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INTRODUCT TON

" Prior to 195 5, the field of organocobalt chemistry was hmrted to a group of ill-defined
aryl- and a]kyl-cobalt compounds formed during the reaction of Grignard and other or- -
ganometallic reagents with cobalt halides' . However, with the great expansion of organo-
metallic chemistry in the late 1950 and aided by the knowledge that carbon to transition
metal bonds might be stabilised by certain ligands, there was also some progress in the pre-
paration of compounds containing carbon-—cobalt bonds. The first major group to be pre-
pared and characterised were the alkylcobalt(f) carb onyls ‘along with only infrequent ex-
amples of organocobalt(lll) compounds3*. Then, in 1962 came one of the most interest-
ing of the 'developments that have so far occurred in organometallic chemistry; this was
the discovery, following the elegant X-ray crystallographic study of vitamin B,,, that a
naturally occurring molecule, vitamin B, coenzyme (I), contained a carbon—cobalt o-
bond®. Moreover, contemporary chemieal studies showed that this bond was unaffected
bya numher of reagents which cleaved bonds elsewhere in the molecule®. The realisation
that this compound was formally a complex of cobalt(III) and that the corrin ring might
be an important factor in the stabilisation of thie cartbon—cobalt bond, led to wide consid-"
eratlon of the possrbxhty that other carbon—cobalt(lll) compounds might be formed with
the same ligand and perhaps also with analogous ligands. '

* Progress since that timie has been considerable, and the number of organocobalt(III)
?compounds that have now been described is more than one thousand; these are catalogued
.in Table 1, _One of the teasons for this rapid development has been the wide interest which
these compounds provoke. This ranges from ‘their role as inorganic complexes through
therr interest as organic derrvatwes and in organic synthesis, and especmlly to their bio-
chemlcal funcnon -and potentlal Consequently, the hterature on these compounds is scat-
~tered over a w1de range of Joumals is couched ina vanety of styles, and reflects a variety
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< of depth of understandmg of the several fi elds concemed R - -

-+ . This review is an attempt to explore the scope of the whole field with specxa] emphams
}f'on the mechamsm of the reactions concerned; thereby to deduce the.common features of

"what. are apparently widely different compounds. In such a rapldly growing field covering
so wide a range of chemical and biologjcal 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), cobzlt(II), and cobalt(I), and even cobalt(IV) 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 organocobalt(I1I1) compounds with which we shall be concemed fall mto two main
classes. The smaller class, which has not been studied in much detail, and which includes
the hexaacetylides®, some cis-dialkylcobalt(I11) complexes’ , and the m-cyclopentadienyl-
cobalt(II) compounds®?, 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 listed 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 coramonly 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 121.
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Classzf’catlon of Itgands

Wrth the e:s.ceptron of the mmor group of compounds the organocobalt(lll) com-
pounds drscussed in_this review are generally square pyramidal or octahedral five- and six--
coordmate complexes (II) in which the metal is coord.mafed to the orga.mc group and to- -
vanous combmatlons of ; mono— di-, tetra-, and penta-dentate ligands:- : -
Though a vanety of monodentate hgands are involved, particularly as axial bases trans '
to the organic group, itis mconvement to use them for our primary classrﬁcanon “We
therefore restrict our nomenclature to an initial consideration of those hgands in the equa-
tonal plane cis to the organic group. These are subdivided, for the purposes.of Table 1, in-
tothe groups shown in Table 2. Since different authors have used: different symbols for
what, it will be: apparent, are a complrcated series of molecules some of which are tedious
to name systematically, we have attempted to revise the symbolism uniformly. Where
more than one symbol has previously been used, we have selected the one that seems most
-sppropri'atve,’ 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 fo_otnotes to Table 2. The nomenclature of the cobalamins and derivatives is as standar-
dised elsewhere!®.
N e R ==m——— axial Organic group .

. L . . L L
Equatorial ligands e a
which may be four —* ~— oM charge m = 2— (total charge
mono-, two di-,or onlp)-(charge
one tetra-dentate ] on B)
tigand (Lp) 8 —a——— ‘axial base ligand

am
In addition to the abbreviations shown in Table 2, the following are also frequently en-
countered:
Vitamin By, coenzyme = DBCC =5 -deoxyadenosylcobalanun(lll)
B}, = cyanocobalamin(III).
- By2a = aquo- or hydroxo-cobalamin(III).
~ By2r = aquo- or hydroxo-cobalamin (II).
‘B, 25 = aquo- or hydroxo-cobalamin(I).
,The o'ganobls(dloxlmato)cobalt(lll) complexes are also frequently referred to as organo-
cobaloximes.

rME‘l‘HODS,OF?RE?ARATlON '

: The methods of preparatron of the organocobalt(lll) compounds are convemently clas-
'srﬁed accordmg to whether the effectlve cobalt contauung reagent is formally cobalt(I1I),

(continued on p-10)
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have been arranged as follows. (I) A dlscussxon of the methods of preparatlop of the or e
ganocobalt 1)} compounds from theu unmedxate cobalt precursors and orgam' reagents-“_{
.'(II) A brief discussion of the methods of | preparatlon of those cobalt-contammg precur- :

SOrS and’ (IIE) a detalled dJSCUSSlOIl of the mechamsms of the preparatwe reactions. The : 7
:methods are. summansed in Table 3 and those used for each mdwxdual compound are m- .

K cluded in Table 1,’in which the abbrewatlons under the headmg method’ refer to the L

»head.mgs of the fo].lowmg sub~sect10ns .

: TABLE 3

‘:S_ummuryot mothods of_piéijarétion of organocobalt(111)? compounds

Inorganic 'reage‘ntr S Organic reagént - - Products ' ~ Section

hlectrophllu. reacnons of cobalt(III) species o _
¥(Co)B, Y= Hal, etc. RM, M = metal ‘ R(C0)B + YM CIA

B(Co)' - CRT - 'R(Co)B 1B
B(Coy . - CH,=CR(OH) . RCOCH,(Co)B + H* IB

'B(Ca) . ROH + CO ' ROCO(Co)B + H* ic

Free radical reactions of cobalt(ll)’species

2(Co)B - RX, X = Hal, etc. R(Co)B + X(Co)B IIA, B

2(Co)B . - RH + H,0, R(Co)B + HO(Co)B 1A

2 (Co)B ‘ X,C=CX, ' " B(COXCX,CX,(Co)B IC .
“2(Co)B ~ RC=CR B(Co)CR = CR(Co)B HC .

niCo)B © o AINY Ar(Co)B ' 1D
n (CO)B . R.TIX ‘ . R(Co)B+? IE

" Nucleophilic reactlons of cobalt(l) species ,
B(Co)~ RX, X = Hal, tosylate etc. -~ R(Co)B+ X~ 1A

B(Co)"/ROH . ’ epoxides Hydroxyethyl (Co)B " HIA
"B(Co)"/ROH XCH =CH,.X =CN.etc. XCH,CH,(Co)B + OR"~ 1111:3
B(Co)~/ROH XC=CH,X=CN-,aryl,etc. ~ XCH = CH(Co)B + OR" i

B B(Co)'IROH CH,=C=CH, ~ CH, = CMe(Co)B + OR" HIB

—‘Addmons of hydndocobalt specxes ) ;
H((‘o;B S - RCH=CH, ’_CH,CHR(CO)B . HIC

“IH(CoB . - - . RC=CH : CH; =CR(Co)B , iy

. H(CeB_ . . RCHN, - RCH,(Co)B . HC

- _Ha _(Cd) refers to ‘the metal together with its equatorial lig.dnds, bharge unspeciﬁed‘.
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(1) Prepaia}‘ibzi ﬁ'om 'eoﬁdlt(lfl ) f‘eagents" R

““(A) The earliest attempts made to prepare organiocobalt compounds involved the reac-
: tlon of Grignard reagents with cobalt(lI) halides. Apart from the formation of a few acety-
‘lides®, ‘these failed because of the absence of the requisite stablllsmg llgands on the metal -
(Table 2) and probably also because of the greater instability of organocobalt(ll) than
of organocobalt(lll) compounds However vanety of stable covalent halocobalt(lll) com-
pounds are now available, and many of these react smoothly with aryl- and alkyl-Grignard
reagents and with other organometalhc reagents such as the alkali metal alkyls, in ethereal
solvents, to give the corresponding alkyl-or aryl-cobalt(III) compound in good yield. Sev-
eral equivalents of the organometallic reagent are often necessary in order to allow for the
‘reaction with acidic 51tes on equatorial and axial hgands and with axial ligands (e g. asin’

eq. 1). .
(MeOCH ),

PhLi + BrCo(aetpor)py ————> PhCo(aetpor) + LiBr . - m"
PhC=CMgX + XCo(dmgH)zpy—E;—»PhC":'CCo(dmgH)zpy + MgX, @'
" CeFsMgBr + ICo(salen)———— C¢FsCo(salen) + MgBrl 3)3

(B) In principle, coordinatively unsaturated cobalt(1II) species are mildly e]ectrdphilic
reagents. Since cobalt(III) 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:
CH,(CN), + B=—=>"CH(CN), + BH" @
~CH(CN), + Co(ambpn) (H,0)* —=— (NC),CHCo(ambpn) (5)'3
CH,=C(OH)Me + 'c°(sa1en)(MeOH)+——~>MeCOCH2Co(sa1en) (MeOH) + H*  (6)'¢

(C) Several aquocobalt(III) species also react with carbon monoxxde in alcoholic solu-
tion to glve alkoxycarbonyl derivatives, i.e.,

ROH + CO + MeOCo(dmgH)gpy———+ ROCOCo(dmgH);py + MeOH . (7)'7-18
(1) Preparanon from cobalr(II ) reagents ' »

(A) Cobalt(II) species are 'paramagnetlc and hence are capable of inducing ard termi-
nating free radical reactions. One of the earliest methods of synthesis involved combina-
tion of both of these propemes19 »20_Thus, on addition of an alkyl halide to a solution of
the pentacyanocobaltate(ll) ion under anaerobic conditions, the cobalt(II) species acts
both as a halogen atom abstractor and as a radical trap for the free radical produced, with
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;the formatlon of a relatlvely stable organopentacyanocobaltate(lll) ion, 1 e ‘ )

e
| ‘»,‘(_9)[:!

»"7The reaction is also apphcable to other cobalt(ll) spec:es but there are few examples of
’_’1ts app]lcatmn and 1t may requlre fzurly reactlve alkyl hahdes e. g s .

’ cc14 + 2Co(dmgH)zpy——»c13CCo(dmgH)2py £ CICo(amgﬁ)zpy ' "(10‘)’"

Smce the second stage of tlus reachon ie., the capture of the organic radical, is hxghly
favourable any. method which’ may produce orgamc radicals in the presence of coordma-

tively unsaturated cobalt(lI) species may result in the formation of organocobalt(III) com-
A pounds A possible®? route mlght be: '

‘ _H202 + CO“ _—_') HOCO + HO N : (1)

CHO' + CZHSOCZHS——e—aﬂzo + C,H;OCHCH, (12)
CZHSOCHCH3 + Coll ——»czusoCHMeCOIH 13)

- (B) Cobalt(ll) species are also capable of undergomg electron transfer. to certain readily

' -reducible organic substrates. Thus, p-nitrobenzyl halides react with some cobalt(Il) spe-
ciesto give the corresponding nitrobenzyl radical, which may be captured by the excess

“of cobalt(II). This method has been investigated in some detail?3, but has only limited
preparatwe scope. v

- AICHzBr + ccfl(salen)avlmmd)2 [ArCHzBr] + Co"lrsalen) (Meimd); (14)

__[ArCHzBr] ——>ArCH," '+ Br~ - (15)
~ ArCH;" + Coll(salen) (Meimd) —> ArCH,Co(salen) (Meimd) | (16)

(C) One of the first organocobalt(I[) compounds to be synthesised* was a dicobalt com-
_ pound formed from acetylene and the pentacyanocobaltate(If) ion. Similar addition of two
- paramagnetic cobalt(II) species also occurs with mono- and di-substituted acetylenes®?,

and with tetraﬂuoroethylene to give dlamagnetlc vmyl- and perﬂuoroa]kyl-dxcobalt com- -
. 'plexes respectlvely

RC=CR 4 2C0(CN)53‘-.———-> (NC)SCOCR—-CR Co(CN) 6= .. . an
F2C—CF2+2Co(CN)ﬁ‘_—_——>(NC)SCoCFzCFzCo(CN)s"","A L S sy

: (D) The pentacyanocobaltate(]l) ion also reacts with the benzenediazonium fonin’
aqueous solunon to give the phenylpentacyanocobaltate(lII) 10n2° but the’ mechamsm :
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and. stoechlometry of tlus reactlon have not been studned. : R _
PhNj + nCo(CN)3‘————->PhCo(CN)5" L e e (19) |

-(EYy Perﬂuorophenylcobalt(lll) diarsine complexes have been prepared by the reaction of
bls(pentaﬂuorophenyl)thallmm(lll) bromide with the bls(dlar._me) cobalt(ll) btormde26
The scope of this type of reactlon has not been explored : -

’(Cst)leBr'+'C_o(diarS)zBr'g—ffcﬁFsCo(diars)lBr+ +9 . (20)

(1) Pfeparatioﬁ from cobalt(I) and hydridocobalt species

(a) Nucleophilic displacements by cobalt(I) species. The commonest route to organo-
cobalt(I1l) compounds and also the most versatile, involves the reaction of nucleophilic '
cobalt(T) species with organic compounds. A wide range of cobalt(I) species, including vi-
tamin B,25?7-?® (a reduced form of cyanocobalamin and of the coenzyme) and thie anionic
bis(dimethylglyoximato)pyridinecobaltate(I) ion'?, are amongst the mest powerful of
known nucleophiles towards saturated carbon; capable of displacing halide, phosphate?”
and tosylate ion from the corresponding alkyl derivatives, and of displacing trimethyl-
amine from benzyltrimethylammonium ion? 9, and of opening epoxide and ethyleneimine
rings. The species [Co!(7,7"-Me-salen)]™ is apparently so nucleophilic that it is capable of
displacing bromide ion from bromobenzene, though the mechanism of this reaction has
not been confirmed.

