysis. ethanolysis, and hydrolysis of fl-acetoxyethylpyridineco- 
baloximes give good yields of the corresponding &methoxy-, fi-ethoxy-; and j3-hydroxy- 
cobaloximes. The kinetics of these reactions (Table 19) are comparable with those of other 



.PhCH;. -. .. ‘. 
&O.Cti,CH, 

-Y-Deoxyadenosyl 

lb) C%bamides 

aq -a.@ 
py’ c.e 

PY od 

S-DeOxyadenosyl- : _ 
cobakfmin : d 

(c) Penru$yano~buftates. 

3H;yCH, -3.lf;g 

3Hi;yCH, -2sf 
3H;yCH, -2.of 

3H&-l, -1sf 
‘;H&CH, -LOf 
3H;yCyCH, -0.71f 

S&&H2 -0.14f 

4H&H, -3.lf 

i~$ycH, ., -3.lf 

,2HsyCHMe -3.lf 

EtOH 0.44 25 240 .. 

H,O 220 ‘. 27 ’ 104 

Hz0 7.4 27 iO4 

W’ 550. 40 45 
Hz0 520 40 45 
Hz0 500 40 45 
If,0 330 4% .45 

H,O. 270. 40 : 45 

Hz0 190 40 45 

H*O 89 40 45 

H,O 140 40 209 

Hz0 15 40 45 

Hz0 42 25. i14 

a”First order rate coefficients (s-l), further examples in references. 
b -f&, H&I;. : 
c Iti neutral ethanol.. 
d liWH+_ 

: 

e &I* = 19.9 + kcal/mol, ASI = -18.2 * 4 e-u. 
f -H_, HCIO, ; 
.g AS = 20.; + 1.2 kcd/mol, .&St = -3 + 4 e-u. _. 

: 
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s&olytical~y a&e acetat&_ The exact nature of the intermediates is uncertaiq, and-the 
reaction may involye the formation of a-t&Went a-complex XXViIa and/or a cation st& 
biked-through a+r-conjugation or vertical stabilisation210 (see p_ 52) asin XXVIIb and- 
XXVIIC. . . 

(XXVII~) (XXVIIa) (XXVIIC) 

That free olefin and inorganic,cobalt(III) species are not intermediates is apparent from 
the ethanolysk of /3-acetoxyethyl(pyridine)cobaioxime in the presence of propylene and 
the ethanolysis of &acetoxypropyl(pyridine)cobaioxime in the presence of ethylene, which 
give no crossed products. Nor does ct- or &proton exchange take place with the solvent 
when P-acetoxyethyI(pyridine)cobaloxime is solvolysed in 2H4-methano1240. The forma- 
tion of equa! amounts of pyCo(dmgH)2CH2CDpOMe and pyCo(dmgH)2CD2CH20Me in 
the metbanolysis of pyCo(dmgH)2CH2CD20Ac does suggest that a symmetrical interme- 
diate is formed at some stage of the reaction (e.g., XXVIIa), and the retention of configur- 
ation observed in the benzylolysis of chiral [(+)<S)] -&methyl-&acetoxy-ethyl(pyridinej- 
cobaloxime ;hows that the configuration of the P-carbon is held in the cationic interme- 
diatez4”. 

The nature of the axial base can have a profound effect on the solvolysis products. For 
example, the ethanolysis of @-acetoxyethyl(triphenyIphosphine)cobaloxime gives a high 
yield of ethylene_ Few kinetic studies have been carried out, but the formation of ethy- 
lene is reported to be faster in HCN than in HCIO, and H,SO, 33. The presence of a 
strongly coordinating ligand like cyanide ion would be expected to increase the electron 
donating character of the group -CHzCo(dmgH)2B thereby stabilising the cationic inter- 
mediate XXVII, and it may also increase the electrofugal character of the group 
-Co(dmgH)zB thereby aiding the formation of ethylene. 

In an interesting variation of these solvolyses, the acid-catalysed decomposition of 
4-hydroxy-Sbutenylpentacyanocobaltate gives butadiene’ ’ , ix., 

HOCH2CH=CHCH2co(CN):-L Hz0 + CH2=CHCH=CH2 + Co(CN);- (i34) 

(ii) Acid-catalysed cleavage of unsaturated iigatzds. Similar cleavage of the carbon-co- 
balt bond also occurs on protonation of unsaturated organic ligands, i.e., 

RCOCH2Co(CN);- g* R;(OH)CH2Co(CN)$ -- RC(OH)=CH* + Co(CN);- (1 35)20 

MeCH=CHCH2(Co) !&+ MeCH2?HCk2(Coj - MeCH2CH=CH2 + (Co)’ I. (136) 