14CH,I + By, —> '“CHjcobalamin + I” : ‘ 13!
CHBr; + [Co(dmgH),py]- —— Br,CHCo(dmgH),py + Br~ (22)*1:32
 p— _MeOH 33
MeCHCH,O + [Co(dmgH),py]” — MeCH(OH)CH,Co(dmgH), Py (23)
PhBr + [Co(7,7'-Me-salen)]- ——> PhCo(7,7'-Me-salen) + Br~ (24)'¢
CH,=CHCl + [Co(acacen)]- — CH,=CHCo(acacen) + Cl~ (25)**

p-CeHa(CH,Br);, + 2C°_(dingH)zpy'—*pCsHJCHz'CO(dmgH)zpy]z + 2Br (26)>°

This method is usually unsuccessful with vicinal dihalides, and unexpected products may
be obtained with bromohyadrins, e.g.:

CICH=CHC1 + [CO(dmgH)zpy]-—-»HCECH + ClCo(dmgH)zpy +C- '(27)36
HOCH;CHMeBr + [Co(aetpor)}- ——> HOCHMeLItho(aetpor) +Br . (28‘11

(b) Prepamnon via nucleophilic addition of cobalt{[ ) speczes to unsaturated orgamc
' molecules Cobalt(D) spec1es are also capable of undergoing nucleophilic addmon toa.
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' vanety of oleﬁns in protlc solvents In: the few cases studxed in detail, the reactlon w1th
iacetylenes has been shown to be a trans:addition of the metal ion and the proton from the_
_solvent3 7.38. Smtable actlvated olefins include acrylonitrile and drmethylma.leate : :

& CHz—CHCOzEt + [CO(dmgH)zpy] -EIOH , EOCOCH, CH,Co(dmgH):py + EtO™ (29)39‘.
+ HC=CH + [CO(7 7 "Me salen)]" Ef’f‘& CH;=CHCo(7,7"Me-saleri) + OH-"(30)'°
i 'HZC"C=CH2 + [CO(dmgH)zpy] MCH;-CMeCo(dmgH)zpy+MeO ‘ (31)40

(o) Preparatron via addition of hydndocobalt species to unsaturated organrc compounds
In less basic solutlon the cobalt(I) species tend to form covalent hydndes , which under-
go dlstmct reactions with many of the unsaturated compounds described above. These
’reactxons usually have a different stereochemistry from those with the nucleophlhc co-
balt( [) species. The hydnodopentacyanocobaltate(lll) ion does not appear to dissociate
even.in strongly alkaline solution®? and appears always to react as the covalent hydride,
but the less basrc cobalt(l) specres, such as the b1s(d1methylg1yox1mato)pyndmecobaltate(l)
ionor v1tamm B,zs, may require neutral or mrldly acidic solution before the reaction of
their hydndo species becomes dommant'“ 43 _(Since many of the reactions described in
Table 1 were carried out under 1ll-deﬁned conditions it may be difficult to reproduce the .
'yreld and character of the product unless the pH is the same as that used previously.) '

CH2=CHCN + HCo(dmgH),PBu; ——> NCCHMeCo(dmgH),py BN
PhC=CH + HCo(dmgH),py —— H,C=CHPhCo(dmgH),py (33)*738.
2.pyCH=CH, + HCo(CN)2~ —— 2-pyCHMeCo(CN)3" (34)35:45

. 'Diazomethane and some strained olefins may also react with hydridocobalt species, L.e.:

'CH;N» + Hcobalamin —— CHjcobalamin + N ' (35)* 728

» Hco(dmgH)zpy +> m _MeOH
e . -7 : ColdmgH),py ColdmgH), py ’ : ’(36)47
{I V} Preparatzon of cobalt{III) cobalt(II) and cobalt{[) reagents

v The majority of the morgamc precursors of organocobalt(III) compounds are denved
from simple cobalt(ll) salts which, after complexing with appropriate ligands, are either
oxidised to cobalt(1I1) species, reduced to cobalt(I) species, used directly, or allowed to
disproportionate to a mixture containing both cobalt(I} and cobalt(III) species. The meth-
od used depends upon the mﬂuence of the chosen ligands on the redox potentialsof = -~
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the complexes and upon the lability of the organic reagents and the'organocobalt(l_ll) pro-:
ducts in the Tequired media. The complex nature of the cobalamins, cobinamides, etc. and
their hydrolysis products precludes their total synthesis except for the purposes of proving
their structure®®:*?_They are usually prepared from the more readily isolated derivatives
of naturally occurring CObalt(IiI) corrinoid compounds, such as vitamin B, ,, B;,,; etc.

The following methods have been used for the preparatlon of the reactive cobalt(lll)
cobalt(Il) and cobalt(I) specxes

(a) Cobalt(IIl) reagents , :

Air stable cobalt(Il) salts, such as cobalt acetate and cobalt chloride, complex readily
with a variety of ligands, including those shown in Table 2, to give cobalt(II) complexes
which are susceptible to oxidation and may be smoothly converted into the corresponding
cobalt(III) complexes on exposure to oxygen. This method is used (i), for the preparation
of those halogeno—cobalt(III) complexes®® which react with Grignard reagents (method
Ia; eq. 11—13) and (i) for the in situ preparation of the solvated cobalt(111) cations which
behave as electrophiles towards carbanions, enols etc. (method Ib; eq. 5 and 6).

(b) Cobalt(Il) reagents

(i) Direct preparation. The pentacyanocobaltate(II) ion, formed by the reaction of co-
balt(I@) salts with a slight excess (i.e. 5+ fold) of cyanide ion under anaerobic conditions
in aqueous solution, is suitable for direct reaction with organic compounds (method Ila,
¢, d). Dilute solutions of Co(CN)3~ decompose slowly in water®'-52, but concentrated
solutions decompose more rapidly and should be used when fresh. The bis@imethylglyo-
ximato)cobalt(II) complexes, which are a’so formed on mixing the cobalt(II) salt with the
appropriate ligands in aqueous or alcoholic solution under anaerobic conditions, may be
isolated or used directly (method Ila, b)*°, but are more commonly used for the prepara-
tion of the cobalt(I) species described below.

(ii) Reduction of naturally occurring cobalt(11I) species. The reduction of naturally oc-
curring cobalt(IIl) corrinoids, such as vitamin B, ,, or cyanocobalamin, to the correspond-
ing cobalt(Il) species may be carried out by several methods. (i) Controlled®3-°# | poten-
tiometric reduction (see table 4). (i) 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) Reduction by certain thiols at an appropriate pH; for example by cystea-
mine at pH > 8.95¢, 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 monoxide®?-5%.

(c) Cobalt(I} reagents and hydridocobalt species
The cobalt(I) and hydridocobalt species are usually formed by reduction of cobalt(l )]
species. They are usually somewhat unstable in aqueous solution and tend to revert to co-
balt(II) species and hydrogen. For example, B, reverts slowly to B4, particularly in
mildly acidic solutions®?*®°. The following methods of reduction have been employed.
(i) Reduction with borohydride ion. More cobalt(ll) and cobalt(11I) complexes are readily
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{reduced by borohydnde fon'in aqueous or alcohohc SOluth 50,6164 The reduct1on may be v
carried: out either in the presence of, or prior to the addition of the organic substrate, de- :
‘pendmg upon the sensitivity of that- substrate to sodium borohydnde In some cases the .
addition of 2 few drops of 10% palladium(Il) solution has been found to catalyse the reac-
“tion.-For e_xample, though the b;s(d.tmethylglyoxunato)pyndmecobalt(ll)' ion is normally
’ reduced by sodium borohydrid'e,‘ this reduction may be inhibited if traces of oxygen have
been introduced. The addition of palladium(II) appears to remove this inhibition and the -
reduction to the dark blue cobalt(l) solution then proceeds smoothly. Cobalt(IT), nickel(1I)
“or, less ¢ satisfactory copper metal®*?, has also been found to catalyse the reduction®’. How- '
ever, in solutions of pH <99, the decomposition of By to B,y and hydrogen is catalyed
by Ptil saltsSS.
The tetradentate Schlft’s base complexes Co(salen), Co(acacen) and their derivatives,
are only reduced by sodium borohydride in the presence of a palladium(II) salt and in al-
kaline solutxon‘” whereas cobalt(1I) aetioporphyrin complexes are not reduced by borohy-
‘dride ion'!. The reduction of bis(dimethylgly oximato)chloropyridinecobalt(III) by so-
dium borodeuteride in methanol at pH 7 gives substantial quantities of DCo(dmgH),py®°®
(ii) Disproportionation of cobalt(II) species. The bis(dimethylglyoximato)cobalt(Il)
species disproportionate rapidly and completely in strongly alkaline solution to the cor-
responding cobalt(I) and cobalt(III) species’® 72, but do so more slowly in mildly alkaline
and neutral solution. If the disproportionated alkaline solutions are wholly or partially
_ neutrslised, they form suitably mild reagents for reaction with organic substrates that are
sensitive to strongly alkaline solutions or to borohydride”®:7%. Such disproportionation,
which has unfortunately not-been studied in much detail, is apparently less evident with
those cobalt(Il) complexes, like Coll(acacen) and Coll(salen), which have large negative
reduction potentials (Table 4), but may also be substantial with the more readily reduced
- Coll(dotnH)B* complexes’ and the cobalt(II) corrinoids”’. Pentacyanocobaltate(iI)
species! similarly ‘age’ in aqueous solution to give some HCo(CN)2".

- (iii) Hydrogenation. Several cobalt(1l) chelates may be reduced by treatment with hy-
drogen. In particular, the pentacyanocobaltate(Il) ion may be reduced directly with mole-
cular hydrogen to the hydridopentacyanocobaltate(III) ion®3:7%, Interesting variations in-
clude the formation of DCo(CN); by reduction of the pentacyanocobaltate(ll) jon with

‘deuterium in aqueous solution®®. Bis(dimethylglyoximato)pyridinecobalt(Il) is reduced

TABLE 4
- Half-wave potentials for the reduction of some cobalt(I1II) and cobalt(ID) reagents’ ©>°%

: Solvent, pyridine; predominant species in solution Co(chelate)py} in the presence of Et, N*CIO;
0.2 at 0°?; units are volts vs. SCE.

: Chglate : g . acacen 7, 7’-_Me~salen salen - salphen (dmgH) ,

colllmcoll - .. —0.67 —0.52 ‘ 039 -0.35 034

Coll wcol E, D -183 -1.50 138 -135 -1.24
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by hydrogen in neutral or alkaline solution®®, 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(dmgH).py, which only undergoes slow exchange with the salvent
protons”. i

(iv) Reduction by sulphur compounds. Under appropriate conditions, thiols will reduce
cobalt(Ill) compounds, especially the cobalamins, to the corresponding cobalt(l) species™.
Reagents that have been shown to be effective are (a) NaSH? 7779, (b) Na,S77-78.80,

(c) glutathione?7-78-8!  (d) alkanethiols®>-7?, (e) dithiols®?, such as dithiothreitol, (f) re-
duced ferredoxin.(i.e., reduced by hydrogen and hydrogenase®*), and (g) hydroxyalkyl-
thiols®3. 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 agent®®.

(v) Homogeneous reduction by metal ions. Chromous salts are sufficiently effective
reagents in EDTA to reduce cobalt(II)- to cobalt(l)-corrinoids®’*>?, in contrast to their
reaction at pH 3.

(vi) Hererogeneous reduction by metals. Sodium, potassium, and sodium amalgam are
the commonest reagents for the reduction of the Schiff’s base chelates such as Coll(salen)
and Co!l(acacen) and their derivatives!2-3*85~87_ Reductions are usually carried out in
tetrahydrofuran, though acetonitrile has also been used®2-8°. Cobalt(II)aetioporphyrin,
which has not been reduced successfully by borohydride ion??, is best reduced by sodium
amalgam in dimethoxyethane'!*°!. Zinc dust has been used for the cobalt(1II) corrinoids
in aqueous®” acetic acid, in glacial*! acetic acid, which gives hydridocobalamin, and in
aqueous ammonium chloride3%+°27%%  which gives B 2s-

(vii) Electroiytic reduction. Electrolytic reduction is not commonly used in preparative
studies, but is valuable where pure materials are required. The cobalt(III) and cobalt(Il)
chelates are more readily reduced than the majority of the corresponding organocobalt(I1I)
and organocaobalt(II) products and hence, by accurate control of the potential, the co-
balt(I) reagent may be formed under conditions where the organocobalt(III) product is
not reduced®3->%, Some half-wave potentials for the reduction of the cobalt(III) che-
lates*©-°% are shown in Table 4 and may be compared with those for the organocobalt(II)
products shown in Table 24 (p. 94).

(viii) Misceilaneous reduction methods. Other reagents used for the reduction to co-
balt(I) species include acyloins®*® hydrazine®32°, hypophosphorous acid®*® and the
dianion of cyclooctatetraene. The solid black hydridocobalt(Ill) species
HCo(dmgH),PPh;** has also been prepared by the pyrolysis of the f-cyanoethylbis(di-
methylglyoximato)triphenylphosphinecobalt(iII) complex in vacuo.

(ix) Displacement reactions. Cobalt(l) species have also been prepared by their nucleo-
philic displacement from acylcobalt(IIl) compounds®? (see p. 63), and from main group
metal cobaloximes such as R3SnCo(dmgH),py°72.

* Reagents (a). (b), (), (d) and (g) normally[give only Co“. In the presence of alkylating agents this

behaves as if it were reduced further to Co’. C7. ref, 594,
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'MECHANISMS OF REACTIONS IN WHICH ORGANOCOBALT(Il) COMPOUNDS ARE FORMED

Our discussion of the mechimisms of formation of the organocobalt(11I) compdundé is
confined to the reactions of cobalt(II) and cobalt(l) species, as there have been no detailed
mechanistic studies on the reactions of cobalt(IIl) species with organic compounds.

{l )A_Reactions involving éobizlt{ll '} species

(a) Atom transfer reactions .
Several atom transfer reactions have been studied in detail?® 1001002 A5 shown in
egs. 8 and 9, and in eqn. 10, the overall stoechiometry of the atom transfer reactions is:

2Co! + RX — RCo!!l + XColll 37N
though the rate is given by the expression:
—d[Co'}/dr = 2k [RX][Co"] (38)

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(II) species after due allowance has been
mage 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 unlikely 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(Il) 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 benzene®?, it
would ‘appear that solvent effects are not dominant in these reactions. The reaction rate
is largely determined by the following factors:

(i) The character of the equatorial ligands. The order of reactivity is - Co(CN)Z~ >
-Co(dmgH),py > + 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 cobzlt(II) reagent, by the stability of the incipient organic radical. The reactivity orders
to Co(CN)g3 -, i.e., CICCl,CO; > CICHCICO3 > CICH,CO;3 (overall rate difference X 10%)
and BrCH2COz" > BrCH,CH,COj; (X 300) are due to the influence of the carboxylate ion
group and the a-halogeno substituents on the stability of the forming radical in the transi-
tion state. The more reactive the cobalt(Il) reagent, the less marked should be this influ-
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TABLE S

Rates of reaction? of alkyl halides with cobalt(II) species [CoL,B] at 25°

19

Solvent "RHal Ln - B Kk, " "Ref.
H,0 p0,CC H,CH,Bb (CN), CN~ 9.6x 10 98
H,O ~0,CCH,1° CN), CN~ 89x10-*. 98
H,0 ~0,CCH, B/ . CN), CN~ 28x10°' 98
H,0 ~0,CCH,CH,Br? (CN), CN~ 8x10-* 98
H,O ~0,CCH,CIP (CN), CN~ a2x10~* 98
H,0 ~0,CCHCL,D (CN), CN~ 19x10-* 98
H,0 -o,ccclb (CN), CN~ 44%x10"' 98
H,0 ~0,CCHBrCHBrCO, P(meso)  (CN), CN~ 78 98
Benzene  C,H,CH,B? (dmgH), Py 15%10°" 99
Benzene  C,H,CH,Br? (dmgH), P(OMe), 1510  99a
Benzene  CH,CH,Br? (dmgH), P(p-CIC,H,), 9.7x10"* ,99a
Benzene  CgH,CH,Br? (dmgH), PPh, 2.1X107*  99a
Benzene  C H,CH,B’ (dmgH), P(p-MeC,H,), 3.4X10°*  99a
Benzene C,H,CH, Br? (dmgH), P(p-MeOC H, ), 4.8x10°? 99a
Benzene  C,H,CH,B:? (dmgH), PBu, 1.6 99a
Benzene C.,H;CH, Br? (dmgH), PMe, 71 99a
Acetone  C,H,CH,Br? (dmgH), Py 1.7x10°'  ° 99
Acetone  C,H,CH,Br? (dmgH), nicotinamide 9.5x10-2 99
Acetone  C,H,CH,BD (dmgH). PPh, 24x10-2 99
Acetone  C,H,CH,Br? (c-hgH), PPh, 24x10*  99a
Acetone  C,H,CH,Bi? (dpgH), py 3.7x10°2 99
Acetone  C,H,CH,Br? (MeO=dpgH), py 2.7x107! 99
Acetone  C H,CH,Br? (O.N-dpgH), py 55x10°* 99
CH,Cl, p-NCC H,CH,B:? salphen Py 29x10°3 100
CH,Cl, p-NCC, H,CH,I? salphen py 2.0x10°' 100
CH,Cl, p-O,NC H,CH,Br? salphen DYy 5.5x107* 100
CH,Cl, p-NCC H,CH,Br? salphen PhCH,NH, 8.0x10"° 100
CH,Cl, p-NCC, H,CH,Br? salphen PPh, 29x10°3 100
CH,Cl, p-NCC, H,CH,Br? salphen PPh.Me 3.7x10-2 100
CH,Cl, p-NCC H,CH,Br? salphen PPhMe, 42%10°' 100
CH.Cl,,  p-NCCH,CH,Br? salphen PMe; 9.0x10-* 100
CH,Cl, p-O,NC . H,CH.B:¢ salphen imidazole 4.3%x 10" 23
CH_Cl, p-O,NC,H,CH,CI¢ salphen imidazole 2.7x10°* 23
CH,CI, p-0,NC H,CH,CI¢ salen Meimidazole >24 23

4 Second order rate coefficients M~ -s~! for five coordinate species; additional examples are described

-in the references.
Atom transfer reactions.
€ Electron transfer reactions.
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“ence of substltuents. The trend of reactmty w1th substltuted benzyl brormdes (Table 5)
suggests that some degree’ ‘of electron transfer may also be mvolved in transnhon state for '”
-these atom transfers, ie, [B(dmgH)zCoﬁ" L X6 R] oL
Only low yields are usually obtained from the reactron of secondary alkyl hahdes thh

“the penwcyanocobaltate(ﬂ) mn“ This is in part due to alternative capability of the
'Co(CN) “ionto act as hydrogen atom abstractor from organic radicals (eqn. 39) and i in
_part to the ablhty of the ‘HCo(CN)?™ so formed to act as a hydrogen atom donor to or-
' ga.mc rad:cals (eqn. 40) The latter process may be eliminated by addmon ‘of a suitable” -
scavenger for the hydridocobalt species, in which case olefin is the major product. i

' RCHMe + *Co(CN)i” —RCH-=CH, *+ HCO@NF = = (9
: Rémwe' + HCo(CN)2- ——RCH,Me + "Cofe : (40)

In some ‘cases, dlmensatlon of the intermediate orgamc radical may be the predommant
'process, e. &: '

- PhCH=CHCH,Cl + Co(CN)s“——>ClCo(CN)3‘ + PhCH—CHCHz a1
- 2PhCH=CHCH; ——>PhCH-—CHCHz CHzCH—CHPh : - (42)

- (iii) The nature of the abstracted ha!ogen. 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,CO3 is ca."
10° even with the highly reactive Co(CN)3~ species.