(co) = Co(dmgH)2py33 or Cb(CN)g: 2o 
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shown 
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Ih~~l-&e&@in in:eqni 135, the fi&&rned~enol.rearranges to ?he cor&%pond~~g 
ketoti$-. &>Fl;“ac”” sh&ti in-&q& .I 36, only I-but&e% forged in e&h case. It is pas- 

~~~~,ble~tfrat~th~s ~s’rilso a result of thepreferential rr-zr<oriju@tion of the &carbon by. the -. 
g&z& ~-$X&co). An in@esting variation of these reactions occurs with the endo-pen-. 
~acy&otiobaltat&(~Ii) ion X%VIII, which undergoes an intramolec&r cyclisation reaction 
(e&1.-137): in contrast,,the exu-isomer undergoes the’normal cyanide ‘insertion’ reactionsl. 

.: .- .; i .’ ;: . . 

(hi) Aci&t&&d,&mmge orthe coenzyme and its analogties. As the coenzyme (xrv) 
also contains an oxygen on &&carbon, it is not &rprising that an acid-catalysed elimina- : 
tion reaction takes place ig2=217*241 _ The products of this reaction are BzzS, adenine, and 
&yrhru-2,3-d&ydroxy-4_pentenal XXIX (eq, 138). The rate of this reaction (kl 1 
,7.4 X IO* s-’ at 27” in 1M HCl)‘is less than that for the corresponding 5’-deoxyi 
adetiosylcobaloxime (kl = 2.2 X low3 s-1)104- . 

OH OH m 
CH2 

x A + 

I H Brss + CH,=CHCHtOH,CH(OX,CHO i- A (1381 

co 

P 

axlxl 

N 

hV:.X 4 0, A = Adenine 
XVII: X = CEI,, A = Adenine 

It is not su&ising that this reaction also involves loss of activity as a cofactor, but it is 
interesting that the corresponding carbocycfic derivative (XVII; X = CH2) also loses its 
activity as a cofactor in the dioldehydmse reaction (see pp_ 98-103) at about the 
same rate as the coenzyme in acidic solution ‘*’ _ It is possibie that one or both of these 
reactions involve attack of acid on the adenine residue. 

(iv) HydroZysis of organic functionalgroups. In view of the ready loss of the olefin 
frqm &alkoxycarbonyieth~lcobalt(IiI) complexes in basic solution, it is more usual to 
car&‘out the hydrolysis of such esters in acidic solution. For example, both LY- and @-. ’ 
.~bo~yethy~cob~t(llI~ complexes are best prepared via their esters39, because of 
difficulties encounteied& thek.direct formation,from cobalt species and organic coti- 
pounds. One of the sudcessfu! methods used ip the synthesis of th” coenzyme froth 
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cobalt coninoids and the nucleoside XXX has involved (i) protection of the 2’- and 
3’-hydroxy groups by formation of the 2’,3’-isopropylidene derivative of the nucleoside 
(eq. 139); (ii) formation’of the 5’-O-p-toluenesulphonyl derivative; (iii) displacement of 
the tosylate group by Br zs; and (iv) acid hydrolysis of the isopropylidene group*‘** &” ’ 
64*124. One disadvantage of this method is that some cleavage of cobalamin amide groups 
may also occur. Alternatively, the 2’- and 3’-hydroxy groups have been protectedby 
phenylboronic acid242*243 _ The formylmethylcobaloxime may also be prepared by acid 
hydrolysis of the dimethyl aceta139 _ 

N N 

The hydrolysis of the cu-methoxycarbonylalkylcobaloximes is of interest not only be- 
cause it is reported that the alkaline hydrolysis does not take place”, but also because 
hydrolysis can be achieved by dissolving the ester in sulphuric acid and pouring the solu- 

’ tion into water. This method of hydrolysis is reminiscent of the hydrolysis of highly 
hindered esters of mesitoic acid244, and may therefore involve the corresponding acyl 
cation (eq. 140) which may also be stabilised through a--lr-conjugation with the group 
-CH, Co(dmgH), B. 

(140) 
EtOCOCH2 Co(dn@I), B “=’ O=C’CHI Co(dmgH)* B HZ0 l HOCOCIIz-Co(dmgI-&B 

OEt- -H+ 

0=C+CH2Co(dmgH)2Bs HOCOCHzCo(dmgI-l)zB + H’ (141) 

(c) Reaction with metallic electrophiIes 

In contrast to the reactions of the mineral acids, metallic electrophiles are much more 
prone to attack .the, o-carbon. In many cases this results in a clean displacement of the 
cobalt in the (+3) oxidation state, but in a few cases there are complications due to the 
attack of the electrophile at other sites in the molecule. 

(i) Mercury (II) reagents. Mercury(H) speciesare particularly effective reagents for the 
displacement of cobalt by attack at the a-carbon. The first demonstration” of this re- 
action involved the formation of methylchloromercury(I1) from the reaction of mercury 
(II) chloride with the methylpentacyanocobaltate(Ii1) ion (eq. 142; R= Me). Subsequent- 
ly it was shown that, though mercury(I1) chloride and the trichloromercurate(I1) ion 
preferred to attack the o-carbon of the pyridiniomethylpentacyanocobaltate(II1) ion (eq. 
142; R = HsyCH,), the attack of the chloromercury(l1) cation, HgCl’. took place main- 
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ly &a &ordi&tecf cya&le’9~ with the-formation-of the-rel$ively.unreactiye pyridi,nib.--. 
methyrtetracyanoaquoo~a~~~te(iIij ion (eq. 143). .: ;:. _, 1. ; ; : ._ 

RCO(CN),~- +.H@. .~. ,RHgc1+c1-~co(cN)~2-~ _’ ._ -_..,(!42) 
+ 

HpydH;C;i(Cv),3- +.HgCl+ z J$yCH, Cb(CN), aq2- + H&lCN .. (193) 

Similar_ dis$it(:‘-,menis by the more reactive m&ury(Il) species sudh as-Hg*+ take piace 
at-the &carbon of the alkyl- and aryl-cobaloximes in aque&s so1utionf00~203~235~23sa. 
Thtre reactions are sensitive to the concentration of acid present because the conjugate 
acid of the tiob.aloxiFe, in which one of the dimethylglyoximinato ligands is prototiated, 
is appreciably less reactive than the cobaloxime itseU?“_ In that region of acidity where 
the unprotonated coba1oxime.i~ the reactive species, the following rate law is bbeyed: 

d [R&$1 ldt = WCo(dmgH), as1 [Hg**l /(I + [ITI /K> (19 

where K is the dissociation constant of the conjugate acid of the cobaloxime and k is the 
second order rate coefficient for the reaction of the organocobaloxime with Hg**. 

Some values of the rate coefficients are shown in Table 20. These results show that the 
displacemknt is generally slower with the aquo complexes than with those having more 
basic axial bases..For example, methylcobalamin is more reactive than methylcobinamide 
202y203 towards mercury(I1) acetate, and methylbis(dimethylglyoximinato)imidazole- 
cobalt(III)‘is more reactive than methylaquobis(dimethylglyoximinato)c~balt(II~)245 
towardsHg _ *+ With the higher alkylcobalamins, the mercury(E) species may remove the 
zxial base at a rate comparable with the carbon-cobalt bond cIeavagezo3. 

The very moderate accelerating effect of eIectron-donating substituents on the organic 
ligand on the bimolecular displacement is apparent from the rates of reaction of 4.sub- 
stituted benzyl- and phenylcobaloximes with Hg *+ The rate of displacement at the aryl . 
carbon is not only faster than at benzylic carbon, but is also more sensitive to the charac- 
ter of the 4-substituent23sa _ 

Though mercury(I) ions also appear to react with alkylcobaloximes, comparison of the 
rate cbefficients for this reaction with those for the mercury(U) reactions show that it is 
probably the small proportion of mercury(U), in equilibrium with the mercury(l), which 
is the reactive sp&ies246. 

Hg2*+ = Hg*+ + Hg” (145) 

The reactions-with mercury species have assumed much importance in recent years be- 
cause of the potential role of methylcobalamin inthe formation of methylmer&y(lI) 
compounds which have been found in high concentrations in certain f&h. These f=h have 
be& found in particular bays off the coasts of Japan and Scandinavia, and in the Great 
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TABLE 20 

Kinetics of reaction of metallic electrophiles with oiganocobalt(iI1) compounds 

R ii B Reagent h: -. T Solvent ReJ 

Me 
Me 
Et 
n-Pr 
i-Pr 
i-Bu 

PhCH, 
4Q,NC,H,CH, 
4-K, H, CH, 
4-MeOC, H, CH, 
4-FC, H, 
4-MeC, H, 
4-MeOC, H, 

C&H, 
Me 

MC 
Me 

Me 
Et 
n-Pr 
see-alkyl 
Me 
Et 
i-Pr 
Me 
Et 
Me 
Et 
Me 
CH,=CH 
CH,=CH 
5’-Deoxyadenosyl 
5’-Deoxyadenosyl 
ZH;yCH, 
3H;yCH, 

4H;yCH2 

2H;yCH2 
3H;yCH1 

W-W+ 
WwH), 
mv_?w, 
Wq$-O~ 
CdmgH) 1 
@mgH), 
(dmgHIz 
(dmgI% 
(dmgHI1 
(dmgI-0, 
(dmgH), 
(dmgH), 
(dmgI-0, 
(dmgH), 
(dmgH f 

(dmgH, 1 
(dmgBF,I, 
(dmgH), 

(dmgH), 
(dmeH), 
(dmtW2 
(dm.@), 
cobalamin 
cobalamin 
cobalamin 
cobiramide 
cobinamide 
cobalamin 
cobalamin 
cobinamide 
cobalamin 
cobinamide 
cobalamin 
cobinamide 
(CN), 
(CN), 
(00, 
Ch, 
ENI, 

aq 
w 
aq 
aq 
w 
4 

aq 
aq 
aq 
w 
aq 
aq 
aq 
aq 

w 
w 
aq 
PY 

PY 
PY 
PY 

w 
aq 

aq 

aq 
CN 
CN 

CN 
CN 

CN 

ng*+ 65 
Hg*+ 
Hg” 
Hg’l+ 
He’+ 
Hg=+ 
Hg*+ 
Hg’ + 
Hg’+ 
Hg2* 
Hg2+ 
Hg’+ 
Hg2+ 
Hgz+ 

54 
0.12 
0.09 
a7 x 1o-6 
0.36 
7.5 x 10-z 
6.5 x lo--’ 
2.8 x IO-= 
11.3x lo-’ 
2.5 x 102 
4.5 x 10’ 
3.0 x 10” 
4.0 x 10’ 

Hg” 
Hg=+ 

2*d Hg, 
Hg(OAc), 
Hg(OAcI : 
Hg(OAd, 
&WAd, 
Hg(OAc), 
Hz(OAc12 
H~(OAC)~ 
Hg(OAc), 
Hg(OAc), 
HgW=), 
Hg(OAd, 

WOAc), 

HiWAd, 

Hg(OAc), 

H@Ac) L 

Hg(OAc) : 
HgCI, f 
HgCI, f 
HgCl, f 
Hgc1; f 

z- 
HgCl; J 91 

GO.6 
G3.5 x 1o-4 

8 x IO-* 
6.6 x IO-’ 

7.7 x lo-’ 

7.0 x lo+ 
<lo-” 

300 
1.3 x lo-’ 
3.5 x 10-S 
6.4 x 1o-2 
3.7 x 10-s 
370 
2x 10-l 
1.2x lo-’ 
7x 10-l 
1.75 x 10-l 
G1O-5 
G 10-s 
0.57 
ca. 5 

8.5 
0.17 

25 
25 
25 
25 
25 
25 

25 
25 
25 
25 
25 
25 
25 
25 

water b 200 
water b 235a 
water b 200,235a 
water 200,235a 
water 200 
water 200 
water bS 235a, 235 
Rater b 235a 
water c*4 235a. 235 
water b 235a 
water b 235a 
water b 235a. 
water b 235a 
water b 235a 

25 water b 200 
25 water b 200 

25 water c 246 
26 HOAc/aq e 203 

26 HOAc/aq e 203 

26 HOAc/aq e 203 
26 HOAc/aq e 203 
26 HOAc/aq ’ 203 

26 HOAc/aq e 203 
26 HOAc/aq e 203 
26 HOAclaq e 203 
26 HOAc/aq e 203 
30 aq? 202 
30 aq? 202 
30. aq? 202 
30 aq? 202 

30 aq? 202 
30 aq? 202 
30 aq? 202 
25 water c 198 
25 water c 198 
25 water c 198 
25 water c 198 
25 water ’ 198 
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b :.~, .: +,:. -_ ..B : -.. ReOg& k”2 _T-.’ Soltient- i2eJ 
d 
4&c& .--t&, CN I-I&-f 2.4 25 .-c water 
2&H, .- 

1 198 

Kw; CN- llCl;f 5.7 .25 water c 198 
4H&CH,- KN), CN TlCl,‘f 1.57 25 water c 198 
2H&tiH, . . 
3H;yCH; 

<CM. : CN TICI, f 3.3 -25. tiiter~ 198 

00, CN TICI, f ca. 150 25 water ’ 198 
4H&CH, 

ZH;yCti, 
DO, CN TlCl, f 58.2 25 water’ 198 

4H&CH, 
CH, 

GH; 
Cc. W--H, 

KN)., cw nc1,f 0.3 1 

(CN), CN TICI; f 2.8 

CdmgHL aq l-lx+ 1.2 

(&zH), aq TI’+ 1.4 

(dm@-U, aq -I-i= 0.7 

25 water C 198 

25 water c 198 
2.5 water 5 235a 

25 water b 235a 

25 water b 235a 

a M-’ -s-l_ b P = 1.-O. c p = 0?5_ d Reaction through Hg’*_ e O_lM NaOAc buffer. f Calculated from 
overall rate of reaction of thallium(IiI) or mercury(H) species. 

Lakes of North America into which flow.effluents containing high concentrations of in- 
organic mercury waste247. There seems little doubt that methylcobalamin does play a 
part in these reactions, because a number of workers have demonstrated both enzymic 
a.t.td non-enzymic formation of methylmercury(I1) compounds from methylcobalt(II1) 
species and mercury(H) halides248y24g _ The most interesting difference between the en- 
zymic and most non-enzymic processes seems to be the formation of methylmercury 
salts in the latter and of dimethylmercury in the former. 

The non-enzymic reaction of methylcobalamin with mercuric chloride in aqueous 
solution, which gives methylmercury(I1) chloride, has been studied in some detail”‘. 
The reaction is apparently faster in unbuffered solutions and in aqueous sodium chloride, 
which suggests fhat HgCI; may well be more reactive than HgC1; , as is also found with 
some other a-bdnded organotransition metal compounds**’ _ As is usual with such 
electrophilic displacements*‘*, the monoalkylmercury(I1) species.MeHgCl, PhHgCl, 
MeOCH2 CH,HgBr, PhHgOH, and MeHg-dicyandiamide are less reactive than HgC12. The . . 
rate is also reduced in the presence of thiols, presumably because of the lower reactivity 
of mercuj(II) sulphide complexes253. 

However, it is reported that in phosphate buffers2S03253 under reducing conditions2s4, 
dimethylmercury is formed prior to the monomethylmercury(I1) salt. Simil&ly, the 
enzyme reaction is also believed to give dimethyl- rather than monomethyl-mercury as. 
the main product?48*254. A. direct formation of dimeitiylmercury from methylcobalamin 
2s4--255 seems improbable and more work is required to eIu.cidate the mechanism ot this 
process. Onk fact& that may be of particular importince in this reaction is the observation 
that, tinder some conditions, monoalky~ercury(I1) species, undergo ready symmetriza- 

. . 



ORGANIC COMPOUNDS OF COBALTWI) 77 

.tionz5’ to give dialkylmercury(I1) and inorganic mercury(H) species (eq. 146). This 
symmetrization is particularly dependent upon the character of the other ligands-on the 
metal and upon the rate of removal of one or both of the symmetrised products. In the 
case of the enzyme systems in viva, .the preferential absorption of dimethylmercury by 
the lipid material, and the sulphur ligands available to complex with the metal, may well 
be the deciding factors in shifting the equilibrium of eq. 146 to the right, such that mono- 
methylmercury(I1) species are not observed. 

2RHgX = RtHg + HgX, 

Electrophilic attack of mercuryf1.) reagents at unsaturated carbon. Electrophilic dis- 
placement of cobalt from vinylcobalt(II1) compounds is faster than from alkylcobalt(II1) 
compounds. The reaction of pure cis- and trans-pstyrylcobaloxime with mercury(I1) 
acetate in acetic acid gives stereospecific formation of the corresponding cis- and n-an@- 
styrylmercury(I1) acetate, respectively 257 However, in impure solvents the cis-pstyryl- _ 
cobaloxime gives appreciable quantities of the trans-&styrylmercury(II) acetate. The 
reasons for this change are not known, but the incursion of a free radical process cannot 
be ruled out. 

Ph wdwzm PY 
‘C=C’ + Hg(OAc), + 

ph\ 
,HgOAc 

H’ ‘H 
,C=C + AcOCo(dmgH), py (147) 

H ‘H 

(ii) 7halZium(M) reagents. Thallium(II1) species, such as T13”, TICI,‘, TIC13, and TlCL,- 
may also attack the a-carbon of organocobali(II1) compounds by the bimolecular 
mechanism’g8. The initial product from this reaction is generally unstable and decomposes 
in many cases as fast as it is formed, to the alkyl halide and!or the corresponding alcohol. 
For example, the 4-pyridiniomethylpentacyanocobal?ate(III) ion”* and methylcobal- 
aminzs8 react with TICI to give mainly the chloromethylpyridinium ion and methyl 
chloride, respectively. Selected rate coefficients for some of these reactions are included in 
Table 20. 

H$yCH* COAX- + TlC13 + COB*- + Cl- + Hp+yCH2 TlC12 - 

+ H;;yCHz Cl + TlCI (148) 

Mecobalamin + TlCl3 - Cl- + B 1 2a + MeTIClz ----+ MeCl f TlCl (149) 

(iii) Platinum, palladium. gold and cobalt reagents. Pure platinum(IV) chlorides are 
apparently inert towards alkylcobalt(II1) compounds, as are pure platinum(U) halides*” _ 
However, platinum(W) halides become reactive in the presence of platinum(I1) halides 
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a&displace the’cobalt fiom.m~~~~i~obalt(i~II)cornpIexesby .a.process which obeys the.: 
.-&te ~~OfkQ. 15_Oarid-with-&e stoechiometryofeqn. I-51. : : .. ..‘. = : 

. . : -... -. 

~d[Mecobalamin] /dt 7 k3 ~&obalain&] @‘+] [Pt”] -. ’ -&o> 

&&fc&&& + etIY Ptli ;&p&_ s,,, Wl] 

~A~s_jrnil& reaction, stoechiometric in gold(IIIj and methylcobaiamin, is observed.mthe 
presence of gold(I)zS8: As with the’thahium(II1) reactions, the observed organic product 
is the aikyl halide when gold and piatinum halides are the reagents. The exact role-of the 
platinum and gold species is not known, but it seems likely that coordination of plati- 
num(U) or gold(I) as the axial base, or some other interaction of these species with the 
cob&(III) species, would greatly facilitate the susceptibility of the ~ethylc~bal&n to 
electrophilic attack at the a-carbon (eqn. 152). Such a reaction would be comparable with 
the activation ofelectrophilic attack by reduction with dithiols (p. 65). It is also interest- 
ing to.compare this reaction with the activation of nucleophilic attack by oxidation de- 
scribed on p_ 81. 

X3Pt6”- - --Me 

Me(Co)PtX, + PtXf - (;o)a+ b (Co)PtXz + MePtX, + PtX2 + MeX (152) 

PiX, 

Organopalladium compoundsare believed to be intermediates in the alkylation of 
olefms by organocobaloximes in methanol catalysed by palladium(H) saltszs9. Some 
exampies of this reaction are described in Table 21_ 

TABLE21. 
Reaction of organocobalt(III) compqunds with olefins in the presence of palladium(H) salts 

R 3 OIefin Ratio Product 
R(Co)/olefin/ 
Pd C14* - 

Yield 
(%I 

Me (dmgH1, aq 
Me (dm#), PY 
Me (dmgH), PY 
Me (dmgH), PY 

Me salen 
(dmgH)i..’ 2:. -- Ph : 

styrene 11412 
styrene l/4/3 
I-octene l/2/1 
cyclohexene l/2/1 

styrene I 1412 
styrene -. l/4/2 

prupenylbenzene 64 
propenylbenzenc 76 
bnonene 20 
I-methylcyclo- 1 

hexene 
proljenylbenzene 4X 
rrans-stilbkne 4 
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One other example which apparently involves electrophihc attack of one cobalt(W) .. 
species on the a-carbon of an organocobalt(III), compound is of particular interest and 
merits further study. Thus, several aquocobalt(II1) chelate species react slowly with 
methylcobalt(III)-chelate species, with transfer of the methyl group.from-one cobalt to 
the other (eqs. 153-155) 26* . Irrespective of the.mechanism of these reactions, they give 
a useful measure of the relative carbon-acidity of the respective cobalt-chelate cations. The 
mechanism of these reactions is also of interest, because of the much more rapid displace- 
ment of cobalt(I) from alkylcobalt(III) compounds by the corresponding cobalt(I) 
chelates, and.the.reported exchange of methyl groups between cobalt(I1) chelates and 
alkylcobalt(II1) chelates; (p. 60-62 and p. 92, respectively). It is possible that all these 
processes proceed through the same intermediates. 

MeCo(acacen)aq + Co(salen)aq+ - MeCo(salen)aq + Co(acacen)aq+ .---- (153) 

MeCo(salen)aq + Co(dotnH)aq*+ s MeCo(dotnH)aq+ + Co(salen)aq+ (154) 

MeCo(salphen)aq + cobalamin -aq ---- Mecobalamin + Co(salphen)aq+ (155) 

[d) Reaction with nitrosating species 
Several other electrophiles are also effective towards saturated carbon. Nitrosating 

agents, such as nitrosyl chloride and acidic solutions of nitrous acid give the correspond- 
ing aldoximes on reactions with benzyl- and pyridiniomethyl-pentacyanocobaltates2’S 
(eq. 156). The reactions obey the rate law shown in eq. 157. 

ArCH2 COAX- + NOX -G= COAX- + X- -I- ArCH2 NO - ArCH=NOH ( 156) 

(Ar = Ph, Hpy+; X = Cl, Hz O+) 

-d [ArCH, Co(CN)s3-] /dt = [A&Hz Co(CN)s’-] [HNOa ] [H’] (ks + k4 [Cl-] ) (157) 

This rate law is the same as that observed for the diazotisation of aromatic amines, and 
indicates that nitrosyl chloride and the nitrous acidium ion are the reactive species. In- 
deed, the rate at which these species attack the a-carbon of the pyridiniomethylpenta- 
cyanocobaltates is comparable with the rate of diazotisation of nitroanilines, under the 
same conditions. 

The reaction of nitrosyl chloride with methylcobalamin in glacial acetic acid takes place 
preferentially on the equatorial ligand at C(10) to give the C-nitroso derivative, together 
with 5% of the ring B lactone derivative 84. On the other hand, the reaction of .5’-deoxy- 
adenosyicobalamin with nitrous acid causes diazotisation of the amino group of the 
adenine with the formation of the corresponding hypoxanthene derivative2’*. 

The reaction of nitrosyl sulphuric acid with benzylcobaloxime does not proceed via an 
electrophilic attack on the or-carbon, instead it behaves as an oxidising agent as described 
for halogens on p_ 8 I_ Nitrosyl chloride also reacts as an oxidising agent with benzyl- and 
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\ The reactions cjf organocobalt(II1) &mpo&ds with ,the halogens htivd i& be& &.&ecj 
in as mu&detail iis those descn3ed above, but the initial results show that t&ey aremore 
cdniplikted “d more interesting than was. expected; Two features.stand out: ,,ftit,, that 
the reactions frequently give a variety of products108*262, secondly, that-the alkyl halide 
x&y be formed predorn$antly by a process which involves inversion of configuration 
-at th~cY-~arboni08z10~, e.g.: = 

S-(f)$6Hi3CHMeCo(dmgH)2 py + Br2 i R-(-)-CBHI JCHMeBr + 

‘fwo &x#u&ons have been put forward for the inversion bf configuration at the 
cbmrbon in these reactions..(i) That direct electrophilic substitution (eq. 160) may occur 
with either retention, or inversi& of configuration, depending upon the size and char- 
acter of the incoming and outgoing eiectrophiles’?’ (shown here with inversion of con- 
~~~~ion~. (ii) That the ele~trop~c attack takes place at the metal or at other ligands 
on the metal, thereby oxidising the complex s&h that attack at the oc-carbon is a sub- 
sequent nucleophiiic reaction with bromide ion or other nucleophiiic species present in 
the soiution (eq. 161). The latter reaction requires that the attack. on the metal causes 
a large increase in the nucleofugal character of the cobalt, which, as is seen below, may 
have additional-consequences. 

: 

_ 
.~. I .: 

(f6W. 

Thbugh it.& p&sible that each tie&tan&m may.operate in appropriate cases,.seve&A 
‘i8‘ctors fav& &e tit&k pfthe-h&ogen oil othei than the at-carbon. (a) Thi: low yiehis.of- 
aikyl halides’@< are .fojtied in.many:reactions. Thus, the reaction between se&octyl-, 
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-ccbaloxime.&d bromine in acetic acid gives only about a 30% yield of set-octyl, bromide, 
$&her tithm&ly the dibromirjes of lioctene and 2-octene’os~2~2 The latter would 
I% exPected if the solvent is sufficiently basic to assist in the removal of a &proton from 
the secToctyl g&up with synchronous displacement of the er&mced iu.uAeofigaLcobdt 

(e.g., eG:162). Th e octenes formed would immediately be brominated in lthe presence of 
-an excess of bromine to form the observed octene dibromides263. 

’ (b)The.reaction of electrophiles with benzylcobaloximes in the presence of added 
nucleophiles results in the formation of the benzyl derivatives of the nucleophiles as well 
as of the electrophiles. For example, the reaction of bemylcobaloxime with iodine 
chlo&.de.in the presence of added chloride ion gives mainly benzyl chloride together with 
the O-benzyl ether of dimethylglyoxirne, but little benzyl iodide. This reaction is not due 
to the Presence of the more reactive chlorine, because a chlorine scavenger such as an&de 
is recovered unchanged at the end of the reactionZ6*. 

C6H13 
’ - 5: + cn,-C-H 
\ 

- CW2=CHC6H,3 

(Comr’ 
CH2---=;CD- w 

+(Co)er + su+ (le.21 

PhCH2 Co(dmgH),? aq + X2 Q- - PhCH2 X + PhCHz Cl + PhCH2 dmgH -f- 
AcOH 

f XCo(dmgH)2 aq (163) 

(c) Still further support for an oxidatively induced nucleophihc substitution mechanism 
for halogenation comes from the reaction of the hexachloroiridate(IV) ion with benzyl- 
cobaloxime in the presence of halide ion. The transient benzylcobalt(IV) compound264 
(p. 89) is readily attacked at the a-carbon by bromide or chloride ion to give mainly the 
benzyl halide together with the benzyl ether of dimethylglyoxime. Indeed, the products 
of oxidation by IrC&* and by ICI, in the presence of chloride ion, are almost identical. 
Still more convincing is the fact that (S)o-()-set-octylcobaloxime reacts with IrC16*- in 
the presence of bromide ion (2/W) to give (R)-(-)-see-octyl bromide in 37% yield; i.e., 
with inversion of configuration observed in all SN2 reactions and in the bromination of 
the same substrate. 

PhCH2 Colll(drngH)z aq + *- IrCle I+ [PhCH2’CoIV(dmgH), aq]+ + IrCls3- (I@) 

[phCH2 Co1V(dmgH)2 ad)+ + X 9 PhC& X + C~~!(dmgH)~ aq (I651 

The character of the halogenations may also be particujarly solvent dependent. For 
exampIe, in metbylene chloride, the absence of an appropriate base may me? “at. the 
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~pr&&kiBllcyf~hali&i~ accorkp&ied by litile &hination; The reaction &c~cloh~xyl(P$- 
-ricline~~baloxime-withbioinine hi -inethylene: &loride’is reported to give largely-cyclo- ._/ 
hex& br&ide~&d mchanged.cydohexylcobaioxime- Ia9 In triflukoacetic acid on the _ 
other: han_&‘the solvent i$ Sufficiently nucleophilic that some alkyl trifhioroacetate is ‘. 
.fotitid ir;‘tht% reacti&$roducts26T; 

.: 

Metji~i~~~~~balt(lIllgroupsas substituents in aromatic subs(itution. In the reactioti of 
b&zyl- a&i substituted benzyl-cobaloximes with halogens, the course of the reaction 
is also influenced by conipetition between t!Le cleavage-reaction described above and 
eledtrophilic substi,titidn in the aromatic ring: Benzylcobaloxime in acetic acid under- 
goes almost complete carbon-cobalt bond fission in the reaction with dilute halogen 
soh.i~ions3’~:However, meta-metbylb~nzylcobaloximk;in which the aromatic ring is 
activated by both the methyl group and the group -CH2Co(dmgH)zpy, undergoes appre- 
ciable ring bromination prior to carbon-cobalt bond fission in acetic acid (eq. 166). In 
the bromination of the meta-xylylenedicobsloxime XXX1 which has two activating 
CH2 Co(dmgH)2 py groups, appreciable dibromination precedes the carbon-cobalt bond 
fission (eq. 167). 

I-\ I-\ - 

2x + x 
-i- \ d CH2X ‘l- 11661 Ci+.Co(dmgH jpPy + x2 

cx= m.cr; 

CH2CotdmgW20y 

MY 

+ x2 - 

CH,CotamgH),py 

dHzx (,67, 

x CH2X x CH2X 

I-1 cx=m. Cl1 

In all cases in which the reagent is iodin 2, only carbon-cobalt bond cleavage is ob- 
served- In these reactions, as in the reactions with chlorine and bromine, varying amounts 
of the corresponding benzyl ether of dimeihylglyoxime are also obtained. Competition 
reactions; in which a mixture of a substituted benzylcobaloxime and the corresponding 
toluene are alIowed to react with a limited quantity of bromine or chlorine, show that the 
ring substitution isactivated more by the group -CH2Co(dnlgH)2B than by the methyl 
group, particularly in positions ortho and para to that group. This is further evidence for 
the o-n-conjugation interaction between the metal and the ring. 

Pkotonation of the dimethylglyoxime ligands reduces the rate of carbon-cobalt bond 
cjeavage inore than it reduces the rate of ring halogenation such that, in 20-60% sulphuric 
a&d where the monopiotonated benzylcobaloxiine is the reactive species. ring substitution 
and carbon-cobalt bond cleavage proceed at almost equal rates265; In more concentrated 
sulpl+-ic a&d where’ the diprotonated ben~ykobaloxinie is the reactive species, ring 

‘substit&& preceedk carbon-cobalt bond cleavage (eq. 170). 
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PhCHt Co(dmgH), B 4 Biz 4 PhCH,Br c BrCo(dmgH),B .. (W 

phCHt Co@mgH)(dtig&jaq]+ + B r2 .+ BrC61&CH2 Br + C6H5 CH2 Br. 
-. + Br(Co) (109). 

[PhCH? Co(d~ngH~)~ aq] 2* + Br2 - BrC6H4CH2 Br + Br(Co) (170) 

H&o&&ion of the cobalarnins may also take place at sites other than the cobalt- 
carbon bbnd and without cleavage of that bond. For example, methylcobalamin reacts 
withN-bromosuccinimide in glacial acetic acid to give 88% methyl(lO-bromo)cobalamin 
and 12% of the methylcobaltiin derivative having a lactone on ring B. In aqueous acetic 
acid, the proportion of the lactone is highers4. Chlorination of methylcobalamin with 
chloramine-T gives the lO-chloro derivative. In contrast to the lO-bromo derivative, the 
IO-chloro derivative cannot be dehalogenated by treatment with sodium borohydride. 
Aerobic iodination of methylcobaktmin in methanol in ‘Se dark gives iodocobalamin and 
5’-iodo-5’-deoxyadenosine 266. The corresponding 2’,3’-isopropylidene-S’-deoxyadenosyl- 
cobalamin reacts with iodine.in the dark to give 2’,3’-isopropyli-dene-5’-deoxyadenosine, 
together with the cationic cyclic nucleoside XXXII, derived from the former product. 
When the same reaction is carried out under anaerobic conditions in the presence of 
light, the same cyclic nucleoside XXX11 and another cycIic species XXX111 are formed266. 
The latter probably arises by cyclisation of the intermediate organic radical. 