The atomn transfer reactions of the pentacyanocobaltate(ﬁ) and dioximatocobalt(II)
species with the organic halides are all characterised by low activation energies (3—10
kcal/mol) and large entropies of activation (-20 to —36 e.u.). The latter have not been
adequately explained.

. (iv) The nature of the axial ligand. The mﬂuence of axial bases on the rate of atom
‘transfer reactions can be quite marked, particularly with phosphine ligands®?2. Separation
of steric and electronic effectsiis not easy and the best indication of the influence of elec-
tronic factors comes from the effect of para-substitution of triarylphosphine ligands on
the reaction rates. The Hammett p value for the reaction of cobalt(II) species containing
'tnply para-substituted axial phosphines is —1.4, mdlcatmg that electron donation to the
cobalt from the ligand assists the reaction, in accordance with the pamal electron trans-
fer described above. .

. The’ expected correlanon betWeen ligand basxcrty and reactivity of the cobalt spec1es
is, howaver markedly distorted by steric effects, both with phosphorus and thh nitrogen
bases. In general, the more bu]ky the axial base, the less reactive the cobalt species.

" The reactions of vicinal dihalides®® follow the same mechanism’ except in so far as the
mtermedlate ﬁ-haloethyl— or B—halownyl-cobalt(lll) intermediates are unstable. Thus,
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m_eso;q,B-dibromosuccinate ion reacts with the pentacyanocobaltate(II) jon at a rate only
slightly greater than that for the a-bromoacetate ion, but the first formed organometallic
product, believed to be a-[(NC);sCo]>~f-bromosuccinate (11I), is unstable and decomposes
by an mdependent first order process to BrCo(CN)s and fumarate ion. - L

 ~0,CCHBICHBICO3 + 2C0(CN)5‘ — BrCo(CN)s“ ’02CCHBrCH(C02 )Co(CN)s'
~ () “3

~0,CCHBrCH(CO3;)Co(CN)3;~ — BrCo(CN);~ + ~0O,CCH=CHCOz “44)

If the reactions with Co(CN)Z"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 } E Iectron transfer reactions

The electron transfer mechanism, shown in eqns. 14—16, has only been observed in a
few cases?3. The prime requirements 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 cobalt(II) species. As the rate determining
step is the electron transfer process (eqn. 14), the rate of disappearance of the cobalt(II)
species, which can be determined spectrophotometrically, is usually given by the equation:

—d[Coll]/dr = 2k[Col][L]{RX] 45)

provided the unreactive five coordinate cobalt(II) species is present in large excess over
the reactive six-coordinate species, as is usual with such cobalt(II) 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 cobait(Il) 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(Il) 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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"(II} Reactzons mvolvmgcobalt(l} P I _- s l.-;, :"_' ISEER

As expected from the redox potentlals the cobalt(I) spec1es are genera]ly more reac- -
“tive than the cobalt(II) species. The most: reactlve cobalt(l) species studied so fariis the .
'pentacyanocobaltate(l) ion. [Co(CN)s -] which is so reactive and basic that it has a half
life.of only ca. 10~° sec in water *%; and reacts w1th quinone at about the encounter rate®®
It forms the covalent hydnde HCo(CN)S" the reactions of which are descnbed above and"
lescussed more fully below. . :

Co(CN)“‘ + H0 —> HCo(CN)s‘ roB- @

.However the majonty of cobalt(l) species are marked.ly less reactive and less basic than
the pentacyanocobaltate(l) ion. Little is known about the acid dissociation constants of
many of the hydrido species (egn. 47), but it is apparent®'-%3+%% that several of the species
w1th wtuch we are concemed have pKa’sin the regxon 7— 12

‘ColI;,,B"’f’-leZO#HComL—,,B(”'“)‘ +OH™ o 47

(a) Displacement reactions =

~ “The cobalt(I) species are more reactive towards alkyl halides than are the correspond-
-ing cobalt(II) species, as shown by a comparison of the rate coefficients in Tables 5 and 6.
The reactions have the 1/1 stoechiometry shown in eqns. 21-26, and the rate law!°? is
as shown in eqn. 48.

- ~d[Col}/dr = K [Col][RX] | @8

* Selected values!?! of the second order rate coefficients k, are shown in Table 6. As -
both four and five coordinate cobalt(l) speciesare present in the reagent solutions and may
have different reactivities, the observed value of k; depends upon (1) the rate of associa-
tion of the ﬁﬂh'hgand (2) the relative rate coefficients associated with the four® and five
coordinate species, and (3) the concentration of added ligands in solution. Two examples!®!
1llustrate ‘the effects that may be observed. First, in the reaction between ethyl bromide
and the bls(dxmethylglyoxlmato)pyndmecobaltate(l) ion in methanolic solution, the esta-
blishment of the four-five coordinate equilibrium is rapid and the observed rate coeffi-
cientisa linear combination of the rate coefficients of the four and five coordinate species.
Secondly, in the reacnon of ethyl bromide with the bis(dimethylglyoximato)aquocobal- -
tate(I) ion in the presence of 0.5 mole BusP, the rate plots shows two distinct but ovér-
lappmg stages an 1mtlal stage in whjch the solvated four coordmate cobalt(l) specxes is the

* Thé lenhs four coordmate complex’ when used in connectlon with the coba.lt(l) species, and “five

? coordinate complex’ when used in connection with the organocobalt(II1) species, mclude true four
 and five coordinate complexes, respecuve]y, and those in whlch a solvent molecule may occupy the
ﬁfth and uxth sne respectwely . .
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TABLE 6

.Second order rate coefficients? for the reaction of cobali(1) specnes with orgamc halldes in methanolic
solution containing 0.1M NaOH -

Substrate Tempemture Cobalt(I) species ky . ’ Ref.
MeCl amb.? [Co(dmgH),PBu, ]|~ 8.5x10°! 101
MeBr 25.0 [Co(dmgH),PBu, |~ 2.2x107 1)
Mel 25.0 [Co(dmgH),PBu,]™ 2.5x10°% - 101
EtBr amb. {Co(dmgH),PBu,}~ 1.6 101
n-PrBr amb. - [Co(dmgH),PBu,]™ 1.5 101
i-PrBr . amb. - [Co(dmgH),PBu,}” 1.1x10"" 101 -
i-BuBr amb. [Co(dmgH),PBu,]” 2.8x10-! 101
“0,CCH,Br amb. [Co(dmgH),PBu;}~ 3.4 101
PhCH,Cl 25.0 [Co(dmgH),PBu,|” 44x10? 101
PhCH,Br 25.0 [Co(dmgH),PBu,]” 1.9x 10* 101
Ph,CHCI amb. {Co(dmgH),PBu,]” 1.0 101
EtBr 25.0 [Co(dmgH),aq]” 10 101
n-PrCl 25.0 [Co(dmgH),aq] ™ 7.4xX10°2 101
n-PrCl 250 [Co(dpgH),aq}™ 6.6x10-? 101
n-PrCi 25.0 {Co(c-hgH),aq]~ 5.7x10"2 101
n-PIC1 25.0 [Co(c-pgH),aq] ™ 3.0x10°* 101
n-PrCl 5.0 Co(dotnH)aq 44x1073 101
n-PrCl 25.0 Co(doenH)aq 1.2x10-2 101
n-PrCl 25.0 Co(doenH)py 1.3x10-* 101
n-PrCl 25.0 Co(doenH)SMe, 55x10-3 101
n-PrCl 25.0 Co(doenH)PBu, 2.7x10°¢ 101
n-P:Cl 25.0 Co(salen)”™ 1.2 101
n-PrCl 25.0 Cobinamide(l) 3.5x10°? 101
MeCl 25.0 [Co(dmgBF.),aq} ™ 8.4x1073 101
MeCl amb. B,,s ’ 5:0 66
MeBr 25.0 B,as 1.6x 103 66
Mel 25.0 B,.s 3.4x10° 66
i-PrB1 25.0 B, s 1.8 101
2 Further examples are shown in refs. 66 and 101.

baseae.

more effective reagent (k, = 10 M~t-s71) and a final stage in which the less reactive five
coordmate phosphine complex is the effective reagent (k> = 2M ™" -s™'). The values of

k, shown in the first part of Table 6 are therefore those for the five coordmate phosphme
complexes, in order to limit any ambiguity. :

Inﬂuence of axial bases. The influence of axial bases on the rate is dependent upon the
nature of the equatorial ligand. In most cases the effect is small. For example, the reac-
tivities of the various b;s(dJmethylglyoxlmato)cobalt(l) ions vary by a factur of less than
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- 50; phosphmes and 1socyamdes cause the largest rate reductrons. However of several equa-

“torial hgands that have been studredlox the results for the Co(doan) species (x=¢ or )
appear to be anomalous because the influence of axial bases is very large indeed. Ful' ex-
ample, ‘the change from the neutral solvated cobalt(I) species Co(doenH)OHz to the species
Co(doenH)py, Co(doenH)SMez, and Co(doenH)PBu;; is accompamed by a decrease in're--
activity by factors of 102,2 X 102, and 4 X 103 respectively. Such a dramatic change is
surprising, even in view of the fact that these particular nucleophﬂes 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.

Inﬂuence of equatorial 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)
speciés is the Co(salen)™ ionand-the least reactive is the Co(dmgBF,); ion; the reactivity

- difference being approximately four powers of ten. The lower reactivity of the Ce(dotnH)
species has also been noted®! with respect to problems in the preparation of the atkyl
derivatives other than methyl. The nucleophilic reactivities have been related to the loga-
rithmic scale of nucleophilicities derived by Pearson!®2, which is defined as follows:

= log[k/ko] (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 &, is the corresponding rate coef-
ficient for the reaction of methanol with methyl iodide. The values of  for many other
nucleophiles, e.g., OMe™ (6.3), CN™(6.7), 1" (7.4), Ph§~(9.9), etc., are much lower than
those for the cobalt(I) complexes, e.g., Co(salen)aq™ (15.6)'°3, (14.6)'%*, Co(dmgH),aq™
(14.3)"%', Co(dmgBF,),aq™ (12.2)'®, and vitamin B, , (14.4)%6.

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: PhCH, > CHj; > Et > n-Bu ~ n-Pr > iso-Pr > neopentyl
is found with the bis(dimethylglyoximato)cobalt(I) ions, with vitamin B,, and conven-
tional nucleophiles such as methoxide ion. The order'®': cyclopentyl ~ cyclobutyl >
cyclohexyl > cycloprop /1 is also found with the bis(dimethylglyoximato)cobalt(I) ions A
and with conventional nucleophiles. It would be surprising if other plausible mechanisms
were to follow the above orders of reactmty 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 cyclohexylcobalamin®® 1°5.and these have been overcome
by some workers by a prior quaternisation 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'®® and in the
final product32:10%:1°6_ Removal 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-gbserved that cyclohexylcobalamin does not complex-
significantly in solution with the benzimidazole ligand or with cyanide jon.

Though cobalt(I) species react with tertiary alkyl halides, no snmple tertlary alkylco- B

balt(III) complexes have been isolated®'- 10,
CN CN , CGHH
M x H,,Br
o -—L.—- co . ———— co— -i——.—- co (50)*

(;

. }
NFe  OHa2 NMe OH NMe  OH

Z———n

Stereochemistry of the reaction at saturated carbon. The sterochemical studies have
been restricted to consideration of reactions of the bis(dimethylglyoximato)cobalt(I)
species. All the avaiiable evidence indicates that the displacement of halide ion from satu-
rated carbon involves inversion of configuration at the a-carbon. Thus, the reaction of
cis- and trans-1.4-dibromocyclohexanes with the bis(dimethylglyoximato)pyridinecobalt(I)
ion gives trans- and cis-(4-bromocyclohexyl)bis(dimethylglyoximato)pyridinecobalt(III),
respectively!®”.

Br%ar + [cCotamgripy] —= <7 TCotdmgH)py + Br”
(63))

Br

er ' + [cotamgry,py] —= &
T~ -
e ) Co(dmgH),py + Br (52)

8r

Similar inversion of configuration was demonstrated in the reactions of bis(dimethyl-
glyoximato)pyridinecobalt(I) ion with cyclohexene oxide, trans-1-bromo-2-methoxycy-
clohexane, and the mono p-toluenesulphonates of cis- and frans-1,4-dihydroxycyclohexane.
The postulate of inversion of configuration in the formation of (+)-sec-octylcobaloxime
([a]p +50°) from (—)-sec-octylbromide ([a]p —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 sec-butylcobaloxime!?? 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 sec-butylcobaloxime is believed to occur in the presence of an excess of the
bis(dimethylglyoximato)pyridinecobalt(I) ion'®® (cf., p. 60—61). »

In the reaction with allylic halides, both Sy 2 and Sy2' mechanisms may occur”®. How-
ever,' unlike the reactions of the same halides with conventional nucleophiles, the prefer-

* The symbollsm used in thls equation represents the cobalamm and related ligands sirnilar to those
shown in Table 2 and in L.
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ence of the cobalt(l) nucleoph.lle for pnmary carbon seems: sufﬁc:ently pronounced that »
A;only one’of the two poss:ble lsomers is usually obtamed from both - and B—substltuted :
:allylhahdes,eg.:, = I S :

[Co(dmgﬂ)zpy] +MeCH-CHCH2Cl& , : e
,MeCH—CHCHZCo(dmgH)zpy+c1- - (53)
[Co(dmgH)zpy] +CH2"CHCHC1Me ‘ o

{ b} Reactzons wzth oIeﬁns : : S
" Certain substitued olefins react very rapidly with cobalt(I) species in methanol at
, pH ~103%119. The reaction is characterised by an immediate change in the ultraviolet
spectrum, but no alkylcobalt(lll) complex is apparently formed at this stage of the reac-
tion' 1°_In‘most cases the olefin may be slowly regenerated by the addition of electrophi-
lic 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(l) species and alkyl
hahdes, and from spectral changes in solution, it has been deduced that the olefin forms

a 'r-complex dlrectly with the cobalt(l) species. However, it is surprising that, whilst most
olefins reduce the reactivity of the cobalt(l) species towards alkyl halides, the species
'[Co('dmg'B’Fz )2py]~ is apparently less reactive than its complex with acrylonitrile towards
methyl iodide and towards benzyl chloride®!°,

i (pH10) CH,=CHX ~
" (Col) .+ CH2—CHX<—_—:" ,‘L av) (54)

RNC .
(Co)

'I'he olefin may also be dlsplaced by the addition of a more strongly coordinating
hgand such as an isocyanide, but on standing the 7-complex (IV) slowly rearranges to the
ﬁ_substltuted ethylcobalt(lll) complex, with the uptake of a proton from the solvent.

CH: =CHX dow

R 4 ﬁ;l—" XCHjCHZCOm (X = CN, CO;R, etc.) (55)
S (Coh) ' A : ~
@V -

The kmetlcs of the reactnon of vinyl halides with cobalt(I) species have not been studned
in detall ‘but it is apparent that the overall rate of displacement of halide ion is much
-s]ower than that from alkyl halides**". For example, the displacement of bromide ion
from. ﬁ~bromostyrenes by methox1de ion is very dlfﬁcult to achieve! 2. It requires the -
4presence of an actwatmg group, such as a p-nitro group in the aromatic ring, and also the
use of elevated temperatures, e 2. 100°. In contrast, bromlde ion is displaced from g-bromo-
styl:enn by the bls(dlmethylglyoxnnato)pyndlnecobaltate(l) ion in a few hours at 40°37:38,
'Surpnsmgly even vinyl chloride undergoes fairly ready displacement of chlonde ion by
the bls(dunethylglyoxmlato)pyndmecobaltate(l) ion at 40°.
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The role that m-complexes play in such reactions is not yet known, but the stereochem-
istry of several of the reactions has been investigated®” >, Thus, cis-iodostyrene reacts
with the bis(dimethylglyoximato)pyridinecobalt(l) ion with complete retention of con-
figuration!!!. cis- and trans-g-Bromostyrenes react similarly>”->%, but the low yield of or-
ganocobalt compound that can be obtained from the f-chlorostyrenes’!! shows some pro-
duct isomerisation, but no isomerisation of the unreacted B-chl'o’rostyrer‘lc; cis-g-Fluore-
styrene does not appear to react with the cobaltate(I) ion over several hours at 50°, nor
does it undergo isomerisation under these conditions!!?. :

Ph /X Ph /Co(dmgH),py
C=C + [Co(dmgH),py] —— /C=C + X~ : (56)
H/ ,\H : . H \H ' .
(X=1,Br)

The rate order suggestsvthat the cleavage of the carbon—halogen bond is involved in
the rate determining step, and the lack of isomerisation of the starting halide suggests that
any intermediate carbanion that may be formed decomposes before rotation.about the
Cs—C,, bond can take place. It seems probable, from the results with other olefins, that
the reaction involves a prior complexing with the cobalt(I) species, followed by attack of
the coordinated cobalt(l) on the a-carbon with synchronous loss of halide ion. Further
studies on this reaction would also be of interest. The slight isomerisation in the product
from the B-chlorostyrene is probably a result of some radical reaction during the extended
time required for reaction.

{c) Reactions with acetylenes

Similar m-complexes are not apparent in reactions with the acetylenes! 10 but the cor-
responding slow addition to form a g-complex does take place®*®-9°. Thus, the addition
of the bis(dimethylglyoximato)pyridinecobaltate(l) ion to phenyl acetylene under alka-
line conditions (pH > 12) proceeds in reasonable yield, but with 100% trans-specificity,
to give the same cis-styrylcobaloxime®”3%.6% {V) that is formed from the cis-g-iodo- and
-bromo-styrenes’ !'?. This reaction also parallels that of phenylacetylene with the more con-
ventional nucleophiles, such as methoxide jon in methanol!!3, and is therefore believed
to involve an initial nucleophilic attack of the cobalt(I) species on the g-carbon, perhaps
via m-complex formation, with synchronous or subsequent rapid trans-addition of a pro-
ton from the solvent to the configurationally stable intermediate vinyl anion. k

_ o /Co(dmgﬂ),py MeOH R, CodmeH).py
RC=CH + [Co(dmgH),py]- —> C=C =~ = —— C=C +OMe"~
S SR W

_ . W) S
(R = Ph, ROCO, HOCH;,, CF3, MeCOOCH,) , 67
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j(d) Electran transfer reactzons T T o : : o
- -No. electron transfer reactlons of cobalt([) spec:es w1th orgamc hahdes or oleﬁns have o
_yet'been reported However, in v1ew of the réady electron’ transfer from’ cobalt(II) specnes :
ﬁdescribed above it seems reasonable that cases will be reported in the future. Indeed the
'ﬁrst cases may mvolve the reaciion of Co(acacen)‘ and Co(salen)™ with the tnmethylan-
ilinium jon®2°. The latter, surpnsmgly, glves phenleo(salen) rather than the expected

» methleo(salen)

‘f{IH } Reactzons of hydndo_cbbdlt species

' (a) Addmon to olefins .
The main evidence for the mtermedlacy of covalent cobalt hydrides in these reactions

comes from the marked changes in product character on changing from alkaline to neu-
tral or acidic solution3®*~*!, and from a comparison with the reactions of a well defined
rhydndopentacyanocobaltate(III) ion®'. Thus, only a-substituted ethylcobalt(III) com-
pounds are formed® ''4 from the reaction of the covalent hydride with mono substituted
“olefins, whereas only S-substituted ethylcobalt(II[) compounds are formed from the simi-
lar reaction of the cobalt(I) species in mildly alkaline solution. :

HCo(dmgH)zpy + CHz—CHX——*MeCHXCo(dmgH)zpy ' , (58)

Moreover whereas B, 25 does not react with simple olefins such as ethylene hydridoco-
balamin reacts with ethylene to form ethylcobalamin®*

The reactions of the hydndopentacyanocobaltate(lII) ion have been studied in the most
detail''*. Thus, the reaction with olefins has the stoechiometry shown in eqn. 58, and obeys
the rate law' '® shown in eqn. 59:

—d[CoH]dt = kz[CoH] [olefin] - ' (59)

The second order rate coefficients, which are shown in Table 7, show rather perplexing =
‘trends, which are'indicetive 'Qf slight electrophilic rather than nucleophilic attack on the
sub's_trate.' For example, the reaction is accelerated by the replacement of a carboxyl by
either a cyano or a methyl group. The most likely mechanism''® appears to involve the
attack of the ‘hydrogen atom on the terminal methylene group with the synchronous de-
velopment of partla.l radxca.l character on the cobalt atom and on the adjacent carbon

_atom, ie.:

. CHyCHX + HCo(CN)¥ —>| I | | —>H,CCHXCo(CN)}™  (60)
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TABLE7 -

Rates of reaction of hydridopentacyanocobaltate(IID) ion with olefins in 50%aq methanol* 1 S

Olefin - k.2
CH,=CHCOj; 1.5£ 0.5 x 10-32
CH,=CHCO,H " 2.0:05x% 102
CH,=CHCN - 1.8+ 0.2X 10-*
CH,=CHpy . 1.0 0.1
CH,=CH pyH* 4.730.5X 107
CH,=CHPh = " 11:05
CH,=CMeCN 40+10
Butadiene 1.6+0.2

(7.4 £ 1.0)¢
Isoprene 25+06

@ pp-1.g-t gt 25°.
b see also ref. 120.
€ Ref 116.

The predominance of the direction of addition to vinyl pyridine>*:11% and to several
other substituted olefins®! has been demonstrated by examination of the deuterium con-
tent of the reduction product (e.g., ethyl pyridine) formed during the decomposition of
the adduct (e.g., a-pyridylethylpentacyanocobaltate(1lI) ion) in D,O :

D0 DCo(CN)¥
pyCHMeCo(CN) pyCH(CH D _,,)CO(CN)S‘——————> pyCHDCH,,D3 ,,(61)

Such reductions of intermediate alkylcobalt(III) species are believed to be involved in
the crucial stages of the extensively studied cobalt-catalysed hydrogenation of many mono-
and poly-olefins, which has been well reviewed®!. Among the intermediates that have been
identified!'®, the initially formed 1,2-adduct of butadiene with the hydridoperitacyano-
cobaltate(III) ion, rearranges to the more stable 1.4-adduct (k, =4.0X 1075 -1 at 25°),
probably via a m-allyl complex**”. The 1,4-adduct has also been obtained from butadiene
and from isoprene and hydridobis(dimethylglyoximato)pyridinecobalt(III)" *8-11%.

CH,=CHCH=CH; + HCo(CN)Z~— CH,=CHCH(Me)Co(CN)3 > MeCH=CHCH,Co(CN)3-
S ' ' (62)

(b } Addition to acetylenes

Only the a-styrylcobalt(III) complex is obtamed from the reaction between phenyla--
cetylene and hydndobls(dunethylglyoxlrnato)pyndmeccbalt(III)E‘8 +69 or the hydnaopen-
tacyanocobaltate(lll) ion®! in neutral or acidic solution. The reactlon of phenylacetylene
_with DCo(dmgH)zpy, prepared by reduction of cobalt(ll) and cobalt(III) complexes w;th
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ideutermm and BD4, respectwely, show> that thls isa stereosPecxﬁc czs-addmon of the .
metal hydnde“ in. contrast to the tmns-addmon of the metal nucleophﬂe and solvent
proton. C . ,

DCO(dmgH)zpy + Phc=CH ~——1>7 ¢ sod @
B ' Co(dmgH),py 'H/, Co(dmgl{),py ‘

~90% D, reduction 10%
 45% BD4 reduction 55%

; The [atter reaction also illustrates the rexauvely alOW rate of proton exchange between
the metal hydride and the protic solvent under approximately neutral conditions.

'PHYSICAL PROPERTIES
(I) Character of the carbon—cobalt bond

_ 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 factors which control it. Unfortunately, some of the arguments about stability
have been based on an inability to prepare certain compounds, which later prove to be
stable when prepared by other methods. :

Since there are few thermodynamic data available about the carbon—cobalt bond, ar-
guments-about the bond character have relied on X-ray crystallographic data, ultraviolet
and infrared epectroscopic measurements, and upon the observations that homolysis of
the alkylcobalt compounds usually requires relatively high temperatures (e.g. = 200° for
mmple a!kyl cobalo:nmes)

Approaches to the estimation of the bond character have largely relied on consideration
of the. changes in crbital energies on the formation of the bond between a d” cobalt(1l)
species and the organic radical. In a simplified version of this approach!'>!, the d-orbital
armngement of the d’ cobalt system has been considered to be intermediate between that
for the d® system, in which the dxy orbital is believed to be appreciably higher in energy
than the d., and the d° system in which the dz, orbital is of higher energy than the dyy
orbital. As the bond. formation involves the pairing of the d,: orbital with the
carbon orbital, the stability of that bond will depend upon the relative energies
of these two orbitals and upon the relative energies of the d,, and d,: orbitals;
ie., if the dyy orbital i 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 be 1 -more than"
“offset by the pairing of the two bondmg orbitals. As the relative enérgies of the dxy and

d,: orbxtals are sensmve to the nature of the equatonal hgand in the d” configuration, so
the character of thé carbon—cobalt bond is dependent upon those hgands The magnitude.
eof these uncertamtxes therefore makes pred:ctxon about bond character extremely unreliable.
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Busch has discussed the stability of organocobalt compounds in somewhat more prac-
tical terms®®, and has attempted to correlate the crystal field parameters of the dichloro-
cobalt cations Cl,Co{chelate)* with the ability of the complexes to lead to stable cobalt
alkyls. The suggestion that the relatively high parameters Dg and Dt for the complexes
Cl;Co(tim)* and Ci,Co(Cr)*, 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 cobalamin®%-!22 and cobaloxime®* series.
These results indicate that the metal atom of the cobalamins has a slightly smaller partial
positive charge than that of the cobaloximes; otherwise cobalamins and cobaloximes are
strikingly similar. The relationship between these calculations and the observed electronic
spectra has been discussed.

(Il) Electronic spectra

The complex structure of the organocobalt(III) compounds usually results in complex
electronic spectra, the main bands of which are difficult to resolve. The spectra of the co-
balamins and cobinamides 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
ring®®. Such #-transitions in the region 450—550nm have been designated « and, where
vibrational fine structure is evident, this has been designated 8. The intense transitions be-
tween 350 and 400nm are designated 7, and other bands have been designated D and
E'223 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 wavelengths, in a region where they may be indistinguishable from
those of the axial base ligand. However the intense bands in the region 400—500nm are
probably due tod—d transitions®? though they have also been ascribed to a charge transfer
absorption mvolvmg promotion of an electron from the highest filled o-bonding orbital
to the corresponding o-antibonding orbital®®. '

This transition is shifted to higher energy when the a-carbon becomes more electrone-
gative (i.e., greater s-character) and with increasing o-donor character of the axial base or
of the equatorial ligands °°. 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-
balamins and cobinamides, as the axial base is changed along the nephelauxetic series!2%.
The circular dichroism of the cobalamins has also been investigated!223-125
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2 f & ff_ 'Amax(nm)b 103 Sobent™ " Ref

C.-448 o ':_] ‘153. . agMeOH. . . - 65
405 . 127 . aqMeOH 65 .
475 - - 21 2qMeOH. . 65
454 . . 21 . . aqMeOH . 65"
428 .. 22 .  aqMeOH & . 65
485- 098 . . MeOHoraq . 62 .
463. ' 056 | aqMeOH . 65
1438 . 148 agMeOH 65
IR , , 440 115 MeOH 62 .
Me. -~ (chgH),  py - 440 1.2 © aqMeOH = 65
Me . e : ‘py. - 502 112 MeOH or aq 62
Me . salen .- py - 490°¢ 2.34 EtOH/py 183"
' Ph " salen py 483¢€ 2.04  EtOH/py 183
Ph . - acacen. ©.  py - 490 - - 052 EtOH/py 183 -
Ph: . - (dmgH), - py = - - 419 1.3 aq MeOH - 65
JEt . (@dmeH), . py. . 452 . - 135 MeOH = . 62
Et: acacen . . py . . 497 : . 056  EtOH/py . 183
Pr acacen ey . 505 058 . EwOH/py . 34
Vinyl - . acacen o Py ) 485 : 058 . EtOH/py S 34
Me - e BT - 490 1.05 MeOH 62
Me " (dmgH), =~  2-picoline 450 S 207 ~ aq MeOH 65
Me ~  (dmgH),  benzimidazole 425 12 aq MeOH 65
Me - - (dmgH); = imidazole 410 1.95 ag MeOH 65
Me ~° ° (dmgH), - CNCH,, 425 ‘032 © - aqMeOH 65
Me - . (dmgH),’ - Ph,P - 46 1.37 aqMeOH =~ 65
Me . (dmgH), Ph,As 446 0.82 aqMeOH -~ 65
Me - .. (dmgH), Ph,Sb - 447 248 aq MeOH - 65
Me .. (dmgH),-. - NH, . - 412 - 1.08 aqMeOH . 65
Me . (dmgH), . . Ny 435 3. . aq 123
Me . dmgH),. CNT . 4206 024  ag . 123 .
CF," " . v (@dmgH); " . -py - . 335 . 2.3 agMeOH. . 65
PhC=C ' (dmgH), . py 370 095 aqg MeOH 65
4-MeC,H, @mg), - py 4% 13 aqMeOH 65

-a Other values m references Only the lowest energy band is quoted
. May be influenced by dlssocmtlon in solution.
€ Shoulder. - S
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The spectra of some alkylpentacyanocobaltate(lll) specnes show strong charge trans-
fer bands, particular with the 2:; 3-, and 4—pynd1momethylpentacyanocobaltates and with
“the a—(2~pynd1mo)ethylpentacyanocobaltate ion, which have intense maxima at 326.5nm
(log €4.3),292.5 (4.2), 326 (4. 3) and 340nm (4. 3), respectlvely“s’l 19

'(II[ )] [nfmred specmz

Infrared spectra have pr0v1ded ﬁthher msxght mto the cis- and trans-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'?¢, alkylco-
baloximes' 23, and the alkylpentacyanocobaltates'®*°®. 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 terfrﬁnal axial cyanide as the a-carbon of the organic group becomes more
electronegative, i.e. CN > RC=C > RCH=CH > 5'-deoxyadenosyl > methyl > n-alkyl and,
for equatorial ligand variation; (dmgH), > (CN); > 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),Me]~ 23, A selection of these values are included in Table 9.

s Attempts have been made to correlate these cyanide stretching frequencies with other
physical parameters, such as the ultraviolet spectra, dissociation constants'?®, and NMR
chemical shifts. These have been summarised!27.

(continued on p. 36)

TABLE 9

Bridged and terminal axial cyanide stretching frequencies? of.organocobalt([[[) complexes

R RcobalaminCN?  RCo(CNj3-€ RCofdmgH),CN-4 [RCo(dmgH),CNCo-
: (dmgH),Me]~€
CN 2119 2134 2130 2170(2134)
PhC=C , 2130 2167

HC=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

2 incm-t.

b kci discs.