0 0 v 

Reaction of halogen with unsaturated organocobalt(lll) compounds. The reactions of 
cis- and trans-@tyryl(pyridine)cobaloximes with chlorine, bromine, and iodine in acetic 
acid involve a rapid and stereospecific cleavage of the carbon-cobalt bond, comparable 
with that observed in the reaction of the same cobaloximes with mercury(H) species (p. 
77) 257*267. As the yield is quantitative and the cis+styrylcobaloxime may be prepared 
stereospecifically in reasonable yield from phenyl gcetylene, this reaction provides a 
convenient synthesis of stereochemically pure cis-fl-halogenostyrenes. 
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.’ This reaction is;liowever, not indicative,of the mechanism, as both nucleophilic and .. 
electrophihc-cleavage .of vinyl-metal compounds are expected to proceed,with retention, 
of e&figuration &,h or without some.loss of stereospecificity. A number of her sub- 
stituted vinylcobaloximes do show a considerable loss of stereospeeificity during the . 
.cleavage with halogen?‘. 

(III) Homoiyi& reactior& 

Homolytic-cleavage of the carbon-cobalt bond occurs under a variety of conditions, 

notably on eledtrolytic reduction, on oxidation, on heating, and on irradiation. 

(a) PhotolyA -. _ 
The instability of the coenzyme in the presence of light was one of the factors which 

complitited.the problem of its purifications and identification268. As with the majority 
oforganocobalt(I11) compounds, the absorption of light results in the homolysis of the 
carbon-cobalt bond, but in no case is the reaction completely straight-forward. The 
main factors of interest are: (i) the character of the light absorption proces”s and the 
causes of the carbon-cobalt bond fission; (ii) the nature of the organic and inorganic 
radicals formed on homolysis; and (iii) the fate of these species. 

There is some uncertainty about the nature of the activation process. The aerobic 
photolysis of methylcobalamin is reported26g to have a high quantum yield (0.2-0.5) 
at wavelengths in the region 490-550 nm, and to be due to a--n*-transitions of the cor- 
rinoid ring. o--lr-Transitions have also been invoked”‘. However, the quantum yields 
in the photoiysis of the.alkylcobaloximes are much Iower in the region 4004% mm6’. 
The minimum threshold energy in the photofysis of the alkylcobaloximes coincides with 
what is believed to be the carbon-cobalt charge transfer a--a*-transition, indicating 
that the carbon-cobalt excitation occurs by- transfer of a ligand electron to the metal. 
The rates of most of these reactions are increased by the presence .of oxygen, though that 
of the coenzyme is notT7”. This is a, result .of‘ tie competition between rapid recombina- 
tion of initially forrned radical fragments, reaction of radical fragments with other re- 
agents, and recombination of radical fragments after intramolecular rearrangement. .. 
-Photolysis.of the coenzyme gives the organic radical (XXXW)2?1 which, in the absence 
of oxygen cyclises to the nucleoside (XXXV)s?~21 ’ (termed nucleosidc A or peak 2 in 
the early work prior to its identification)2’7V272 and in the presence of oxygen gives the 
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+ (CO)‘- (CO)H .+ Xxxp (174) 

aldehydic (XXXV1)2 73*274 or acidic (XXXVII)2 I7 nucleoside depending upon the 
degree of oxidation. 

An interesting feature of the cyclisation reaction is the loss of the heteroaromatic hydro- 
gen atom. It seems probable that this is removed from a cyclic radical intermediate 
@XXVIII) by the cobalt(H) fragment, though not ..l:essarily at the metal atom of the 
latter. The cyclised product is also formed, but in lower yield, in the presence of oxygen 
273*274.. The uridine analogue of the coenzyme undergoes intramolecular reaction in the 
absence of oxygen, but the initialIy formed radical rearranges first to a cyclic nucleoside 
which is then reduced to the dihydro derivative (XXXIX)2’6 possibly by the cobalt 
species involved in, or available for, the hydrogen abstraction. The presence of cobalt(I) 
species in the products of these photolysis is evident from the fact that some methyl- 
cobalamin is formed during the photoIysis of other alkylcobalamins in the presence of 
methyl iodide”‘. 
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.I &other interestirig reaction which appears to’involve hydrogen_abstraction, occurs in 
-the ph+ys+ of the coeniynie in the preseece of a thiol..&ch as hdm&y&ine & 
+tejn~ZfW3%+‘6_ The intermediate alkyl r&&al wouId be expected to abstract a hydra- 
jjeri atomz.from the thiol, yet the product is the corre&ondlng thioether; S-adenosyl- 
himocysteine (42% yield) or S-ad&osylcysteine276, r&pectively. Similarly, the photo- 
lysis ofinethj&obalainin in the presence ofhomocysteine &es methionine in 58% 
yieid276 . This suggests two possible mechanisms; either(i) the hydrogen abstraction from 
the thiol niay be performed by the cobalt fragment.rather than by the organic. radical, or 
(ii) the reatition may be a photochemically induced nucleophilic displacement of cobalt(I) 
by the attack of the sulphur nucleophlle on the a-carbon of the photochemically activated 
organocobalt compound. Such a reaction would be analogous to the oxidatively induced 
nucleophilic displacements by even weak nucleophiles like chloride ion, p_ 8 1. 

Hydrogen abstraction from the organic fragment (cf., eqn. 39; p. 20) appears to control 
the formation of ethylene204*277*278 f o 11 owing the production of the ethyl radical on 
photolysis of several &hylcobalt(IIi) complexes. The observation that some deuterated 
ethylene -is present in the product formed from.the photolysis of ethylcobalt(II1) com- 
pounds in D20 suggests that the hydrogen abstraction is reversible (eq. 175)67 : 

Cz Hs (Co) + Cz Hg’ + (Co)’ =+ (Co)H + Cz H4 (175) 

Higher alkylcobalt(II1) compounds also lose the &hydrogen and give olefmic products, 
but in the photolysis of methylcobalt(III) compounds20472’6~27’~276~277 there is no 
available P-hydrogen, and other radical reactions predominate, notably dimerisation, the 
abstraction of a hydrogen atom from the solvent or from other ligands, and combination 
with other methyl radicals that may have come from the equatorial iigands. Thus, the 
methane formed from the photolysis of methylcobalamin in DzO gives 66% CH3D and 
34% CH4 at pH 7 under anaerobic conditions ” The hydrogen abstraction is therefore in _ 
part from the corrin ring or its side chains. Similar abstraction from dimethylglyoximinato 

.ligands appears to be more favourable. The proportion of CH,D and CH, in the product 
is dependent upon the pH and upon the axial base, as is the proportion of ethane in the 
products, and the rate of the decomposition. 

The use of *4CH3cobalamin277 and *H3Ccobalamin6’ and 2H3Ccobaloxime67 in 
D20 and in Hz0 indicates thht, though most of the ethane formed in the reaction arises’ 
from the dimerisation of methyl radicals formed by direct fission of the caibon-cobalt 
bond, a small proportion arises by dimerisation of methyl radicals, some of which come 
from the equatorial ligands. It is unlikely, in view of the absence of known free radical 
displacements at saturated carbon 279 that such products come from a direct attack of ., 
methyl radicals on the equatorial methyl groups. It seems more likely that some homolytic 
dissociation of-carbon-methyl bonds takes place in the cobalt(H) fragment. : - 

There are a numberof other interesting reactions of the substituted.alkyIcobalamins 
which occur on’photolysis, but which have not been investigated in detail_’ For example, 
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TABLE.22 
Kinetics of photolysis of organocobaltCII1) compounds= 

R L n. B Conditions 103k b Ref. 

Me (dmgH) f 4 

Et (dmH-0, aq 

OxH), aq 

(dmgH), 

(dmgH), 

PY 

CN- 

(dmS-0, CN- 

(dmiW, PY 

cobinamide PY 

cobinamide w 

cobalamin 

(dpgH) 2 aq 

Me cobinamide 

Me cobinamide 

Me cobinamide 
hle cobalamin 
Me cobalamin 

HO,CCH, cobalamin 

hieO,CCH, cobahmin 

HO,CCH,CH, cobalamin 

NCCH 2 CH 1 cobalamin 
HOCH,CHI cobalamin 

hfe cobalamin 

aq 
CN- 
imidazole 

30OW, absorbance 
4 0.s 
3OOW, absorbance 
GO.5 
3OOW, absorbance 
== 0.5 

3OOW, absorbance 
G 0.5 
3OOW, absorbance 
=S 0.5 
3Oo\y, absorbance 
Q 0.5 
3OOW, absorbance 
G 0.5 
3UOW. absorbance 
G 0.5 
3OOW. absorbance 
Q 0.5 
3OOW. absorbance 
G 0.5 
300W. absorbance 
c 0.5 
ZOOW, 60 cm 
2OOW, 60 cm 
2OOW. 60 cm 

2OOW. 60 cm 
ZOOW, 60 cm 

2OOW, 45 cm 

ZOOW, 45 cm 

2OOW. 45 cm 
2OOW, 45 cm 
2OOW, 45 cm 
2OOW. 45 cm 

2.1 65 

5.8 65 

i-Bu 56 

1.7 

65 

Me 65 

Me 0.2 

I.2 

65 

Et 65 

Et 3.5 65 

Et 10.8 

12.1 

65 

Me 65 

hle 43 65 

Me 5.8 65 

1.01 c 191 

2.1 191 

0.55 191 
0.34 d 191 
1.25e 191 
32 192 

45 192 

27 192 
36 192 
36 192 

19 192 

a Other rate coefficients in refixenccs. hs-‘_cpH1-8.dpiI 1. =pH8. 

photolysis of ~-carboxymethylcobalamin280 in the presence of oxygen gives carbon di-. 
oxide, formaldehyde, etc., but anaerobic photolysis of concentrated solutions gives 
acetate ion, some succinic acid, and several other acids. Anaerobic photolysis in dilute 
solution gives acetate and CO?. The anaerobic photolysis of qP_dihydroxypropyl- 
cabalatnin gives glycero1285”. 
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Other molecules which ,-,,e-as.~_~t~s2s17282 or sources of hydrogen atoms also 
@a& an effect on the rate and product proportions of the photolysis. Thus, isopropanol, : 
from which the o-hydrogen is readily abstracted, increases the rate of photolysis of methyl- 
cobalamin (eq, 176) more than do other alcohols. Pinacol is found among the products of 
this reaction and, though it is usually assumed that the abstraction is performed by the 
methyl radical, it seems possible that abstraction may also take place by the fresh five- 
coordinate inorganic fragment. In methanolic solution the solvent is partially oxidised to 
formaldehyde and, in the presence of carbon monoxide, the main’inorganic product is the 
methyl ester MeOCOCo~B17y187283-28s, e.g.: 

Mecobalamin*Br2r + -CH3 Mm CH4 +Me,COH (176) 

The rates of photolysis 65*192 depend upon the nature of the organic group, the axial 
base, and the equatorial ligands. Some examples of the reIative rates are shown in Table 
22, though comparison between different sets of results is generally inadvisable, because 
of the difficulties in comparing the different conditions. Er particular, the cobalamins and 
cobinarnides photolyse about ten times more readily than the cobaloximes; secondary 
allcylcobalt(iI1) compounds photolyse more readily than primary a.lkylcobalt(III) com- 
pounds, and the methylcobaloxlmes with some nitrogenous axial bases are surprisingly 
light stable under anaerobic conditions. The kinetics of such reactions are, however, 
greatly complicated by the reversibility and multiple reaction paths. Further discussion 
of photolysis of alkylcobaloximes in the presence of oxygen is included on p_ 95. 

Substituted ~kylcobalt~II1~ complexes also undergo photolysis, though few reactions 
have been studied in detai128sa. Hydroxyethyl radicals from the photolysis of phydroxy- 
ethyICo(aetpor)286 undergo the expected hydrogen atom transfer to give acetaldehyde, 
and this reaction has been compared with possible steps in the dioldehydrase reactions 
fp_ 101). An unusual reaction involves the formation of chlorocarbene in the photolysis 
of monocbloromethylcobalamin impregnated in polystyrene286a. 

Most organocobalt(II1) compounds decompose on heating without melting. The 
decomposition temperature depends upon the natureof the organic group; in general, 
the more stable the incipient organic radical, the lower the decomposition temrerature3’. 
For example, or-phenylethylcobaloxhne decomposes at ea. 90Tbut the P_phenylethyl- 
cobaloxime decomposes at ca. 175PThe principal organic product is styrene and the in- 
organic product from the former is the hydridocobalt(IJ1) species. Hydridotriphenyl- 
phosp~ebi~~e~ylgI~o~ma~o)cobalt(III) is formed as a solid on pyrolysis in vacua of 
P_cyanoethylbis(dime~ly~yoximato)triphenylphosphinecobalt(IiI)44. The organic . 
products from such reactions are usually the corresponding olefm or substituted alkane, 
depending upon whether there is a &hydrogen available for abstraction. An unusual 
example is the formation of cyclopropane from the pyrolysis of the trimethylenedi- 
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cobaloxime XL3’ . Thermolysis of RCo(salen)aq in v&%o at 2OOOgives a quantitative 
yield of Corr(salen)’ ’ _ 

py(dmgH)2 CoCH2 CH2 CH2 Co(dmgI-02 PY - 2CofdmgH)z py + (CH, 13 
(XL) 

(177) 

Thermolysis may also be induced at low temperatures by chemical reaction. For 
example, the protonation, particularly the diprotonation of benzylbis(dim=thyIglyoximato)- 
pyridinecobalt(II1) greatly increases the rate of homolysis in solution at room tempera- 
ture (cjZ p_ 66) 235 _ It is interesting to note that despite the fact that such protonation 
decreases the stability of the carbon-cobalt bond, it also increases its resistance to reaction 
with mercury(II)200~235~235a, tid halogens265. 

An interesting method of studying the homolysis of the carbon-cobalt bond of alkyl- 
cobalamins has been developed by synthesising compounds with spin-labelled alkylsub- 
stituents (e.g. XLI)287 and with a nitroxyl compound as de axial base287a, and using 
these as probes for electron spin resonance studies. 

6-N 3- NHCOCH2cobalamin 

(XL11 

(c) Chemical oxidation . 
Oxidation of organocobalt(II1) compounds can be achieved by a variet;r of oxidants 

2647264a to give the corresponding organocobalt(IV) compounds which may decompose 
homoIyticalIyf64. For example, oxidation by the hexachloroiridate(IV) ion (eq. 164) is 
extremely sensitive to the character of the organic group and of the equatorial ligand. 
The influence of substituents in the para-position of benzylcobaloxirnes is enormous, with 
> IO6 fold difference between 4-MeO- and 4-N02-benzyl cobaloxime. Protonation of the 
equatorial &and also causes a very large drop in the rate of eIectron transfer, such that 
a rate expression of the form shown in eq. 144 (with [IrC162-]& place of [Hg’+] ) is 
apprbpriate. Some rate coefficients are shown in Table 23. 

When only one equivalent of the hexachloroiridate(IV) ion is used in aqueous solution, 
benzylaquocobaloxime is converted almost quantitatively into the U-benzyl ether of di- 
methylglyoxime (eq. 178). When an excgss of the oxidant is used, the product is benzyl 
alcohol. The latter has been ascribed to an oxidation of the benzyl radical formed on 
homolysis of the intermediate benzylcobalt(IV) compound (eq. 179-180). 

PhCH2 Co(dmgW2 as1 + + PhCH2 dmgH + Co2+ + dmgH, (178) 

WC& Co(dmgH)2 ad + + PhcH, + [Co(clmgI-Q2aq]+ (179) 



/dj Po&&mphic r&&o& &id oxidation . . 
-1: Much useful information-has been provided.by. polarographic studies of organdcobah 

(III) compounds.. Detailed comparison of different sets of dataare difficult because of the 
variety:ofconditions’used, but broad comparisons about the ease of reduction &the 
.s&q.l cobalt~chelate systems’may be drawn i 

.. In nio$ c&s; several one-elect&r transfer steps.are observed in the reduction process, 
corresp_&ng to’thereduction of the organocobalt(IIIj compound to the organocobalt(1) 
compound via_ the organocobaIt(II) compound. In some cases, depending upon the con: 
ditionsYused; &ly a single ~wo-e&ctron’reduction is obs&ved. For example, in 0-W.. 
aqueous.potassium sulphate solution at 29, dilute solutions of alkylcobaloximes show a 
single irreversible wave288 due to the reduction: 

.MeCo(dmgIi)z B + 2e- + tieC~~(dmgH)~ B*- .(181) 

Whereas in acetonitrile most of the same’compounds show two or more waves” ‘, the 
first two being due to the reduction to the cobalt(I) state, the third being due to the 
reduction of other species such as the axial pyridine ligand. Several such half-wave poten- 
tials are shown in Table 24. 

The reduction of most other alkyl and aryl cobalt chelates are reversible and give rise 
to relatively stable, though short lived, organocobait(II) and organocobalt(1) species. The 
stability of many of these species may be clearly demonstrated by the reversibility of 
the system found in cyclic voltammetry studies. In particular, phenylCo(salen) and 
phenylCo(dotnH)+.complexes are readily reduced to observable cobalt(I) species289V2907 
29*, e.g.: 

PhCo(salen) * PhColI(salen)- t PhCoI(salen)*- (182) 

PhCo(dotnH)+ * PhColI(dotnH) + PhCoI(dotnH)- (183) 
(XLIII) W-W 

The phenylcobalt(1) species (XLII) is stable for several hours and may be reoxidised to 
thecobalt(IIi) species (XLIII). The corresponding methylcobaIt(II)(dotnH) and methyl- 
co.balt(l)(dotnH)- species are less stable, though some reactions of the latter, and of 
MeCo(salen)-, have been characterised. For example, Medo(salen)- decomposes accord- 
ing to eq; 184; and the cobalt(Ii1) species MeCo(dotnH)+ reacts with the cobalt(I) species 
MeCo(dotnH)- in aqueous solution to give the novel dimethylcobalt(II1) compound 
XLIV23’ ., (eq- 185). 

MeCo”(salen)’ - Me- + Cor(salen)- (184) 
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MeCokdotnH)- + hleCo”‘(dotnH)++ MezColll(dotnH) +.CoI(dotnH) (185) -I -. 

-. (XLV) _ (XLVI) (XI-IV) .’ (XLVII)_ : 

The mechanism of reaction 185 might involve a nucleophilic attack of the cobalt(I) 
species_XLV on the methyl group of the methylcobalt(II1) species XLVI with the dis- 
placement of the cobalt(I) species XLVII (cf; p. 61) or it might involve an electrophilic 
attack of the cobalt(II1) species XLVI on the methyl group of the cobalt(I) species XLV 
(cf- p_ 79). Unfortunately, because of the ready electron transfer between XLV and XLVI 
it will be difficult to distinguish between these two distinct mechanisms. In the absence 
of other reagents, the methylcobalt(1) species such as XLV decompose in protic solvents 
by electrophilic attack at tbe a-carbon (eq. 186). Such reaction is analogous to reductive 
cleavages with thiols in protic solvents_ It is doubtful whether carbanions are formed 
except in exceptional circumstances where the carbanion would be stabilised by strongly 
electron-withdrawing groups. 

MeCo(salen)*- + H2 0 ---+ CH4 + Co(salen)- + OH- (I 86) 

For many organocobalt compounds, the half-wave potentials for the first stage of the 
reduction [Eii2(I); for Co llr-Co*] tends to parallel that for the second stage of the 
reduction [J!? I/2 (II); for CO~~--COI]. They are both very sensitive to changes in the 
equatorial &and. For example, the ease of reduction [EID(I)] increases in the following 
order: (all in dimethylformamide, relative to SCE)2agy2g1 EtCo(acacen)(-1.97V) < 
EtCo(Me, -salen)(- 1.8OV) < EtCo(salenO(- 1.7 1V) < EtCo(salphen)(- 1 S4V) < Me- 
cobalamin (-1.4V) < EtCo(dotnH)+(-0.93V). 

The reduction potentials are less sensitive to, but are influenced by, the basicity of the 
axial ligand. Thus, the two electron reduction potential of methylbis(dimethylgIyoximato) 
cobalt(II1) compounds increases with the basicity of the axial ligand, though this relation- 
ship is not linear. The change of the two electron half-wave potential on changing the 
axial ligand from water to more basic ligands (LsEI12) has also been shown to be propor- 
tional to the shift in frequency (Av) of the charge-transfer band in the ultraviolet 
spectrum of the organocobalt(lI1) species on making the same changes in the axial 
ligand’** _ 

The first reduction potential is also dependent upon the character of the organic 
ligand. For example, the first reduction potential [EI,2(1)] of RCo(salen) and [RCo 
(dotnH)]+is an inverse linear function of the acidity of the parent hydrocarbon, i.e. 289* 
29’%2g2 : EtCo(chelate)) MeCo(chelate)) PhCo(chelate)) PhCH2 Co(chelate). In most cases, 
the.increase m-the ease of reduction of the sever&cobalt chelates also parallels the acidity 
of the coordinated water and the decrease in the tendency towards five coordination, as 
well as other physical properties of the compounds289*290~29r _ It is also interesting to 
compare these results with the ease of oxidation by the outer sphere electron transfer 
mechanism (p. 89 and Table 23); thus the most difficult species to reduce are the easiest to 
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Kim& o~~&action df &an&quocobal&dmes with the h&achlor&idate (Iv) iin at 25” a&p 2 l-0, 
tiaqueous s&tioI;i” 

-k ,-_ .. _. ... : _. p ,. 
_.. 

Me t : 1. 
Et.; ~. .: ..-- .- 2 

n-Pr . . 2. 

i-R 8 x lo4 

PhCH;- 8 x lo3 

4-MeOC, H, CH, 4x lo6 

4-MeC, H;CH, 2x lo5 

4-FC, H; OH, : 1.5 x lo4 

4-O,NC, H,CH, ea. 2 

a M-1 .s-‘. 

oxidise. Much less is known about the polarographic oxidation of orgar?. ;obalt(IiI) com- 
pounds, though it has been observed 289 that, just as the difference between the first 
reduction potential and- the second reduction potential for ethylcobalt(II1) compounds 
containing a variety of equatoriaI ligands is approximately constant [i.e., Elp(I) - 
Et,2(II) = ca. 0_45V] so the difference between the first oxidation potential and the first 
reduction potential is also constant [Le., E1,2(o~)-El,2(I) = &a. 2.28V] _ 

The products from the decomposition of reduced cobalamins are rather difficult to 
determine9”~293, but there have been several sets of determinations of the appropriate 
half-wave potentials for the organocobalamins. The variation of absolute values between 
one set and another suggests that comparison should be restricted to within any one 
particular set. The interesting features that emerge are (i) the high value ofEr@) for- 
vinylcobalamin, and (ii) the influence of ionisation and protonation, respectively, on the 
half wave potentials for the carboxyl- and aminoethyl-co@lamins. 

[e,lMiscellaneous free radical reactions 
One of the problems in the study of the chemistry of the organic compounds of cobalt 

(III) is that free radical reactions are-habkto intrude under almost any circumstances, 
whether as a side reaction or as the predominant reaction. For.example, in the oxidation 
of formaldehyde r g4- and in the decomposition of formic.acid2g6 catalysed by organo- 
cobalt(III)~compounds, free radical reactions are believed to dominate. In halogenation, 
though the main reactions appear to be either electrophilic.or nucleophilic, it is very 
_dift%ult to rule out at least partial free-radical reactions of the_ type: : 

. . BCo(chelate) +.Br’ * [Rco(chelate)Br] ’ WV) 
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[Rto(chelate)Br] _ T R’ + Co(chelate)Br : (188) 

K+Br, +RBr+Br’ : (189) 

Indeed, the slight loss in stereospecificity in the halogenation of optically active organo- 
cobalt(II1) compounds may be due to the intrusion of.such a process108. 

Another reaction is of particular interest because of its relevance to other displacements 
and to metal-metal exchanges, and because of the very interesting mechanistic problems 
that it POSE.. Thus, on mixing MeCo(acacen) with CoI*(F-acacen), the equilibrium between 

these two species and those formed by transfer of a methyl radical from one to the other 
(eq. 190) is complete within ca. 2 mm at 0’ in dimethyl sulphoxide2g7. A similar rapid 
exchange occurs with the ethyl derivatives. 

RCo(acacen) + Co(F-acacen) * RCo(F-acacen) + Co(acacen) (R 1 Me, Et) (190) 

-(Co) + R(Co’) d [6 -(Co)- - - --R- - - - (Co’)S* ] + (Co)R -t (Co’)’ (191) 

If this reaction proceeds by a direct homolytic attack of the inorganic cobalt(I1) 
species on the methyl group, then it is of very special interest, because it would represent 
the first clear cut case of a bimolecular homolytic attack at saturated carbon”’ or, in 
inorganic terminology, the first case of an electron transfer reaction via a saturated carbon 
bridge (eqn. 191). Unfortunately, it is extremely difficult to verify the mechanism of this 
reaction, and several alternatives involving the formation of transient species in different 
oxidation states cannot be ruled out. 