€ Nujol mull. -

di CHCl;,= 1 cm™¥.

€ In CHCl,, = 2 cm™*.
Terminal cyanide.



CeEL g,uzvz § CHON) U’ ((FHOILO'L GWOO)SUS oy .m0 Adewy . uodbon
66T 2 (=DH)9Z'S (GBONDZI'8 (*HO)LY'9 (GWDO)OT'S 99'L CfDa0 owpwadid -
C=0R9T'S BEQZVB g 5" =o§:. GRIOLO'S - EVL . ) S dany Ad ) C ,A..__oz.o.‘._
a,roamﬁazozvg; muvaﬁéao:i sL'L ; ; fua = usomoe.
e R L g o' NDT NN
A..Afm..__amﬁ, 6L €€ S W0S'H . O'H A,Eaea__
o fpdupsyL 0w g6 FOSH  OH  (uup)(Sup)
B (LT YA (AT R g O'H be  t(Aup)
BT CAHBWP)BLL - LT6 €€ @oay/foa . be ~ HySwp)
o (Hwp)gL 616 - EE DA LNOS . H(nBup)
o HBugEL . (6 € D). ,.SON - “(HBuip)
(H3wp)B®'L - - 8v6 €€ @ - IN _H(H3up)
Lo L (ndweeL  g¥6 g DA g NO - H(HBwp)
ST (HAwp)o6'L 95'6 £€ Ao y2-NO - HpBup)
T e (HBu)geL. - be €€ DN L HuSup)
9T L (OH-OESH 488 - MFHD O8N . o F(HBup)
Lo L (OH-0089'8-  (HBwmgLL T 6s6 . bb— CO'HDT . 08TOW . H(HBup).
L (0H-0)%E'8~  (HBwp)6L'L . - 606 0~ - UO'HD WS . f(HSwp)
L (HRupgLL  4T6 € Tad. o WS . (Hlwp)
BT R I |l N - SR S, ¢« R A ()
S (oH-0XS'e- o (HEWD) 18L L 806 ov= - 'O feWOM s E(uiwp)
S {ow-obes . (WBumpeEL o 81 ob- . O'HDT f0goM . F(ktup)
PN .‘,,;oz;o:m g~ __.Emeam;,_?.M;.m‘ T L o i T o I :E; R
: U Ou-0)ess-  (HBwpOg'L . ES6 - 76— L 'DOTHD . OWON -
L OB-O)vs= (EBuMgL s . s UOH) . SenN
AOH-OISL'S= gBumIEL st . ge- oM, o A

" uaomor

Lo ?E_sorg., famon)s EEE%EQ. . .,_ . .:anm;, S g




o o aaé_z u _

® T V. u-_z--. -..,-s.u.

-]

‘ Q_R:GANIC_CQM;’,ouﬁDsLdF COBALTQID -

: .Ol = E
A=
¢I- = =
: “o%s
.ua>m=_v=c=
3 *N t1A Sutpuog
_ _osémssoozo (H3wp)ooM|
0 via Supuog -
L 'SEA m:.c__oa
, .n_o :u w Sz: n_.uao uy ;__m_s wdd g1°0 ‘v 81 (SN2
.omEE papuoq usdorpky
H3wp Jo Aol
‘$Jo1 1910 put asatf} ut so{diuuxa otfjo Aucy
. 86 N 1
, 4 L¥'6 g m
¥9'6 W T
58’8 TN SR !
191 oH b atst
S1°51 4900 Cbe o dodi
b0l € A0 0t be e %_sgss
pLeof o€ wrooa - unuepgod
:6;3 8Ll - 9p-0S 9N Ad . usps
x.,,Nn_ w:m: Eo zv.,_mi 53«;:esiasm:»mi L8l € . . °p-OS'oN Cobe . uaps
, (=066’ (GNONOT'S (*HO)OZ'9 (SWIO)L6'L 9°L oo ' ' uoowoe
?oas m @zuzxom%:u:o L azuo:o 8 4L Yoy AdpNy - usowoe



36 T T .~ 7. .D.DODD,M.D.JOHNSON

* Other bands whrch have been studled in some detail, include »(C—Co"), »(C=N )
v(Co—N ), u(N 0 )74'"3 128,129 . Some of the problems of correlation of such data are
evident on a comparison of the various sets of data from drfferent workers, using dlfferent

“media: The frequencies v(Co—CH3) and v(Co—CD3 ) have been compared'?? and the
changes in axial v(C—O) and v(N=CR) from those of the free lxgands has been ascnbed to
the presence of some ﬂ-bondmg with the metall3° ' o

(1 V) Nucle’ai' magnetic resonance spectra

“The organocobalt(1II) 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. '

(a) Proton magnetic resonance spectra

- (i) The organic groups. The chemical shifts of the organic group are dependent upon a
number of factors, mcludmg the electronic effects of the equatorial and axiat ligands. For
example, small variations in the methyl resonance of the methyl cobaloximes® !8-23:130
(up to 1ppm; 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(I1]) complexes (ca. 7 9), in which there is no equatorial ring cur-
rent, with those of the methyl group in the corresponding methylcobalt(aetioporphyrin)
complex (715.15 in CDCl3)®! and the methylcobalt(tetrasulphonatophthalocyanine)
complex (716.1 in D,0)%>. 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 o-, -, 7-, and §-protons of the n-butyl group of the
nBuCo(aetpor) complex® 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 alkylcobalamins and cobin--

amides!3!.

Electromc effects of the equatonal and axial ligands also influence the chemical shift
of the organic group. Thus, when the effectlve charge on methylbis(dimethylglyoximato)-
aquocobalt(III) is progressively increased by T mono- and di-protonation in aqueous sul-
phuric acid, the chemical shifts of the methyl protons of both the organic goup and the
‘equatorial ligands are moved successively downfield (eqn. 64)'32. The very large shifts of
the axial methyl group resonance indicates that the protonaticn probably does have a
sizeable effect on the charge on- ‘the central metal atom. Though there is no direct corre-
lation between the chemrcal shift of the’ Co-methyl with the pK of the axial base, the drf—
.ference between T(CH;) and T(CH3) (A(CHzCH3)) for ethylcobaloxxmes does decrease
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with increasing basicity of the axial base!323,

Mg&(dmgﬂ)zaqé—é [M;aCo(dmgH')(dmgﬂz Yaql* e [MeCo(dmgHy ),aal™*  (64)
924 17.76 8.71 7.65 7.79 = 7.55

Where other magnetic nuclei are present in the alkylcobalt(l1l) complexes structural in-

e nd e cammer o TednZenned Fomonn tacmazsalane naiealln o ot d

lGlllldllUll llldy did>u UC UUld.i.llCu 11011 uu: ucl.cluuuucdl quPmls COfiStais. .l.llub, lUlls
range P—H coupling constants have been observed between axial phosphine ligands and
protons of both the organic group and the equatorial ligands!33 7135 - Studies of such
coupling have been of value in the determination of the stereochemistry of substituted
vinylcobaloximes®®

Information about dynamic processes has also been obtained from the variations in
proton NMR spectra with temperature and with added ligand concentration'*®"*37, The
observation of a single proton resonance for the organic group of a, -dicyanoethylco-
baloxime at room temperature and of a multiple resonance at low temperatures has heen
ascribed to changes in the rate of the equilibration*%!3%;

B8
NCOH,CHCN)Co(dmgH); py = py(dmgH),CoCH(CN)CH,CN (65)

(ii) The equatorial ligand. 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 o, 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-
cribed’>® 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),NHMeCH, Ph, two sets of equatorial ligand methyl resonances are ob-
served!40-1492 Tyo equal methyl equatorial resonances are also observed for 2-propynyl-
cobaloxime (CH=CCH ,Co(dmgH),py) at room temperature 3, 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!>7-'*!. Observations of changes in the latter have been used to deter-
mine the rates of cleavage of the dimeric species by added ligands®3® (p. 49). The temper-
ature variation in the spectra of the alkylcobaloximes shows that the hydrogen bonded
bridge O—H ---O exchanges at a rate of 50 s™! at 25° and 1057} at 5°.

The proton NMR of the alkylcobalamins is complicated!3'-142:143 hut the resonance
due to the C,, proton stands out and has proved to be very useful. Mot only does its
chemical shift change with the character of the axial ligands'**; but its exchange with
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: deutenum‘ may be followed kmetlcally and has beeri shown to be amd-catalysed144 o
(p. 65). Moreover, the: fact that this resonance d.lsappears on halogenatlon of the alkylco- :
balamms has been- used as ewdence that such substxtuhon takes place at’ C oohetad i o

{b} Other nuclet - - _

‘Carbon-13, ﬂuonne 19, and cobalt-59 NMR have all been studied bneﬂy The proton ‘

: decoupled carbon-13 spectrum of the coenzyme'4%:*47 demonstrates dramatically the -

‘power of this method because of the almost complete resolution of all of the individual -
‘carbon resonances, and because of the information that can be obtained about their envi-
ronment by relaxation ‘techniques. It is interesting that the a-carbon resonance of the or-
ganic group has not been observed by this method, either in the cobalamins'®? or the
simple cobaloximes®” , presumably because of its more rapid relaxation and consequent
wide line width. - . '

Cobalt-59 NMR stud.les“"3 of Co(salen) complexes show that both alkyl and acyl groups
‘cause a large downfield shift (ca. 7000 ppm) compared with the standard Co(CN)Z".

Fiuorine-19 NMR studies on 3- and 4-fluorobenzylcobalt(I1I) complexes have provided’
‘information about the electronic effects of substituents of the type —CH,CoL,,B on the
benzene ring in the ground state®”. 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~ > CH,Fe(CO).cp
> CH,Co(dmgH).aq > CH3 > CH, Co{dotnH)aq™. It is interesting that the group
CH,Co(dmgH),CN ™~ has a larger effect than the group CH,Fe(CQO),cp, which is known to
be extremely strongly electron donating from its effect on a number of chemical reactions
and equilibria'*®-*5*.

Sumlarly, the chemlcal shift of the fluorine resonances of 3- and 4-fiuorophenylco-
balt(III) compounds ArCo(dotnt)* show that the metal with its appendant ligands is both
am- and a o-electron-donating group**®. The extent of this electron donation is strongly
dependent upon the nature of the axial base, in the order: Me > 3-FCgH,; > NCO > SCN
for o-donation, and I > Br> SCN > OCN > Me for n-donation.

( V} X-ray crystallography
Since X-ray analysis'** 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 organocobali(I1l) compounds (Table 11) have been examined. It is convenient to
.consider the crystal structures in terms of the steric and electronic effects and their varia-
tion with (i) the coordination number, (ii) the equatorial hgands, and (m) the axial organic
'groups and base ligands.

(1) Coordmatlon number. The only compound examined that is truly ﬁve-coordmate :
with’ respect to cobalt is MeCo(acacen) in which the equatorial ligand donor atoms form -
‘the base of a square pyramid, the apex of th.lch is occupied by the methyl group! 55_The .
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"TABLE 11

_- Bond lengths (A) in organocobalt(lll) compounds T

Compound - .~ , R-Co Co—-L o -. Cé—B © Ref.
'3K* CHF,CF,Co(CN)- 199 189 193 C 162
MeOCOCH,Co(@mgH),py =~ 2.04 - 188 © 204 164’
MeCo(acacen) 1.95 1.87(N) ‘ : ' _
' - 1.87(0) : 155
CH,=CHCa(acacen)OH, 1.93 1.89(N) ‘
S - 1.92(0) S22 173
PhCo(acacen)OH, ‘ 1.93 1.89(N)
1.91(0) 2.33 ‘ 174
EtCo(salen) : 1.99 1.88(N)
1.89(N)
1.90(coord. O) .
1.94(0) ' 2.34(0) 156
MeCOCH ,Co(salen)OHMe 2.02 1.89(N) '
, 1.90(0) 2.20 161
NCCH,Co(salen), MeOH 1.99 1L89(N) '
1.90(0) 2.09(N) 161
(NC),CHCo(salpn)py 2.02 1.87(N)
: 1.90(N)
1.89(0)
1.88(0) 2.07 14
MeCo(dotnH)OH] C1O; 1.99 1.93(bridge N) '
1.87(oxime N) 2.14 178
5’-Deoxyadenosylcobalamin 2.05 1.92(N of ring A)

1.91(N of ring B)
1.97(N of ring C)

. 1.98(N of ring D) - 223 - 154,106

MeCo(acacen)py 1.99 : 1.92(N and O) 2.16 179a

CH,=CHCo(salen)py . 1.98 1.86(N) 2.12 176a
1.88(0) ;

cobalt atom is raised 0.12 A above the basal plane supposedly to strengthen the C—Co

a-bond without losing much of the 7-bonding potential from the chelate. ' .
All the other compounds studied are six-coordinate and, whilst some dlstomon from

'octahedral symmetry is always apparent, it is not usually very large. The cobalt-four-donor-

atom group is always 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(Salen) forms dimeric specxes in which

bone of the chelatmg oxygens of the Schiff’s base of each molecule becomes an axial base

to the neighbouring cobalt of the other molecule’*®. This behaviour has been found for
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» (salen) in inorganic cobalt(lII)‘“ and cobalt(l[)l 58,159 complexes where added axml bases
are absent, the-only exception being the oxygen-actlve crystals Cof!(salen)CHCIy °. It
:results 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 calculations! 56 of -
1r~overlap populanons indicate a lesser’ avaxlatnhty of the 1p, orbital on the equwalent
acacen exygen 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 sohd

‘state'#!2 is believed to be due to an interaction of this type also'*!.

In contrast, in the compound NCCH,Co(salen), the cyanide nitrogen is a much better

_donor to a neighbouring cobalt atom than is an oxygen of the already complexed salen
ligand, and consequently the crystal is built up of polymeric chains'®!.

(i) Equatorial ligands. In the complexes studied so far, the bond lengths from cobalt to
the four equatorial donor atoms (see Table 11) are very similar to those of the closely re-
lated inorganic cobalt(I1Il) complexes. Thus the Co—L distance of 1.89 A for:.

CHF,CF, Co(CN)2~ 162 compares with that of 1.89 A for Co(CN)2~ 143 and the Co—L
~distance of 1.88 A for MeOCOCH,Co(dmgH), py'©* compares with that of 1.89 A for
CICo(C,; [mgH],)py*®® (where C,,[mgH], is cis-1,12-bis(methylglyoximinato)dodecane).
Values for dmfCo(salen)0,Co(salen)dmf [1.88 A (N) 1.90 & (0)]*%, MeOCo(salen)py.
[1.89 A (N) 1.90 & (0)]!®! and for cyanocobalamin [‘wet’ 1.80 (A), 1.92 (B), 1.86 (C),
1.87 (D); “dry’, 1.86 (A), 1.90(B), 1.91(C), 1.95 (D) A'67:168 354 cyanocobalamin-$’-phos-
phate [1.87 (A), 1.99 (B), 2.10 (C), 1.94 (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.

Whiile 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 (10), amounts to 15° in the coenzyme!6,
11° in vitamin B;,-5"-phosphate!®® and 19° in B, itself'87. It is not surprising that a
bulky group ¢rans to the benziminazole, as in sec-alkylcobalamins, 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 acid' 7", that have small axial ligands, do
not suffer this distortion. All the natural corrins, however, exhibit alternate puckering of

_the B-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 compounds often moving to give more favourable hydrogen bonding. The latter is 7
rampant in these molecules and involves axml groups as well as water of crysta]hsanon
Such bondmg may sometunes be significant in chemical transformations.

In MeCo(acacen)‘ss as in Co(acacen) PhH" 72, ‘where there is little or no steric interac-
tlon from axial groups, the chelate is very nearly planar w1th an eclxpsed ethylene bridge.
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However in CHz“CHCo(acacen) OH, '™ the vinyl group sits over one half of the che- -
late and pushes it down some 11° causing a gauche ethylene bridge. The phenyl group in
PhCo{acacen) * OH, " sits across the halves of the chelate and bends both down, but _
considerably less than 11°.In the EtCo(salen) dimer'5® the half of the chelate containing
doubly coordinated oxygen is bent upwards towards the alkyl group due to interaction
with the other molecule. In NCCH,Co(salen)'®!, where the methanol of crystallisation is
hydrogen-bonded to one of the salen oxygen atoms, steric interaction in the polymeric
chains again causes bending of the chelate. The organic group in MeCOCH, Co(éalen) .
MeQH?'®! overharigs half of the chelate which is consequently bent down. All these Co-
(salen) examples, and (NC),CHCo(salpn)py'* have puckered gauche ethylene bridges.