In the corresponding reaction of the dioximatocobalt species, there is little doubt that. 
there is a mechanism which proceeds through cobalt@ j species. For example, bis(cyclo- 
hexanedionedioximato)pyridinecobalt(II) reacts with methylbis(dimethylglyoximato) 
pyridinecobalt(II1) in alkaline methanolic solution at 0” to give a very rapid exchange of 
the methyl group from one cobalt to the other (eq. 192)223 _ However, under these 
conditions the cobalt(I1) species are largely disproportionated to a mixture of the 
cobalt(I) and cobalt(II1) species and it is the former which is the reactive species. Cbn- 
sequentiy .the rate sequence: Me ) Et ) n-octyl >> isobutyl - set-octyl is the same as is ob- 
served in the nucleophilic displacement reactions (eq. 102; p_ 61), and the rate of reaction 
of the n-octyl derivative is approximately one half of that observed in the reaction of .the 
cobalt(I) species, in accord with the proportion of cobalt(B) species which has been con- 
verted into the reactive cobalt(I) species_ 

MeCo(dmgI-Q2 py + -Co”(c-hgH), py + MeCo(c-hgH)* py + CoIi(dmgH)2 py (192) 

2 Co”(xg& py & [CoI(xgH)+ py] - + [C~I~~(xgH)~py] + x = dm, c-h (193) 
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. ,I .- ~Salv&t . . ., . . Rex : ~. 

;. 
.. 

y.I:’ 
II .. III 

$feCc@nigI&i& .-l-7 b:. -_2.& :MeCN .. -. llS__ 
Me’a&~H);p~ :1,75 b -2.44 b -3.01 b MeCN -.m- 
tieCo&gH)=PPh, 1 ..- 1 -2.12 bJ flMeyo_mK so : :. ;z 
-Me.Co(dmgH)iaq ,. -l,26c : 
MeCo(dmgH~ij,n&&mide .. .. -1.28 r 

.: 
H_.O,O.lB&” .. 286 

MeCo(dmgH),-gtoluidine -l.28c H,ti/&I&fK,SO; .28g 
MeCo(dmgHj+py ’ -1.31 c H, O/O.lkf Kz SO, 283 

MeCo(d&gH),AMepy -1.33 c H, O/O.lJZ K, SO, 233 

Meko(dmgH),imid&le -1.40 = H,O/O;L+f K,SOi 28s 

Mecobalamin -1.20 c H, O/O.lJZ K, SO, 28.6 

E$o(dmgH),py -‘. -1.31 = H,0/0.1@K2S0, 288 

i-PrCo@mgH)k py -1.3oc’ H,O/O.lMK,SO, 288 

Me~~(OH)CH,Co(dmgH)2py -1.24 c H,O/O.IMK,SO, 288 

PhCH, &(dtigH), py --1_2oc .. . H, O/O.lM K, SO, 288 
M&&dotnH)dmft -0.86 -1.44 -2.05 d dmf/0_2M Et, NClO, e 291 

MeCb(dotnH)Me . -2.05 dmf/O.Bf Et, NCIO, e 2s; 

MeCo(salen)dmf -1.57 -2.17 -2.26 dmf/O_2M Et, NCIO, e 29 1 

PhCo(salen)dmf -1.42 -2.11 -2.25 dmf/O.DfEt,NCIO, ’ 291 

EtCo(saien)dmf’ -1.71 -2.27 dmf/O.Z&f Et,NCIO, ’ 290 

.PhCH, Co(saIen)dmf -1.25 -2.08 dmf/0_2M Et, NClO, e 290 

EtCo(dotnH)dmp -0.93 dmi/0.2M Et,NCIO, e ?90 

PhCo(dotnH)dmf+ -TO.83 -0.93 dmf/0_2kf Et, NClO, e 290 

PhCH, Co(dotnH)dmf’ _ -0.74 -l-4? dmf/O.uI Et, NCIO, e 290 

CH,=CHCo(salen)dmf -154 dmf/O.ZU Et, NCIO, 7 290 

CH,ACHCo,(7,7’-Me-salen)dmF -1.59 dmf/OJ&f Et, NCIO, e 29d 

CH,-sHko(acackn)dmf -1.77 dmf/OZA Et, NClO, e 290 

hIecol&min -1.39 c HrO/O.fM K, SO, f 293 

hle&balamin * ” -1.55 c HL O/O.lM K, SO, f 294 

Ei&bala&i -1.37c H,O/O.lkK,SO, f 293 

Ekobalnmin -1.37 c H; O/O.lM K, SO, f 293 

HOCH,CH=ctibakimin -1.39 = H, O,‘O.lMK, SO, f ?93 

MeO‘Ct_l,CH,‘cbbalamin -1.38 c titO/O.IMK;SO,f 293 

CH,sHcobalatiin -1.53 = H,O/O.lMK,SO, f, 293 

$‘-Deoxyadelosylcobalamin --1.37= H, O/O& Kz SO, f 293 

H=NCH,CH, cobakmk -1.35 = H,O/O.l&fK,SO,f 293 

H,-NCH i CH; ckbahmin -1.52 = H,O/CkK,SO, f. .294 

-O,CCH,kobalam+~ .-1.40 c H,OIO.lkfK,SO, f 293 

IiO,CCH~~cobalamin -0.84 ’ H,O/O.IMK~,SO, f 293 

(Table coritihuedJ 
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TABLE 24 (continued) . . : 
-. 

Compound Er,& : -. _ Solv&t .-_. A?$. 

I’.’ 11.. 111. 1 ‘. .. 

MeOICCHzcobalamin 

Meckbinamide-aq -1.17 
Mecobinamide-imidazole -1.19 

MecobinamideCN- -1.25 
S’-Deoxyadenosylcobinamide -1-30 

-1.14 = H;O/O.LVK,SO, f 293 

-1.44 = H,O/O.lif K, ti, f .2+3 
H,O/O.UfK,SO, f 293 
H,O/O.lMK,SO, f 293 

‘H,O/O.UM-K,SO, f. 294 

D VS. SCE at 25”, except where stated. b IX. 4/4NO, (O.lM) electrode. c 2-Electron rkdudtions. 
dDue to MeCo(dotnH)Me formation, see next find. e At 0”; dmf = dimethylformarnide. f At 20”. 

(IV) Insertion reactions 

(a) Oxygen. 
Organocobaloxirres undergo both photochemical and thermal insertion of oxygen. 

Thus, on irradiation of a solution of a simple alkylcobalotime in the presence of oxygen, 
a peroxyalkyl product is formed in which the ’ H NMR of the a-proton is some l-2 ppm 
lower than in the substrate*“. For example, the cu-proton resonance of benzylcobaloxime 
and of benzylperoxycobaloxime are at r7.1.5 and 5.70 respectively_ The mechanism of 
the reaction is not known, but it is believed that &axial base ligand is labilised in the 
excited state2g7a and that the resulting five-coordinate complex reacts so rapidly with 
oxygen that the rate determining step is usually the absorption of light2g8a_ Consequent- 
ly, benzyl- and set-octyl-cobaloxime react at very similar rates. A chain reaction seems 
improbable, though an initial homolysis of the carbon bond seems probable. An alternative 
mechanism might be: 

hv 
RCNdmgHh PY - RWdmgW2 + PY (194) 

RCo(dmgH), + O2 * RCo(~hngH)~ 00. (cis?) (19% 

RCo(dmgH),OO- + py - ROOCo(dmgT-02 PY -(196) 

The therma: insertion is of special interest because an optically active aikylperoxy- 
cobaloxime has been obtained from the thermal insertion reaction of an optically active 
alkylcobaloxime2g”a. This is in contrast to the other known oxygen insertion reactions 
of organometallic compounds, in which there is complete loss of optical activity3’r . The 
thermal reaction is only observed with the less stable organocobaloximes; such as allyl- 



&d ot-phen$lethyldobaloximes. l?oi &ampie the latter undergoes &no& coinp@te’iea& 
hen pri& &syg&wi& a-f&v njiriut&‘in di&oromethane solution~gg. .??ith.subtiituttid. 
&j&obalo&es; &&ng~m&t of the &yl group &cc& &hig t&e insertioti.(eq. i97j; -’ 
SIX& a r&arranb&ehi might be the result of forinatioti & ati #yl fragment. or of a s&- 
membered cyc& transition state: 

: 

MeCH~~,HCk;d?(dmgI-&py + O2 + CH2=CHCHMeOOCo(dmgH)ziy (193) 

::. : 

(b) SuIphw&ozkde 
&y alkylcobaIt(Ii1) compounds react with sulphur dioxide to give the corresponding 

alkanesulphonylcobalt(II1) compounds ’ 3y152~300 _ The reactions of the methylcobalt corn- 
pounds in.liquid sulphur dioxide are relatively slow at room temperature (eqs. 198-200) 
compbed with the reaction of the allylcobaloximes (eqs. 202 and 201). No reaction is 
observed with vinylcobaloxirnes, even over several months in liquid sulphur dioxide73. 

RCo(~d-02 PY + So2 - RW2 YXdmgH)2 PY (198) 

MeCo(salen) + SO, - Me(SO,)Co(salen) (199) 

MeCo(CN& * + SO, - Me(SOz)Co(CN& 3- (200) 

In the reaction of allylcobaloximes either complete rearrangement, or no rearrangement, 
is usually observed (eqs_ 201 and 202, respectively). On the basis of the relative rates of 
reaction,. the rearraniement of the ally1 groups, and the low yields of normal insertion 
productS obtained from’ the 6-hexenyl- and 4-butenyl-cobaloximes, a free radical mecha- 
nism for the insertion has been postulated. 

The alkanesulphonylcobaloximes are stabIe under a wide range of conditions and are 
believed to contain the Co-S-R linkage, whereas the allylsulphonylcobaloximes, which 
are readily hydrolysed by wet sulphur dioxide (eq. 203) to the corresponding olefin, are 
believed to contain the Co-O-S-ally1 linkage73. 

MeCH=CHCH* C0(d1ngI-l)~ py t SO2 - CH2=CHCHMeS02 Co(dmgH), py (201) 

F%CH=CHCH, Co(dmgH), py + SO2 4 PhCH=CHCH* SO2 Co(dmgH)2 py (202) 

PhCH=C!HCH* SO, C!o(dmgE& py + Hz 9 2 PhCH=CHCH3 + 

s -03 SCo(dmgH), py (203) 

(cl Carbon monoxide - 
The photoche&c& decomposition of organocobalt(II1) compounds in alcoholic 

sol&on inthe presence of carbon monoxide does not give the acj+zobalt(III) species. In- 
stead, the alkoxycarbonylcobalt(HI) species is formed in whitih the alkoxy group is-derived 





cobalt j%rinoid. If-h&-been isolated_ from a number of sources, including both micrw 
organi&rs8nd mammalian tissues; Hosever, the other orgairocobalt corrinoids which occur 
naturally a& manifold and a number of these‘have been isokrted and at least partially 
cham:cteriscd; these are described in Table 1. Numerous-different derivatives may also be 
present in a single source. For example, sixteen different organocobaIt(II1) compounds 
have been identified in extracts from.C_ thermoaceticum. In humans, 5,6dimethylbenzi- 
niidazole-5’deoxyadenosylcobalamin is found in the live?” ,-whereas the corresponding 
methylcobahunin is the main cobalt-containing component in blood plasma3r0. 

The biosynthesis of the coenzyme from cobalt precursors is catalysed by extracts of 
C. tetanomorphum and Fropionobactetim shermanii305-307, but aIso requires the pres- 
ence of a reducing system and ATP. It is believed that the reducing system converts the 
cobalt species-to the nucleophilic cobalt(I) state which then attacks the 5’-carbon of the 
enzyme-bound ATP to form the coenzyme and inorganic tripolyphosphate, pyrophos- 
phate, or orthophosphate. The analogous chemical synthesis has not been achieved direct- 
ly from ATP, but requires a protected derivative such as 2’,3’-isopropylidene-5’-deoxy- 
adenosyl-p-toluenesulphonate (p. 73). Reduced flavin, thioprotein and reduced ferredoxin 
are beIieved to be effective naturally occurring reducing agents. 

(a) Rearrangement reactions cardysed by B, z coenzyme 

The first reaction which was shown to be catalysed by the B1z coenzyme was the re- 
arrangement of glutamic acid to P_methylaspartate (eq. 210)312*3*3. SubsequentIy, the 
coenzyme has been found to be required in a wide range of similar skeletal 1,2-rearrange- 
merits. These rearrangements all have the general form shown in eq. 211 in which the 
group X on C, exchanges with a hydrogen on Cp. Thus, in the rearrangement of glutamic 
acid and in the rearrangement of Pmethylaspartic acid, the migrating group X is carboxyl. 

HOz CCHz CHz CH(NHz )COz H =+ HOa CCHMeCH(NHz)COz H 

B 7 
aCHs 

I 
-CCP--C,-He--CClp- 

I I I 
H X X 

(210) 

f211) 

Other examples in which the migrating group is carboxyl (or a carboxyl derivative) are: 
(i) the rearrangement of methylmaionyl coenzyme Ato succinyi coenzyme A (eq_ 212) 
31s- 316-and (ii) the rearrangement of cu-methyieneglutarate (eq. 213)317. The migrating 
group is underlined in the equations. 

HOz CCH-: CHz COScoA =+ HO* CCHMeCOScoA (212) 
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HO* CCH2CH2C(=CHP)COzH =+ HO2 CCHMeC(=CHs )CO,H (243) - . 

Examples in which the amino group migrates from C, to Cs are (i) reversible rearrange- 
meat of L-&lysine3*’ (eq. 214); (ii) tb e reversible rearrangement of Da-lysine3’ 8 (eq. 
215); (iii) the reversible rearrangement of omithine31g-3~0 (eq. 216); and (iv) the de-. 
amination of ethanolamine* s322 (eq. 217). _ _ 

H2 NCHa CHz CHz CH(NHa )CH2 CO1 H =+ Hz NCHMeCHz CH(NHz)CH;COa H 
. (214) 

Hz NCHz CT-T= CH, CH2 CH(NHI)COI H * HZ NCHMeCH2 CH2 CH(NH* )COZ H * 

pw 

Ha NCH2 CHz CHa CH(NHz )COZ H * H2NCHMeCHt CH(NH,)CO, H (216) 

Ha NCHz CHz OH -CH3CHO+NH3 (217) 

ln the latter reaction, as in the dehydrations described below, the migrations are 
believed to precede the actual loss of ammonia or water, respectively325*326. For example, 
the first stage in the reaction shown in eq. 217 would be: 

H2 NCH2 CH2 OH =+ CH3 CH(OH)(s ) (218) 

ln the dehydration of dials, catalysed by diol dehydrase2207324, the migrating group X 
is hydroxyl, i.c. : 

RCH(OH)CH, OH - RCH,CHO + Hz0 (R = H, Me, HOCHa) (219) 

The mechanisms of these reactions and the part played by the cobalt species present a 
formidable challenge, and the knowledge of organocobalt chemistry described in the pre- 
ceding sections is of assistance only in understanding the chemical processes which may 
occur. The way in which these may be controlled and modified by the enzyme system is 
much more difficult to ascertain, especially as the structures of the relevent enzymes and 
the role of other cofactors have not yet been determined. However, a number of experi- 
ments, particularly those involving the use of isotopic tracers with crude and partially 
purified enzymes,,have provided information about the stereochemical course and other 
features of the rekrangements, which allow broad conclusions to be drawn about the role 
of organocobalt compounds_ 

For example, the absence of exchange of the migrating @-proton with the medium has 
been demonstrated in the isomerisation of P_methylaspartate3’4y327, in the rearrangement 
of methylmalonyl coenzyme A328932s, the dehydration of propanedio132g;330 (eq. 219; 
R = Me), and in the deamination of ethanolamine323*33’ _ The absence of exchange of the 
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iiigrati& a&i& group with a&o&in io& &l&ion has 6een dem&sti&d in the re- 
&mngetient.cif plysine332- and of glutamic acid327..- Similarly, & aidehydic oxy g&or the’ 
aceGldeh@e f&r&d-& Ihe ~eami+tion,ofethanol&nine &mes.fromth& substrate tid 
no&,& the iolvent3?3,326 .- _- ._ -,__ ; : 1 ’ _. _ 

By-e& use.ofdeut&ium and &urn tracers on the &carbon of the substrate and oii : 
the S,‘&rbon of the coenzyine, it has been shown that the P-hydrogen removed from the _ 
substrate-is fit transferred to the S’carbon of the coerizyme du&g the rearrangement 
of glutamic’:acid3?3; @-meth$4aSpartic acid31 3; arid methylmalonyl cbenzyme A3?, &d in 
the dehydration and deamination of di~ls~~’ and ethanolamine331, respectively_ More: 
over, careful examinatioc of the distribution in the products, of the severally-labelled 
hydrdgen’atoms of substrate gnd coenzyme, has shown that, in these cases, the’hydrogen 
which is transferred from the coenzyme to the product is not necessarily that which was 
first transferred to the S’-carbon of the coetizyme from the substrate. In fact, in most. 

.cases, the hydrogen which is transferred to the S’carbon of the ,coenzyme becomes effec- 
tively equivalent to the two hydrogen atoms already on that carbon such that, apart 
from kinetic isotope effects, it has a one-in-three chance of being transferred t9 the prod- 
UCt220.31 3,336 . Such observations are complicated by the extent of the reverse reaction 
and the appr&iable kinetic isotope effects. 

The mechanism postulated to account for these observations involves the cleavage of 
the S’-carbon to cobalt bond with the formation of S’-deoxyadenosine and a substrate 
fragment which may or may not be bound to the cobalt. We formulate the reaction as 
follows: 

CH3 + (CO) --+ 7 
CH2 

i i 
+ -C-C- -=, 

i 
+ __2-c- 

I I I I I 
(CO1 1 

f tcor* 

] 
e 

__i CH2 
7 7 

+ -c-c- (220) 

I I I I I 
(Co) 

where the square brackets imply interactiqn with the enzyme, the asterisk implies a 
positive or negative charge, or anunpaired electron, and the.negative asterisk (-7) im- 
plies a negative-& positive.charge, or an unpaired electron respectively. We use asterisks 
becau& it is not known whether the reaction involves formally chqrged fragments, radical 
fragments, or intermediate organocobalt species involving bond formation between the 
re&ang&g fragment and the c&bait fragment. 

$ome‘+uppott. for.the formation of S’-deoxyadenos@e comes .from the observation 
that-some free S’-deoxyadenosine is tbrmecj when certain a&$gue-substratelcoenzymej , 
&&me &nbinations &e.allowed.to react. For e&&ple, &bsta&l quantities of S’- 
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deoxyadenosine have been obtained from partially.macted mixtures of ethylene glycol ,. 
with ethanolamine.amrnonia lyase in the presence of vitamin Br2 coenzymes3’. Moreover, 
tracer studies showed that one of the hydrogens inthe isolated i’-deoxyadenosine &as 
derived from a CH group of the glycol. Eimilarly;5’-deoxyinosine has been obtained from 
incomplete reaction mixturesof propane-1.2~diol and dioldehydrase in the presence of 
5’-deoxyinosylcobalamin . _ 338 However, added labelled 5’-deoxyadenosine is not a partici- 
pant in these reactions, indicating that any nucleoside which is formed, except for that 
which is aborted, remains within the enzyme complex. 

Clearly, the main uncertainty lies in the character of the hydrogen transfer steps, be- 
cause migrations of functional groups (X) are well established for ionic and free radical 
species. There is some evidence for free radical species present during the reactions and 
some evidence that cobalt(I)-species may also be formed, but it is unwise to assume that 
exactly the same mechanism operates in all the rearrangements. For example, spectro- 
photometric measurements during the reaction of propanediol with glycerol dehydrase in 
the presence of Br 2 coenzyme 33g show that the concentration of B,*, increases to a 
maximum during.the reaction and then decreases. The maximum concentration coincides 
with the maximum rate of product formation and the level of unpaired electrons at this 
maximum is very high (i.e. ca. 0.5 e- per mole of B r2 coenzyme employed). Though the 
electron spin resonance spectrum almost disappears towards the end of the reaction, it 
reappears on the addition of more substrate. 

The evidence for a free radical mechanism is less clear in the reaction of ethanolamine 
with ethanolamine ammonia lyase in the presence of B r2 coenzyme. In this reaction, 
though free radicals have been detected33ga, their concentrations are rather low and the 
time of attainment of maximum radical concentration does not coincide with the maxi- 
mum rate of product formation. It is possible therefore that some of these observations 
indicate that free radical side reactions may take place. 

Evidence for the formation of cobalt(I) species during the diol dehydrase reactions 
comes from the observation that nitrous oxide, which reacts rapidly with cobalt(I) but 
not with cobalt(II), inhibits this reaction341 *_ In contrast, it has been reported that the re- 
arrangement of methylmalonyl coenzyme A is not inhibited by nitrous oxide313. 

An alternative mechanism has been put forward for the diol dehydrase reactions which 
involves the formation of an intermediate Phydroxyethylcobalamin (eq. 221)‘38V341, 
which breaks down to form acetaldehyde and a cobalt(I) species; The coenzyme is be- 
lieved to have two functions in this mechanism; first, to supply cobalt(I) species for the 
formation of the @-hydroxyethylcobalamin, and secondly, to allow hydrogen exchange 
between the product acetaldehyde and the nucleoside fragment_ It has been estimated13’ 
that the variation of hydrogen transfer as a function of time;for this mechanism, is similar 
to that proposed for the mechanism shown in.eq. 220, but there is some disagreement 
over these conclusions340~220. 

These disagreements illustrate the problems of using solely details of reactants and- 
products for verification of the subtleties of mechanism. Indeed,.the calculations do 

l See, however. ref. 5 95 _ 



I_& -‘I - : .:. ,. . . -. . . : ..- -.... : -_ DzDGDD; &S-D_ JOH?EiOl$ 

d~p~~d’in&&l~~&~ the ch~~~e~of-kinetic’isdtope.effects.for thi transf~i of hy@.ogen;- : 
~deuterium; and t&iu~m~ +pproximations must-be made, for.few-if. any-direct measurements- 
of isotope.effects of. s&le.steps~&r be made. Some of the isotope effects that have been 
-deduced .areremarkably large;. for example, a value~k~/ki; = 160 has been estimated for 
the ir&fer of hydroged~and:ti-@m from. the S’carbon of the coenzyme tothe product ..- 
in the dea$&atjon of ethanolamine 342 Experience of simple organic reacticns involving . 
hydrogen transfer steps suggests that such a high value may only be achieved if ‘quantum 
mechanical tunnellirig is taking place 343~Whilst this cannot be completely.ruled out, a 
more rigorousexamination of the system might prove fruitful;with detailed consi-deration 
.of possible additional steps which may serve to exaggerate the isotope effects by, for 
.exampIe; multiple isotopic fractionation, Similar high isotope effects have been deduced 
for the diol dehydrase reactions340. 

-OH OH 

I 1. 

OH OH 

.. m .-. 
t RCH(OH1 CH20H 

o .A .:a- : 

ia 
(CO) 2 

[i& ]-~~N~Rc~ : RCH2CHO; W3) 

The mechanisms must also account for the stereospecificity which has been demonstra- 
ted for these processes. For example, elegant isotopic labelling experiments have shown 
that &rearrangement of @-methylaspartic acid344 and the rearrangement involved in the 
dehydration of propane-1,2-di01~~~~~~~ occur with inversion of configuration at the or-carbon 
to which the hydrogen migrates. Whilest such inversion is probably consistent with the 
mechanism for the diol dehydrase reaction according to equation 220, it is only consistent 
with the mechanism-of-equation 221 if the intermediate /3-hydroxyethylcobalamin is 
formed from the diol with retention of configuration (eq. 222). In view of the fact that 
the known nucIeo@hilic displacements of ester groups from saturated carbon by metal 
nucleophiles rakes place with inversion of configuration, the required retention seems un- 
likely_ : 

Moreover, in the diol dehydrase reaction and in the deamination of ethanolamine, only 
one of the two diastereotopic Dhydrogens is transferred from the substrate to the co: 
enzyme _ 334*342 If hydrogen transfer were from preformed acetaldehyde to the 5’-carbon 
of the nucleo&de. fragment (eq. 221), then the enantiotopic hydrogens of the acetaldehyde 
would have an equal chance of being transferred, even in the asymmetric environment of 
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the.enzyme, unlessthe carbony carbon were made asymmetric by some appropriate prior 
carbonyl addition reaction. 

The dangers of considering that all of these reactions proceed via a common mechanism 
are further exemplified by the fact that the rearrangement of methylmalonyl coenzyme A 
occurs with retention of configuration347 at the or-carbon to which the hydrogen is trans- 
ferred_ 

(b) Orher reactions catalysed by B12 coenzyme 

One further reaction is known which requires B r2 coenzyme as an obligatory cofactor, 
but does not involve a 1,2-rearrangement. This is a reduction of ribonucleoside triphos- 
phates to 2’.deoxyribomcleoside triphosphates 348-350. This reaction differs from the re- 
arrangement reactions i-1 that exchange of hydrogens does occur between solvent water 
and the 5’-hydrogens oi the coenzyme. Consequently, hydrogens from the solvent appear 
in the product (eq. 223~. This has been ascribed to the fact that the dithiol reductant 
undergoes rapid proton exchange with the solvent prior to reduction of the coenzyme. 
However, reduction of the coenzyme by a dithiol probably involves attack of solvent 
protons directly on the ?-carbon (eq. 224). 