Several inorganic Co(salen) complexes have been examined as a result of the property
of some of them to absorb oxygen reversibly. The ability of salen to function in non-
planar fashion with one oxygen dropped to the axial position' ?***7¢_ has been demon-
strated and salen has also been found bridging two cobalt atoms'7¢. The crystal structure
of a peroxo-bridged Co'(salpr}* 77 complex shows a chelate oxygen rather than the ex-
pected NH as the axial base with the other four donor atoms, including NH, wrapped
around the plane. Such bonding might also be the norm for salpr in its organocobalt com-
pounds. '

In the cobaloxime!®* and in MeCo(dotnH) - OH} !78 the two halves of the ligand sy-
stem lie approximately in a plane. The short hydrogen-bond lengths (2.50 and 2.39 A, re-
spectively) are indicative of the strength of the hydrogen bonds. The hydrogen atoms
were not located and the hydrogen bonds are probably‘bent as in other metaloximes'7°.
In both cases, within experimental error, the N—O bond lengths on either side of the hy-
drogen bond are the same and thus the O - ---H - - - - O linkage is probably symmetrical,
or nearly so. ‘ )

- Several of the ligands contain a two carbon bridge between donor nitrogen atoms and
this always imposes some constraint by influencing the ideal 90° angle at cobalt. Typical
values obtained for cobalt(IIT) complexes are: dmgH (78 -80°), acacen (87°), salen (85°),
corrin (81-86°).

(iii) Axial organic group and base ligands. The trans-effect of the organic group R is
evident when one compares the Co—B bond lengths of the organocobalt(III) complexes
(Table 11) with those for related inorganic complexes where R is replaced by Cl or CN.
Thus the Co—B bond length in CHF,CF,Co(CN)3~ (1.93 A) is larger than that in Co(CN)g~
(1.89) and that in MeOCOCH,Co(dmgH),py (2.04 A) is larger than that in CICo(C,; [mgH],)-
py (1.97 A). Similarly, the Co—B bond in vitamin B,,(‘wet’ 1.97 A, ‘dry’ 2.07 A) and vi-
tamin B,,-5’-phosphate (1.97 A) is markedly shorter than that in the coenzyme (2.23 A)
which is in accord with the greater ease of base protonation ("pK;’) of the latter. Other
‘comparisons arc provided by the dimeric species ClColll(salen) (Co—O = 1.99 A) and
EtCo!f(salen) (2.34 &), with Coll(salen) (2.25 A) intermediate between these. Bulky axial
base ligands may suffer distortion from octahedral symmetry owing to steric interactions.
In all the cobalamins, the benzimidazole is thus affected due to its interaction between its
coordinating nitrogen and the bridge-head methyl group of C-1 of the corrin ring. In some
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‘of the compounds there may be steric effects on axlal bond length in cases where the che-

: late is forced downwards by the bulky" organic group. This will tend to weaken the bond

“as wﬂl any mtermolecular hydrogen bonding in which the base is mvolved Such effects .
may be unportant in CHz—CHCo(acacen) It is of interest that ‘the’ crystal structure ofa . -
peroxo-bndged Com(salen) complex shows ax1a1 dJmethylformamlde coordmatmg through
oxygen rather than nitrogen.

~The R—Co bond lengths (Table 1 1) and then‘ changs-s with dlfferent hybndlsatlon of

" the bonded a-carbon, are consistent with covalent g-bond 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—C—C angles at the a-carbon. Typical values are CHF 2CF,Co(CN)2~ (120°),
MeOCOCHzCo(dmgH)zpy @ 15° ), EtCo(salen) (120°), 5'-deoxyadenosylcobalamin (125°),
and CH,=CHCo(acacen)OH, (127°). The a-carbon is itself distorted from the octahedral
symmetry to varying degrees, and one can envisage that, for t-alkylcobait(III) compounds
where such distortion would be greatly limited, the resulting strain in the angles at the
"a-carbon might give these as yet unprepared compounds a very low stability.

REACTIONS OF ORGANOCOBALT(ID GOMPOUNDS

"I'he reactions of organocobalt(III) 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
ligands, 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 may react.

(I) Reactions with nucle'bphilic reagents

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

(a) Nucleophiles as axial ligands

The commonest reacfion, and one which is fundamental to consideration of nearly all
‘others, is that in which one axial base is replaced by another. Since such reactions are
reversﬂ)le both thermodynamrcs and the Kinetics of the replacement reaction are of inter-
est. Much of our knowledge of cobalt(III) compounds comes from detailed studies of the
inorganic complexes’s" For example, there is much evidence that most inorganic cobalt(III)
complexes are relatively inert to subsntutlon particularly towards associative substrtunon,
'and that this- inertness is kmetrc rather than thermodynamic. However, the presence of an.
organic group, or of certain other groups, such as sulphite*®’, on the cobalt makes the
five coordmate mtermedlate relatlvely more stable, and allows a much faster drssocratron
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of the axial ligand in the position frans to the organic group’ Consequently equilibria be- -
tween axial ligands of organocobalt(III) compounds are established relatively rapldly and

a solution of such a compound may contain significant proportlons of more than one six- -
coordmate species as well as some of the five coordinate spec1es

RCoL, B + B'ﬁRCoLnB' + B ] o : v (66)

- In a few cases stable five coordinate complexes have been prepared by removal of a
ligand 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?82-183.148:34.118_ Eige coordinate complexes are also believed to
be formed on irradiation of alkylcobaloximes (see p. 95).

RCo(acacen)-OH, —> RCo(acacen) 67
RCo(salen)-OH, ——— RCof(salen) (68)
RCo(dmgH), B ——— RCo(dmgH), (69)

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

The complex MeCo(salen) is green, soluble in most organic solvents, but turns red on
treatment with ethers, and is readily reconverted to the orange six coordinate complexes
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 molecule!?!. Conse-
quently two distinct equatorial methyl resonances are observed in the 'H 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 CQ!39:136_

148

[MeCo(dmgH),], + 2B <= 2MeCo(dmgH), B (70)

(i) Thermodynamic measurements of axial ligand exchange. The association constants
of a range of alkyl- and aryl-cobalt(III) 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 0.1M aqueous solution of methylbis(dimethylglyoximato)pyridinecobalt(iII) (log K =
ca. 3)18%185  some 5% is present as methylaquobis(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 hlgher the associa-
tion constant. It is interesting to note that, as the p-methoxy group in p-MeOCH,.Co- -
(acacen) apparently186 behaves as an electron—thhdrawmg substituent, there can be little
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TABLE.12

Some formation céhstax;ts}for org%uiocobaj@(l!l) compounds

D. DODD, M.D. JOHNSON

-Me

none -

R B4 B,b Temperature log K Ref..
“(a)} Cobmamtdes in water -
Me aq NH, amb -1 191
Me aq py*© amb 0.8 191
Me ag . imidazole amb 1.04 191
Me . aq - CN~ amb 2.1 126
Me aq CN™ amb 2.36 191
Me aq 1-Me-imidazole -~ amb 0.7 191
Me aq ethanolamine amb -1.5 191
Me ag piperidine amb <2 191
Me benzimidazole@ CN™ amb 0.1 193
Et aq CN~ amb 0.6 126
Pr ag imidazole zmb —1.0 191
vinyl aq CN™ amb 2.7 126
vinyl aq MeNC amb 0.6 190a
vinyl aq Ny amb 0.6 190a
vinyl ag | amb 0 190a
viny! benzimidazole? CN™ amb 0.7 193
HC=C benzimidazole CN™ amb 2.7 193
CN aq MeNC amb 28 190a
CN aq Ny amb 27 1902
CN . " aq OH™ amb 3.0 193
(b) Cobaloximes in water
Me aq CN™ 10 6 184
Me aq NH, 10 3.6 184
Me aq Ny 10 23 184
Me aq SCN™ 10 2.0 184
Me aq OH™ 10 1.4(1.3) 184(2053)
Me aq )4 10 368 184
Me aq py 20 3.3¢ 185
Me _aq Py 45 3.0 185
Me aq HSR”? 25 ~0.13  20Sa
Me aq SRI 25 5.30 205a
Me aq RSR! 25 1.95  205a
Me aq "SR/ 25 543 205a
Me RSH RS™# 25 4 205a
{c) Cobaloximes in CDCl,
Me 4-CNpy Benzylamine 39 0.57 132a
Me 4-MeO,Cpy Benzylamine 39 0.15 132a
Me 4-Brpy Benzylamine 39 —0.20 . 132a
Me Py Benzylamine 39 —-0.62 132a
Me - 4-Mepy Benzylamine 39 —-0.85 132a
Me imidazole Benzylamine 39 -182 132a
{d} Co(acacen) compounds in CDCI
Me none® - aniline 30 0.7 289
Me none pCl-aniline 30 058 289
Me none p-Me-aniline 30 0.85 289
py 30 1.7 289
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TABLE 12 (continued)

R : B 7 B, b Temperature log K Ref.
Me : none 4-Me-py 30 0.92 289
Et none aniline 30 0.06 289
Ph none aniline 30 0.92 289
vinyl none aniline 30 0.74 289
p-O,NC,H, none piperidine 30 1.9 186
p-NCC . H, none piperidine 30 1.7 186
p-BrC,H, none piperidine 30 1.3 186
p-IC.H, none piperidine 30 1.25 186
Ph none piperidine 30 0.7 i86
p-O,NC_ H, none *H,-py 30 1.9 186
p-NCC H, none *H,-py 30 1.7 186
p-BrC H, none *H,-py 30 1.3 186
p-IC.H, none *Hgpy 30 1.3 186
p-MeOC H, none *H,-py 30 0.8 186
p-MeC Hy none 2H,-py 30 0.7 186
Ph none 2H, -py 30 0.7 186

2 Qutgoing axial ligand.
b Incoming axial ligand.
€ Pyridine.
Cobalamin side chain. .
€ AH™ = —5.1 + 0.4 kcal/mo), AS* = —2+ 15 ..
fu=10.
& Possibly dimeric RCo(acacen)?
’_‘ 2-Mercaptaoethanol.
! S$-Methyl-2-mercaptoethanol.
7 Mercaptoacetate.

conjugative interaction between that substituent and the metal, ie. little m-electron dona-
tion from the aromatic ring to the metal. Similarly, the greater the electronegativity of
the a-carbon, the higher the association constant, i.e., HC=C > H, C=CH > MeCH; . 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: O <S8 < N < P which is characteristic of the behaviour of a
relatively soft or class B metal acid. Ambident 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. 71; R = R’). Such

bridged complexes have also been isolated in the solid state!?.

{[RCo(dmgH),CN]" + R'Co(dmgH);aq =2 [RCo(dmgH);CNCo(dmgH),R']" + H,0
(VD) (71)
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Where the organocobalt components of the bndged cyamde complex are not the same
(eqn 71; R =# R)), the. mmally formed cyanide bridge may slowly rearrange to a mixture
;of bndged lsomers whlch can be detected by proton NMR and infrared spectroscopy

'The benzn'mdazole group of the cobalamin side chain is parncularly firmly held. ‘How-~
ever, as- coordmauon of this group does- require distortion of the corrin ring from the equa-
torial plane106 ‘the formation constants are greatly reduced where the organic ligand has -
an apprecmble steric requuement“‘ 65:187_ The planar asymmetry of the corrin ring allows
two isomers of alkylcobalt(lll) corrinoids with the alkyl group ‘above’ or ‘below’ the
plane of thg corrin ring. These have been detected by ultraviolet spectroscopy and thin
‘layer chromatography, and the equilibria between the respective pairs have been studied.
.EXampleszare known for methylcobyﬂc acid, methylcobinamide monocarboxylic acid,
methylcobalamin and methylcobinamide phosphoribose!8% 189

(ii) Kinetics of axial ligand exchange. The considerable amount of detailed work on the
kinetics and mechanism of substitution reactions of inorganic cobalt(II[) complexes has.
established (i) that such reactions are exclusively dissociative and (&) that small amounts -
of cobalt(II) impurities may have a profound influence on the reaction rate because of
redox processes coupled with the large difference in rate of substitution of cobalt(III) and
cobalt(II) 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 frans 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(Co)solv. &t~ R(Co) + solv. 72)
R(Co)' +B —f‘:’s R(Co)B (73)
Kops = (k [B] + k-1kafk2)(k-y [k2 + [B]) (74)

- The form of &,f(B) depends upon the magnitudes of the various rate coefficients;
several different types of behaviour may be observed:
() kgps may be a linear function of [B] and effectively zero when [B] = zero;ie k-,
must be small; and Ky [k, is large compared with [B];
(b) k_ obs may be a linear function of [B] and have a finite value (k_;) with [B] = zero;
‘Le. k_z is SIgmﬁcantly large; and k-, [k, is large compared with {B];
(<) llkobs may be a linear function of 1/ [B] particularly when the reaction is studied at
relatively high concentrations of B; ' .
'(d) obs My be independent of B; i.e. k;/k., is large.

Kmetxcs of type (a) (b) and type (c) have beern observed so far with organocobalt([l[)
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compounds. The rate coefficients obtained in several studies are shown in Table 13, to-
» gether with their relatronshrp to the rate eqn. 74. The second order term k k5 fk-, is the
most significant, because this usually detem:mes ‘the overall rate of the forward reaction.

These results indicate that the incoming lxgand has little 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-
drganic cobalt(III) complexes are due to the higher positive entropy and energy of acti-
vation of the latter!®*. For example, for MeCo(dmgH), aq with SCN~, AH* = 17.5 +
0.4 kcal/mole and AS® = +10 % 1.5 e.u., and, for a typical inorganic complex'?¢
0,NCo(dmgH),aq + SCN™, AH* = 19.4 kcal/mole and AS*= —9 * 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(III) compounds!®®, resulting in greater reactivity.

The kinetics and thermodynamics of exchange of several sulphur ligands have been
studied®®5? in considerable detail (Tables 12—13). As expected, the rates of substitution
of thiols, thioethers, and thiolate ions are not dlssumlar 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(lII) 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!®’.

The rates of axial base exchanges in methylcobaloximes have been shown by semiquan-
titative 'H NMR methods to lie in the order!37:!3¢: MeCN ~ Ph,SO ~ Me,SO > Me,S >
thioxane (via S), Me;N > PPh; > P(OMe); i.e., in the order expected for the cobalt act-
ing as a class B acid. Dimethyl sulphoxide exhibits coordination isomerism with the equili-
brium between S and O bonded species observable by 'H NMR at low: temperatures. The
ratio O-bonding/S-bonding decreases from 4.6 at —72° to 3.1 at —25° 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 excliange of axial ligands in alkylpentacyano-
cobaltates, but it is apparent from a number of kinetic studies®® 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(I11) ions gives a five coordinate o-allyl complex which rearranges revers-
ibly to the corresponding w-allyl complex (eqn. 75)2°.

- CHz
3 —CN At . 2 . i - e .
CHo==CHCH,Co(CN), — < Co(CN);
+CN N ‘ (75)
CH,,

syn-m-(1-Methylallyl) complexes have been observed, together with cis- and frans-o-but-2-
enyl complexes, in the products of hydrogenation of butad1ene in the presence of the penta-

balt te(1l 17,
cyanocobaltate(ll) ion (continued on p. 50)
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Meo o0 o (dotaM)
“Et- . (dotnH)
P : R (dqiﬂﬂ)._r’-: .
PhCH, - . . (dotnH) - -
Ph - (dotnH)

o o
“Ph . (dotnH)

';Sh'-‘l)Agé_x’S'éd‘exioSyl' ’ 'cbbmhmlde- :
Me L (dmgHKdmgHz) i

Me L (@meH),

' aq S
" benziminazole
" SCN™
. SON~

‘seN-

CsenT
By

Py
SR"‘

"~ SR'7

HSRY
HSR} .
SCNT -

iminazole . -
. benzylamine

iminazole
munazole

. lmmazole

iminazole

aq

::»..,H;o
H o‘

H,0

U mo
. H,0
" H,0 -

H,0

SHO
" H,0

H,0

. H,0O

acetone + 1% H, 0

“acetone+1% H,0

acetone+ 1% H,0
acetone+1% H,0 .

‘acetone + 1% H,0
\ " acetone+1% H,0
_benzylamine acetone+1%H,0
"Ph,P '
CON~
aq

. acetone+ 1% H,O
H,0 -
'~HCIO,(4M)

LiCIO (4M)

d s™; calc- from the mtercept kobs vs. [B,], or from the product k k,/k-le. =

eu= l.O.A )

fan*=20530. 4kcza]/mole, ASE=19+15 en.
E-AH* =175+ 04 kcal/mols; AS"-' 1015 e.u.A

Relatlve tates only. :
T Mercnptoethanol RSH.
i Meicaptoacetate = R’ SH.

Product of format:on constant and forward rate coefficient. IR
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eiloss’o as1c :amal hgands may be markedly affected by mmerai amd Wxth mono-. - ’.

j;»dentate hgands the equxlibnum posmon is mﬂuenced by competmon between the mm

'_jeral acid and the metal for the base. With -ambident. hgands the acid may also mcrease the
_rate. of ]oss of the. hgand from. the metal ‘by-attack at the-uricoordinate basic site: The '
,equﬂibna studled iri"the most deaail mvolve the lossof the fifth (benzumdazole) llga.nd

“from the alkylcobalamins (eqn. 76). The equilibrium constants decrease in the or:der”'3 ‘”’”‘
I (Table 14) ethyl(3 87) > 5 deoxyadenosyl(3 35) > methyl(z 5) > vmyl(2 4) > alkynyl

Other Lewis acids are also effective in remowng the benzxrrudazole202 293 ligand and in
;acceleratmg the removal of other ambldent ligands, such as thiocyanate and cyanide, from
other cobalt([[l) complexes ie: :

RCo(dmgH)zNCS' + Agt @, RCo(dmgH)zaq + AgSCNv (77)18_4
RCO(.CN)S- + Hg“’———-* RCO(CN)4aq27‘ + HgCN+ _v . . (78)198
TAB)LI-T:i_i:z:'

Protonation of axial bases on organocobalamins

R o i ' Ref.

HC=C ] o 0.7 : 193, 201 -
HOCOCH, : 1.50,2.20 204, 192
‘M=0COCH,. ) 2.25,2.5 . 192,193,201 -
H.C=CH o . 24 : 193,201
Me - ‘ 272 192

2 3 ‘-Isopropylidene-5 -deoxyadenoxyl 294 . 192,204
NCCH.CH, 2.95 192
tMeOCH CH o : . 3.10 192
HOQCH CH_ : ’ - 3.15 o 192
HOCOCH,CH, Lo 3.25. : 192
MeOCOCHzCH P : 327 192
S—Deoxyadenosyl R . 355,352 - 193,204
‘n-Pr S . 3.84 - 204

Et o . R R 3.87 S192
mBu - oL o 393 LU 204

nHeptyl: - .. . 740l o 204

ZEgn.760 .
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The reversxble change in the spectrum of alkylpentacyanocobaltates in aqueous ac1d1c
solution-has been ascnbed to the protonatlon of one of the cyamde ligands, i.e.

Rco(cN)g-} H,0* « RCo(CN)4CNH27'+, Ho (79)‘?5 |

(b) Nucleophzles as proton dases - : -
Some nucleophiles, such as hydroxxde ion are relatlvely inert. towards cobalt(III) but :
are strong bases. The majority of molecules concerned i in tlus review have acxdxc sites at
which such bases may react, as follows. '
(i) Acidity of axial ligands. One of the simplest examples, but wh1ch is mdlstmgulshable
from a simple ligand exchange involves the removal of a proton from a coordinated water
molecule, ie..

OH- + RCoL,-OH, = RCoL,-OH™ + H,0 . @80)

The pKa of the coordinated water parallels the stability of the aquo complexes. Thus the.
alkylaquocobalt(III) complexes are much less acidic (e.g. MeCo(dmgH), aq pKa 12.3'%4;
12.72952) than the corresponding less labile inorganic aquocobalt(IIT) complexes'®?, though
there is same doubt as to which proton is removed from the dimethylglyoxime com-
plexes?®2. Though the effect of equatorial ligands on the pK, of the aquo ligand has not
been investigated in detail, the results from inorganic complexes suggest that the acidity
decreases in the order’2: 7,7'-Me-salen > salen > salphen > dmgH > dotnH.

The effect of acidity of thiolate ions on the degree of complex formation has been
studied in some detail?®52. For example, the pK, of the complex of methylcobaloxime
with 2-mercaptoethanol (i.e. for losses of thiol-H from the complexed tluol) is 4, whereas
the free thiol has pK, 9.512%%2,

(ii) Acidity of equatorial ligands. Many equatorial ligands, such as glyoximato ligands,
also have acidic sites. Few direct measurements of the pK, of these sites have been made
although nuclear magnetic resonance measurements, particularly of the Q- - - - H— o
bridges between glyoximato ligands of inorganic complexes, indicate that the chemical -
shift is an approximately iinear function of the pK,2°%:2°%2°7, 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 alkalme solutxon 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—co-
balt bond is hindered by the formation of the less reactive and less soluble anion (VII;
eqn. 81)?°%. Such dlsadvantages may perhaps be overcome by prior selective methylatnon
of the hydroxyl groups.. - » .

RCo(dmgH)zB + MeLi —>RCo(dmgH)(dmg)B Lt +CH, @D
vy ' |
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(m) Aczdztv of the orgzzmc lzgzznd In al.ka]me solutlon ac1d1c funcnonal gmups on the
‘organic hgand may be converted into their conjugate bases. The mﬂuence of the'metal’ a.nd )
its appendant hgands on the acxdlty of these functional groups therefore prowues auseful
measure of the electronic effect’ of the metal. For example, the Bcarboxyethylcobaloxlme
(K, 5.7)is shghtly less acidic than | propionic acid (pK; 4 87), but carboxymethylcobalo—
xime (pK, 7 14) and a-carboxyethylcobaloxime (oK 7. 14) are both significantly less
acidic than acetic acid (pK, 4.76) and propionic acid®?. These are indications that the group
~CH2Co(dmgH),py is more electron donanng than is the methyl group, under such cir-

; cumstances. ; N
- The group —CH, Co(CN)s is even more effective in its electron donating capacxty than
are the groups described above. Thus, the 2-, 3-, and 4-pyridiniomethylpentacyanocobal-
tate(III) fons (VI IX and X; pKa 105, 8.1, and 9.2, respectively)?°?*** are very much -
less acidic than the unsubstituted pyridinium ion (pKa 5.2). Since the inductive effect of
a substltuent in the 3-position of the pyn(hmum ion influences the acidity of that ion more
than does the inductive effect of the same substituent in the 4-position of the pyridinium
ion'>® (unlike the corresponding effects in benzoic acid), the much greater effect of the
substituent —CH,Co(CN)3 "~ 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. CHacobalamin and CHs Co(dmgH),B, is also partly
conjugative though less pronounced. Such effects have been termed o—m-conjugation or
vertical stabilisation, and are apparent in a number of other methylene—metal substitu-

ents, both of the transition metals'! and of main group metals?!°,
k . 7 XN _ i
Ho + | CH ColCN)y, === @-cx—azcmcmg + H0' (82)
. & N
H
2— ym
-
a-X

(w) Base—catalysed f ssion of the azrbon—cobalt bond. A number of organocobalt(lll)
compounds undergo reductive elimination reactions promoted by attack of basic nucleo-
philes at a g-proton of the organic group. For example, several g-substituted ethylc.obal-
amins and cobaloximes that may be prepared by the addition of the cobalt(I) specxes to
an olefin under mildly alkaline conditions(p. 14 and p. 26——-77), are also reconverted into
that olefin by the actmn of base ie

~ XCH;CH;CoL,,B + OH‘ = XCH=CH2‘+ [CoL,,B]‘ + 'Hzo R (83)

'I‘he earhest studies of this reactxon involved the reaction of ﬁ-cyanoethylcobalamm thh
base®**. In solutions of pH greater than 9, the rate of reaction was first order in the sub-
strate concentrauon and first order in aikali concentrauon (eqn 84) but at Ingher amdl-
(tles, the kinetics were more complxcated '
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—dforganocobalt}/ds = &, [organdcobalt] [oa}1 - - S L (89

The formanon of the cobalt(l) species during the forward reaction was confirmed by
the isolation of *nemylcobalamm from the products of reaction of p—cyanoemylcooala.mm
with base in the presence of methyl iodide under anaerobic conditions. The fate of the-
organic ligand (eqn. 83, X = CN) was determined using o-!*C-3-cyanoethylcobalamin and
the method of isotopic dlluiaon21 !

The complicated kinetics in the less basic solutions is almost certainly a result of the in-
c‘ursmn_ 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. Howeiler,
the related studies on the f-substituted ethylcobaloximes are of interest, because of the
observation that m-complexes are formed between the product olefin and the product co-
balt(l) species'1°-138_ It has been assumed that such complexes are the immediate reaction
products of the forward reaction and that, in the reverse reaction, the m-complex is the
immediate precursor of the g-complex*3®. ' :

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

Two pieces of evidence quoted in favour of the formation of the m-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(l) species is due to d-orbital participation in the formation of the olefin 7-com-
plex!38:11%_ 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) reaction2'2, Certainly, the nucleofugal character of the halide ions de-
creases from iodide to chloride as does their nucleophilicity?' (see however, the leaving
group order on p. 57).

Secondly, the observed pnmary isotope effect (kp/ky = 1.60) has been considered to
be too low for a simple bimolecular elimination reaction®®:}38_ This 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 breaking?!?. 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 £ 2 transition
state, more probably the former.

The observation that the B—tnmethylammoethylcobalamm does not give the vinyltri-
methylammomum ion has been mterpreted in terms of steric hmdrance to the formatlon
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‘of the requued mzns~ant1penplanar transmon state (X]) because of mteractron between =
,the bulky NMe3 group and the corrin nngz’ 2. _—

-

LT H A=~ ;’(C°)6.' R -
BT e “NRy " -

Xy .
a-Substitued ethylpentacyanocobaltates <o decompose under alkaline condmons in
aqueous solution 14’ . Under anaerobic conditions there is a slow decomposition to the ole-
fin and the’ correspondmg alkyl denvatlve whereas under aerobic conditions the olefin is

~the main product For'example, the a—2-pyr1d1moethylpentacyanocobaltate(III) ion de-

: composes in alkaline solution inthe presence of air to 2-vinylpyridine. The rate of this
reaction increases linearly with the alkali concentration in the regron 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 hydndopentacyanocobaltate(III) ion from the pyridylpentacy-
anocobaltate (XII) or a base catalysed elimination of the same hydride from the pyridino-
methylpentacyanocobaltate(I1I) ion (XIII; pK, ca. 10.5), probably the iatter, eqn. 85.

N \ o= (Y
[ . . == || — || + HCoen}T
7~ 3- . . + . 2- . = .
N CH(CH,)ColCN), N
. H

CHICH,ICOICN)Y CH==CH, . (85)

IZ+

(xm X1;

-In some of those reactlons where cyanide ion apparently promotes the decomposmon
of organocoba]t(III) 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 B-cyanoethylcobalamin®''. The observed rate coefficient
(ky = 115 X 107 s7';in 35 ‘mM KCN) is the same as that observed at the same pH (10 5)
in the absence of cyamde ion. Some, but not all, of the reactrons of cyanide ion may be
explained i in this way. For example,; the decomposmon of 5'- -deoxyadenosylcobalamin
X1V)in 1M sodrum hydroxrde to give 4', 5"-dehydro-5'-deoxyadenosine (XV) (eqn. 86)'**
is several powers of ten slower than the corresponding reaction with 0.01M cyanide ion' %%,
which gives the cyanhydrin (XVI) of the open chain 2,3-dihydroxypent-4-en-1 -a]199:216:217_
Rate coefficients for several of these reactions are shown in Table 15. Interpretation of
these values i is complicated by the fact that the extent of cyanide coordination as the axial
base is not known. In 0.1IM KCN'in bicarbonate buffers at 25°, the coordmanon of cya-
nide jon has been shown to take place in a rapid first stage of the overall reaction'®®.
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" TABLE 15

" Kinetics of reaction of f-substituted ethyléobalt(lll) compounds with élkali and with cyanide ion

L ‘B Reagent X N T°  Ref
(a} 5 -Deoxyadenos:ylcobalt(III}oompozmds (eqns. 86, 87)

" Cobalamin - 1M NaOH 5.0% 10 5.0x% 107 27 104
Cobalamin 0.0LM NaCN  8.3x 107? 8.3x 10714 27 104
Cobalamin 0.IMKCN® 84X 10™* 8.4 % 10727 25 199
(dmgH), % by 1M NaOH 1.6 x 1073 16X 107 27 104
(dmgH), - py 0.01M NaCN 23x 107 2.3x 1024 27 104
{b) g-Hydroxyethylcobalt(IIl} compounds (in aqueous solution’ d ?, eqn. 88-90)

(dmgH), H,O0/OH" 9.6 x 10°3 104
(dmgH), benzimidazole 1.6 x 1073 104
(dmgH), py 4.3 X% 1072 104
(dmgBF,), PY ) 29x 107! 104
{dotnH) H,O/OH™ 1.2 x 10°* 104
salen H,0/0H~ 5.2% 1074 104
Cobinamide H,O0/0OH™ . 9.9 x10% 104
Cobalamin 1.5 % 10~% 104
Cobinamide®  py 14 x 10 104
Cobinamidef  py 8.8 x 10-2 104
{c) B-Cyanoethylcobalt(IIl) compounds (in aqueous solution, eqn. 83)

Cobalamin ‘pH 10.5 14x10°? 38 110
Cobalamin 33mM KCN 1.15x 10732 3.58 110
Cobalamin pH 9.89 148 x 1072 18 192
Cobalamin?! pH 9.89 40x 10-* 52 192
(d) o-(2-Pyridyljethylcobalt(IIl) compounds (eqn. 85)

CN), - : - CN™ pH 8.7 4.71 % 107% 9.4 X 10 25 215
(CN), CN~ pH 94 1.17x 1072 4.6 x 10* 25 215
(CN), - CN™ pH 10.1 4.8 x'107° 40x10° 25 215
(CN), CN~ pH10.7 . 1.13 % 102 2.3%x 107 25 215

a Assummg reagent is CN ™.
Probably as conjugate base form, e.g. (dmg)}(dmgH).
€ Buftered at pH 10, first stage is rapid coordination of cyanide i 1on to cob,.tlt
Not stated; aerobic conditions. -
€ g-Methy! derivative.
g-Hydroxymethyl derivative.
g Assuming reagent isOH™,
&Methoxycatbonylethylcobalamm
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o™+ >=<_>l oo o (86)
ST N A
on XI¥ or™ - - . oo ) '
pratann o XY= 0O, A= udevuﬂe? oo

CHy = CHCH(OH)CH(OH) CH{OHICN

(X¥1) * + adenine V ) (87)

o no reaction
" (KIZ: X= 0, Y= OH, A=adenine}

(XTI X == CHp,Y = OH, A=adenine)

(RYM:X=0, Y=H, A= H)

The reaction of the coenzyme with alkali is probably reversible under anaerobic condl-
tions, because the very similar reaction with the corresponding tetrahydrofurfurylcobala-’
min (XVIII) has been shown to be so'®*. 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-

_ balt(I) species may be removed from the system, and upon the rate of the reverse reaction
as is the case with the elimination from the f-cyanoethylcobalt(III) compounds. For ex-
ample, this reversal should be prevented under aerobic condmons owing to the removal
of the cobalt(I) species.