Both 1,4- and 1,3dithiols, such as dihydrolipoate, are effective reductants3” and the 
reduction is stereospecific; the incoming hydrogen has .the same configuration as the out- 
going hydroxyl group35 la, but the detailed mechanism of the reduction process is obscure. 
The specificity of Br2 coenzyme is fairly complete, even 2’,5’-dideoxyadenosylcobamides 
are ineffective352, and enzymic activity has been demonstrated in extracts of C. tetano- 
morphum, C. S_h*cklandii, and Lactobacillus acidophilux Free radical species have been 
detected during the course of the reduction process353. 

OH OH OH l H + I I HS SH + s-S + %P (223) 
*HZ0 

O(P)=triDhosphatc 

+ -1 t-45 SH ‘%O 
+ CO= i- 
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&,third ckss.of reactions do not involve the B12 coenzyme, but do require the presence 
of $h& oig&ocob& c&amides. Iri these r&actions it is probable that methykobamides 
are impor&& interinediates. The reactions are,as follows: (i) the biosynthe.sis of-methie ._ 
nke; (ii) the biosynthesis of methane from a variety of one-&rbon’precur$ok; (iii) t& 
biosynthesis of acetate. 

The biosynthesis of methionine354~355 iS probably the best understood of these reac- 
tions, though many of the fmer details. of-the mechanism require to be elucidated. It has 
.b&n known for solme time that an important stage of this reaction involves the transfer. 
of a methy group from fl-methylte&ahydrofolatG to homocysteine3“j, and that this 
requires the presence of S-adenosylmethionine3s7, the methyl transferase, and a B12 
derivative3’* (eq. 225). A similai reaction, catalys&d by the same enzyme35g, involves the 
dir&t transfer of the methyl group from methylcobalamin to homocysteinezzg (es. 226). 

Me-THFA + HSCH, CH, CH(NHI)COz H -+ MeSCHz CH2 CH(NH2 )C02 H + H-THFA 

(Me-THFA=Ns-methyltetrahydrofolate) (225) 

Mecobalamin + HSCH, CH2 CH(NH2)C02 H -+ MeSCH2 CJ& CH(NH2 )CO2 H + BI 2s 

(226) 

Kinetic studies360 on the-reactions of unlabelled and “CH3-labelled p -methyltetra- 
hydrofolate and S-adenosyhnethionine with’htimocysteine catalysed by partially purified 
enzymes have shown that the initial methylation of the cobamide takes place much.more 
rapidly with S-adendsylmethionine than with I@-methyltetrahydrofolate. Once the 
cobamide has’been methjdated by the S-adenosylmethionine (SMe), exchange of the cobalt- 
bound methyl groups with those of fl -methyltetrahydrofolate takes place readily. Studies 
of the effect of propyl iodide on these reactions indicate that there is more than one 
cobamide site on the enzjme3” and that one of these binds a cobamide firmly, the other 
binds a cob&de only weakly. When the cobamide-enzyme com&?x is treated with propyl 
iodide, the firmIy bound cobamide is propylated and hence is completely deactivated. The 
weakly bound cobamide is also propylated but, as it can readily be replaced by added 
methylzobalamin, the propylated enzyme-cobamide complex is still capable of cataiysing 
re&tion 226 (eq. 227). In contrast, methylation of homocysteine by fl -methyltetra- 
hydrofolate, which appears to invoIve only the tightly bound cobamide, is greatly inhibited 
by propylation- The activity of both sites can be restored by photolysis, which causes. 
homolytic c!eavage of the propyl carbon-cobalt bond and regeneration of the active bound 
cobamide species_ 

The need for added reducing agents in the reactions catalysed by partially purified en- 
zymes clearly suggests that the enzyme bound cobamide is reduced, probably to the 
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cobalt(i) state, which behaves as a nucleophile.towardsS-adenosylmethionine, Ns-methyl- 
tetrahydrofolate, methylcobalamin, or added reagents such as propyl iodide. The order of 
effectiveness for inhibition by RI (i.e., R = Pr >) Et ) Me)j6r suggests a parallel with the. 
ease ofnucleopbilic displacement by and.of cobalt(I) from the corresponding alkyl esters 
and alkylcobalt(II1) compounds, respectively. The inhibition by propyl-iodide is also great- 
ly reduced in the presence of S-adenosylmethionine becausethe latter succesfully competes 
with the propyl iodide for the reduced cobamide, thereby bringing about methylation 
rather than propylation of the cobalt. 

The transfer of the methyl groups to the sulphur from the cobalt would appear to in- 
volve nucleophilic attack of the sulphur species on the o-carbon of the methylcobamide in 
a manner discussed on p. 58. However, the subtele role of the enzyme in promoting this 
displacement, and the exact-priming role of the S-adenosylmethionine, remain to be 
determined. l- 1 

_ 
-RSMe 

I Me~bolamin 

The biosynthesis of methane. The biological formation of methane from carbon dioxide 
formate ion, methanol, the methyl carbon of acetate and the @-carbon of serine is also 
catalysed by cobamide compounds. Indeed, the bacteria Methanosarcina barksii contain 
so much cobalt that the cells are pink-red 362 The predominant cobamides in these bac- . 
teria and in Methanobacillus omelianskii363 contain a 5hydroxybenzimidazole group in 
place of the more common 5,6dimethylbenzimidazole (shown in I). Several enzyme sys- 
tems have been investigated. For example, in the conversion of methanol to methane 
catalysed by Methanosarcina barkerii, the methyl group has been shown, by tracer studies, 
to be transferred intact (eq. 228). Though metbylcobarnides have not been isolated from 
these bacteria, it has been demonstrated that r4C-labelled methylcobalamin233 is formed 
when r4C-methanol is treated with electrolytically prepared Br zs in the presence of ex- 
tracts of M.- barkerii and potassium phosphate under an atmosphere of hydrogen. 

4MeOH - 3CH4 + CO2 + 2H20 (228) 
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“fCii~QHtBt~s: “CHscobalarnin- 
.. 

The role of methylcobamides in these processes can only:be. surmised from the plausi- 
b&y of the reactions involved, the amount of cobamide species present, and the fact that- 
methylcobamides can be isolated from other systems, such as Ckutridium thennoaceti- 
tim364. & in the case of methionine synthesis, the cobamide activity is reduced on treat- 
merit with propyl iodide 365 but can be regenerated by photolysis. ATP is also required, 
but its role has not been -elucidated. 

The biosynthesis of acetate. The anaerobic synthesis of acetate presents even greater 
mechanistic problems because of the larger number of reaction steps which must be in- 
valved.-The acetate may be formed from a number of one-carbon precursors; for example, 
Clostiium rhermoaceticum converts a mixture of carbon dioxide and hydrogen into 
acetic acid364. Experiments using IabelIed carbon dioxide show that both of the acetate 
carbon atoms may be derived from the carbon dioxide. Cell-free extracts of C. thermo- 
aceticum also convert r4CH3cobalamin and “CH3-~-methyltetrahydrofolate into 
“CH3-acetate. That the carbon dioxide may be converted into intermediate methyl- 
cobamides has been demonstrated by the isolation of l4 CH,cobamides from C thermo- 
aceticurn which has been exposed to l4 CO*. 

These cobamides have been shown to contain 5-methoxybenzimidazole in pIace of the 
5,6dimethylbenzimidazoIe shown in (I). 

4Hz + 2COz - CH3C02 H + 2H2 0 (230) 

“CH3cobalamin + CO2 + “CH3C02H (230 

Me-THFA -I- CO, ---+ CH3 CO, H (232) 

It seems probably therefore that methylcobamides are also intermediates in these 
reactions, but the way in which they are formed from carbon dioxide presents further 
mechanistic problems. A possible route is via for-mate ion, and it has been demonstrated 
that appropriately labelled acetate is formed when labelled formate is used as the one- 
carbon precursor366. A second problem involves the conversion of the methylcobamide 
species into the acetate ion, i.e., whether the process involves an intermediate a-carboxy- 
methylcobamide or whether cleavage of the carbon-cobalt bond and reaction with 
carbon dioxide occur synchronously or sequentially. The type of experiment carried out 
so far only indicates which processes may be possibie. For example, Iabelled cu-carboxy- 
methylcobalamin is converted into acetate by.extracts of C. thermoacetwum and 
pyruvate367. However, it is possible that electrophilic displacement of cobalt by attack 
of &bon dioxide on the methyl group might be specifically activated by appropriate 
reducing proteins_ Indeed, treatment of methylcobaloxime with carbon dioxide in the 
presence of a dithiol does give a small yield of acetate367a. 
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TABLE 1. 

THE ORGANIC COMPOUNDS OF COBALT(llI)(Listed according to the equatorial ligands Ln) .- 1. 
l--Ma& section headings (repeated& new pages) refer to the equatorial ligand(s) described hr Table 2. 

.. 2.Organkc Ligands [R) are arranged in order of increasing carbon chain and increasiug m&u&ion. 
~;.E.gr, inethyl, substituted methyl, ethyl, substituted ethyl, n-propyL’sub$ituted n-propyl, etc.; (cycle- 
.alkyl follows each alkyl),~benzyl, substituted benzyl. miscellarieous cyclic ligands and some unsaturated 
iigands. vinyl, alkynyl, a&, alkoxycarbonyl, unspecified Iigands. Dicobalr complexes are placed Iast. 
As the ‘top’ and ?bottom’ of the corrin ring are not the same, there are some examples in which .&e 
organic Iigand and the axial base are interchanged. In these cases, the organic group is placed in the ‘B’ 
column and the axial base in the ‘R’ column. 
3. Axial bases (B) are arranged in the order Hal, N. 0, ‘none’, P, S, C. Ambidentate ligands appear in 
only one group unless separate complexes have been isolated. Bridged complexes containing bidentate 
ligands are described in one group only. -. 
4. Reagent refers to the main source of R. Other reagents are referred to under method. Alternative 
reagents are indicated in brackets. 
5. Method. The preparative method is usually described in the following sequence: a romnn numeral 
referring to Table 3, the inorganic reagent(s). the solvent (/ indicates a mixed solvent or solvent/reagent), 
and other details. ln other cases, especially where no carbon-cobalt bond is formed in the Freparation, 
the method is spelled out. 
6. References_ An asterisk next to a reference number implies that the compound has only been 
identified in solution. 
7. Variants. Reference to Fig. 1 and Table 2 will assist in understanding the nature of the variants. The 
letters a-j refer to the side-chains on.the corrin ring (see figures in table 2). The terms &tarn and 
la&one involve the side-chain (c) and C-8. 10-X refers to substitution by X at C-10. In some cases the 
sidechain has been spelled out, in others, especially where the longest side chain (f) of the corrin has 
been modified close to the corrin ring, the side-chain is spelled out from the corrin to the end of the 
modification and terminates with “etc.“. 
8. Table I is essentially compIete, except for the two sections headed ‘other complexes’ and 
‘natural sources’. The latter includes positive identifications and compounds isolated. It includes the 
main preparative routes and provides a useful indication of the wide occurrence of these compounds, 
including those which have not been synthesised chemically. 
9. Abbreviations. Limitations of the computer necessitate some abbreviations such as NH4CI for 
NH, CL a for Q, b for 0, Xc-) for X-. TRI(X) for X,, DI(X) for X, , BH4 for BH, , etc. 

Other abbreviations are as follows: 
(Co) a cobalt complex having the same equatorial &and(s) as are described in the 

section heading. If no other ligands are shown the species is cobalt(H)_ 
? insufticicnt information 
A (in notes column) fuil analysis in ref. 
(A) (in notes column) partial analysis in ref. 
‘none’ the complex in which no axial base is apparent. This may include complexes 

in which the equatorial ligand(s) or the organic group act as an axial base. 

ADDITION TO ‘h!ONE’addition of an axial base to ‘none’ 
UNSPEC unspecified in ref. BIPY 
DISE 

2,2’-bipyridyl 
displacement PHEN 

..ALK. 
.,o-phenanthroBne 

aIkaline GUY glycine; other amino acid 
NEUT neutral. .. 
IMID 

abbreviations are standard 
imidazole OTs 

BENZIMID 
p-toluenesulphonate 

benzirnidazole CPR controlled potentiometric reduction 
c-He;; cyclohexyl DISPROP dispropbrtionation 
en. ethylenediamine 

Abbreviations for bacteria:. 
P Propionibactetium E Escherichia 
C~ : Closrridium M Methanoba&Ihs 
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