The presence of cyanide jon might influence the reaction in a number of ways. First,
it might effectively remove the initial organic product of a base-catalysed reaction by ior-
mation of the cyanhydrin. Secondly it might react directly with the nucleoside group,
thereby assisting in a base-catalysed cleavage. 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?! %221 In the latter case, the cyanhydrin formation would be
a subsequent reactxon 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 thc :
_cobalt remains high. No effect of oxygen is apparent®7. : o
The comresponding carbocyclic derivative®*® (XVII), which cannot undergo the corre- -
sponding cyanhydrin formation or give the same synchronous C(5")-0 bond cleavage with
formation of the anion, is practxcaﬂy inert to cyanide ion and also to borohydnde fon?'8,

.However, a ﬁ-oxygen is not the only requirement, for Baalkoxyethyl-cobalamms and -co-
baloximes are stable to cyanide jon, as is 6—deoxyglucosylcobalamm‘99, except in so far
as axial base exchange takes place. Clearly, the aza-acetal or a similar leCOSld.lc arrange- =
ment is nnportant The rate of cyanide cleavage -of cobalamins has been studled as a func-
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tion of the nucleoside base; the more electron attractmg is the base, the slower the de- ‘
composition, but the differences in rate are small*®°. The rate is also affected by the axial
base; for example, 5 -deoxyadenosylcobmanude is more reaictive than 5 ".deoxyadenosyl-
cobalamin, which is more reactive than 2',3"-isopropylidene-5'-deoxyadenosylcobalamin??2.

The B-carboxyethylcobali(II1) compounds are relatively stable to base because ionisa-
tion of the carboxyl group reduces the tendency to olefin formation®°. Similarly, S-meth-
oxyethylcobalt(III) compounds are also stable®?, but the -hydroxyethylcobalt(IiI) com-
pounds decompose®? in alkaline solution by a different mechanism to the corre5pondmg
carbonyl compound and cobalt(l) i.e.

HOCH,CH,cobalamin + OH™ —— MeCHO + Bjys + H0  (@9®)
MeCH(OH)CH, Co(dmgH), py + OH~ —> MeCOMe + [Co(dmgH),py]~ + H,0O (89)

HOCH;CH(OH)CH;Co(dmgH)zpy +OH" —’HOCH2COMC + [Co(dmgH)zpy]' + H20
| 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 reaction®?-22° described more fully in
the final section. That the base-catalysed decomposition of the hydroxyethylcobalt(IiI)
complexes requires the conjugate base of the hydroxyethyl group is apparent because the
corresponding alkyl ethers are inert even to 50% NaOH*®. When there is no f-hydrogen
capable of undergoing the shift, as in 2-hydroxy-2-methylpropylcobalt(I1II) 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 f-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 Col(aetpor) species (which cannot be made by borohydride reduction of the
CoY(aetpor) species) from f-hydroxyethylCo(aetpor) is very slow in alkaline solution.

The isotope effect (ky/kp = 5.5; observed with 2-hydroxypropylcobaloxime{2-2H;, ]
in 2M NaOH) is consistent with a concerted mechanism in which a trans-g-hydrogen mi-
grates to the a-carbon as the cobalt(I) species departs (eqn. 91). 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' %226 Ip, fact, the surprising thing about this
reaction is that apparently no epoxide is formed, whereas the corresponding f-hydroxy-
ethyl halides readily form the epoxide by an intramolecular displacement of the halide
ion via attack of the B-oxygen on the a-carbon. These reactions of organocobalt compounds
appear to involve attack of the f-hydrogen on the a-carbon as fo]lows
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.{ c} Nucleophzlzc attack on the organocobalt(lll ) compound

- (i) Nucleophilic attack at the a-carbon. In principle, nucleophilic attack at the a-carbon
of an organocobalt(III) 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

zis’ follows: (i) Only a strong nucleophile towards saturated carbon will be effective. (i)
The reaction may be reversible, because the displaced cobalt(I) specxes is known to be an
excellent nucleophile.

The reversibility will therefore depend upon the leaving group ability (nucleofugal
character)?23 of the cobalt(I) species and the incoming nucleophile, and upon their car-
bon basicities®2?. It will also depend upon the presence of materials which remove the
displaced cobalt(l) species from solution. For example, reactions carried out under aero-
bic conditions may proceed smoothly, whereas the same reaction carried out under an-
aerobic condmons may not be apparent.

RCH,CoL,B + N~ < RCH,N + CoL,B~ L 92)

Though there are a number of reagents of sufficiently great nucleophilicity and carbon
basicity 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 a-carbon or elsewhere in the mole-
cule_ As much of this ambiguity involves the reactions of cyanide (see also previous sec-
non) and thiolate ions, these are discussed first.

It has been reported that cyanide does!!8 and does not!8? react with methylcobalo-
xime. For example, no reaction has been observed between methyl cobaloxime (107 M)

»and sodlum cyanide (1M), presumably other than coordination of cyanide as the axial
base, over 1 hour at 65°. AlkylCo(aetpor) complexes are also reported to be stable to cy-
anide ion in the absence of oxygen''. However, it is well established that cyanide ion
causes the decomposition of the coenzyme?®'™*>°, probably via attack at centres other than
the a-carbon Such reactxons are also photocatalysed. The existence of the coenzyme was
at first concealed by the fact that, inter alia, th= stable cyanocobalamin (v1tam1n B;3)

was readxly 1solated from the reaction of the coenzyme-containing materials with cyanide
ion, and was therefore the first cobalamin to be studied in detail?25. ‘ :

1In 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 afﬁmty for cobalt(lll) t}uolate ions are better nucleophxles
towards saturated carbon, but much poorer bases! 2. The role of thiolate ions in the pro-
‘motion of base-catalysed reactions is therefore negligible, but their reactions have the ad-
ditional complication of the possible 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 vet been given as
to the 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 presumably refer to sec-
ond order reactions. More detailed studies of the reaction of methylcobaloxime with thio-
late ions under anaerobic conditions2%%? suggest that no carbon—cobalt cleavage occurs.

TABLE 16

Relative rates of reaction of thiolate ions with atkylcobalt(I11) complexes

Substrate K(xrelative)?
Mecobalamin 1.0
MeCo(dmgH), py 4.0 10~*
MeCo(dmgH),PPh, 9.1 X 107?
MeCo(dmgBF,),py 4.0% 10!
MeCo(salen)-OH, 4.5x%x 102

2 Reaction order not specified.

RS~ +MeCol,B = RSMe + [CoL,B]” 93)

However, other studies on the reaction of thiols with methylcobalamin suggest a more
complex behaviour?2®. It has been shown that this reaction is dependent upon the pH,
and the concentration of added B, 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 —> B;2y + Me® + RS~ 949
RS™ + Byza — Bjar + RS’ ' 95)
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 low 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 radical traps such as chromous ion?27_ If methyl radicals are formed in the
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presence of thiols; one would expect to ﬁnd apprecxable quantmes of methane and of
the dm]kyldlsulphlde ie: .

RSH+Me ——>RS + CH, S ) . ' ©n
}{S:'rf7—>RS$R S - - (98)

A number of reactions between sulphur amino acids and organo-cobalamins and -cobal-
oximes are also of interest, because of the role played by methylcobalamin in the biologi-
cal formation of methionine from homocysteine?2®. Homocysteine itself reacts only very
slowly and not very cleanly with methylcobaloxime in the dark?®, but this may in part
be because the intramolecular condensation of homocysteine to the thioclactone 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 unreacted material”°.
Similarly, methylcobalamin reacts smoothly with homocysteine, but not apparently with
cysteine, and the reaction of ethylcobalamin with homocysteine is slow?2°. The transfer
of 1¥CH; to homocysteine from !*CH;cobalamin has also been demonstrated?2°.

Several of the studies are difficult to interpret because of the conditions used; for ex-
ample, that between sodium homocysteinate and 5'-deoxyadenosylcobalamin XIV in the
presence of sodium borohydride under hydrogen and with ultraviolet irradiation, which
is reported?3° to give some S-adenosylhomocysteine XIX (eqn. 99).

OH OH
OH OH
BHS To)
+  T5CH,CH,CH{NH,)CO; —H;-v—— TO,CCH{NH,) CHyCHy SCHp A (99)
O A
CH.
2 (XIX)

éCoE
N

(XI¥ : A = adenosine)

The reversibility of such a nucleophilic reaction has not been demonstrated, but the
corresponding reaction of the cationic S-adenosylmethionine does take place®3

OorH OH OH OH

cn,
- » - o7 a
O,CCHINHICH,CH,S(Me)CH, © A 0, CCHINHZICH,CH, SCH,

A= qdenune

The role of the thiolate ion coordinated to the cobalt in these reactions has not been
elucidated, but anionic alkylcobalt(III) complexes have been isolated!?3 and it would b~
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expected that these would reduce the nucleofugal character of the cobalt(l) speciesin a
reaction of the type:

RS~ + [MeColL,SR]- ——> RSMe + CoL,SR?*" - - (1o1)

The role of thiolate ions as reducing agents is discussed below. -

(ii) Nucleophilic metal—metal exchanges. If the nucleophilic displacement ¢f cobalt(l)
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-
phile. Such a reagent would be a similar cobalt(l) nucleophile or another metallic nucleo-
phile of similar power. It is not surprising therefore to find that the exchange of methyl
groups between two similar cobalt(l) species is rapid®?3. For example, the equilibrium in-
volving methylbis(dimethylglyoximato)pyridinecobalt(1IT) (RColL, B in eqn. 102) and the
bis(cyclohexanedione dioximato)pyridinecotalt(l) ion ({CoL,; B}  in eqn. 102) is effec-
tively complete within five minutes in methanol at 0°, using 10”3 M reagents.

[CoL',B]" + RCoL,B %= RCol’,B + [CoL,BI" (102)
-2

The approximate half-lives for this reaction and for reactions of other alkylcobaloximes
(ca. 1073 M) are shown in Table 17. Since most of these r=actions are expected to proceed
to an equilibrium 1.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 lives??? for the exchange of alkyl groups between alkylcobaloximes (10-2M) in methanol at 0°

R LY
Me <5 min
Et <5min
Pr 1h
n-octyl 1h
s-octyl >10h
s-butyl >10h
itobutyl >10h

It is interesting to note that, had the exchange of secondary alkyl groups beean 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 halide?3’. Some decrease in the op-
tical activity of the secondary butylcobaloxime, described earlier (p. 25), has been as-
‘cribed to such exchange'®®.
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AR 'I.'hese exchange reactxons seem to be S‘l.lb_]ect to a very 1arge stenc effect bewuse any
exchange of the. pnmary 1sobutylcobalox1me must be at least 100 times slower than that
‘of the ethylcobaloxxme as is the exchange of the secondary alkylcobaloxunes Such stenc
: '.lundrance would be expected when both incoming and outgoing nucleophﬂes are very ‘

" largeina transmon state that requires the alkyl group to be sandwiched between them,-
‘ (ie XX) Branchmg at either the o~ or the ﬁ-carbon appears to be sufficient to prevent the
ready attainment of thjs configuration. . : :

The rapid exchange of methyl groups between two cobalt([) species is of consxderable
interest in consideration of the role of biological methylation®*2+233 for it implies, con- -

) &ary to previous belief®2, that a inethyl group might be readily transferred from methyl-
_cobalamin to a cobalt(l)-enzyme system without the need for intermediate transferring
. agents such as thiols. - _ . .

- Other nucleophilic reactions of metal ions at the a—carbon include the d!splacement of
cob_alt(l) by rhodium(I) (eqn. 103), which tends to produce mainly the alkylrhodium(IiI)
species, and the Sn2 displacement of cobalt(l) from the a-carbon of allylic systems (eqn.
104)™3. In contrast, Sy 2’ displacement of cobalt(I) by cobalt(I) has been observed for the
related propynyl cobaloxime (eqn. {05)%°-73,

[Rh(c-th)zpyl‘ + MeCO(dmgH)zpy = MeRh(c-hgH).py + [Co(dmgH).py] (103)

MeCH=CHCH2Co(dmgH)zpy + [Co(c-hgH),py]l~
i : o 104)
= MeCH=CHCH,Co(c-hgH},py + [Co(dmgH),py]l~ ( .

HC=CCH,Co(dmgH),py + [Co(c-hgH).py]~

A , 105
?:%HZC?C;CHCO(C-th)zp}{ + [Co(dmgH).py]~ (105)

Both alkoxide and hydroxide ion might be expected to displace’halide ion from a-halo-
alkylcobaloximes. However, though halide ion is displaced when the mono-chloro-, -bromo-,
or -icdo-methylcobaloxime reacts with methoxide ion under anaerobic conditions, this is
not a direct displacement by the methoxide ion?!. Instead, it is believed that the methox-
ide ion first displaces the cobalt(l) species with the formation of the a-halomethylether
which is itself very susceptible to nucleophilic attack. Consequently, the cobalt(l) species
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then displaces the halide jion from the halomethyl 'etheir' wifh the formation of the d—meth-'-‘
oxymethylcobaloxime. Some acetal (MeO)zCHz might also be expected in the presence
of an excess of methoxide i ion. :

MeO + XCHzCo(dmgH)zpy—> MeOCH, X + Co(dmgH)zpy . oe)
Co(dmgH)zpy + MeOCH,X —> MeOCH;Co(dmgH),py + x-' . aon

A similar initial reactlon is belleved to take place w1th hydroxlde ion, but the subsequent
reactions are more complicated and the final products include methanol, methane, and
formaldehyde?". Dihalomethylcobaloximes®' 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 tnhalomethylcobalommes (halogen = Cl1,Br,l) are very
reactive in alkali, but tnﬂuoromethylcobaloxxme 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(11I) compounds by attack of other nucleophiles on the carbonyl-
carbon®’. Ammonia and hydroxylamine are sufficiently nucleophilic to displace B;;5
from acylcobalamins to give the corresponding amide and hydroxamic acid, respectively.

YCH,COcobalamin + H,NX — YCH,CONHX + B, (108)
(Y =H, NH,, NHCOCH;; X =H, OH)

{(iv) Displacement of cobalt(1) from unsaturated carbon. Nucleophilic displacements at
vinylic carbon are not common, but there is some evidence that methyllithium may attack
both the a-carbon and the metal of styrylccbaloximes. Whereas methyllithium is reported
io be inert towards alkylcobaloximes, cis-3-styrylcobaloxime reacts with methyllithium in
ethereal solution to give, after further treatment with water, a mixture of cis-phenylpro-
pene, styrene, unreacted styrylcobaloxime, and methylcobaloximz2°2. The stereospecific-
ity of the phenylpropene formation suggests a nucleophilic attack of the methyilithium at
the a-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(dmgH),py + MeLi — cis-PhCH=CHMe + Li*Co(dmgH),py~ (109)
cis-PhCH=CHCo(dmgH},py + MeLi — MeCo(dmgH),py + cis-PhCH=CH Li* (110)
(v) 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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'ceptlons mclude the alkahne hydtolyses of the- acetyl groups of for example 2 3 -d1-0-
.acetyl-S -deoxyadenosylcobalamm ina synthesxs of the coenzyme : EEN

(d) NucIeophlles as reducmg agents ‘ :

“Several potentlady nucleophillf' species are a‘so f'apable of behavmg as reducmg agents.
The most common such reagent is borohydnde ion, less common are ‘thiols and dithiols. :
However, the mechanism of these reactions have not been ascertaineG except inafew -
cases, and may involve attack on either the metal or the organic group, but it is not known
in all cases whether the cobalt(l) species observed i in the products are formed by duect
,dxsplacement or by subsequent reduction of other inorganic cobalt species. s

- Allenylcobaloximes are reduced by borohydride ion to allene and cobalt(I) species?**
and the latter will react with added organic halide to regenerate more allenylcobaloxime
(eqn. 111). In contrast, when the reduction of haloalkylcobaloximes is carried out in the
presence of benzyl chloride, no benzyl cobaloxime is formed>?. 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(l)
species (eqn. 112). The loss of halide ion from such reduced halcalkylcobaloximes would
then give novel nucleophilic carbene complexes that would be readily protonated by the
protic solvent to give the observed product, the corresponding alkylcobaloxime (eqn. 113
and 114). Similarly, the reduction of Cl;CDCo{dmgH), py with borohydride ion in the
presence of methyl iodide gives only CDH,Co(dmgH),py.

R,C=C=CHCo(dmgH),py + BH; — R,C=C=CH, + [Co(dmgH).py]~ (111)
© (Ry =H; or (CHz)s)

RCHXCo(dmgH)zpy + BH; —— [RCHXCo(dmgH),py]*~ (112)
 (X=C1LB)

RCHXCo(dmgH),py>~ — X+ [RCHCo(dmgH),py}~ a13)

RCHCo(dmgH),py~ + R'OH —> RCH,Co(dmgH),py + RO~ 19

The absence of direct attack on the a-carbon is apparent from the reactions oi a-halo-
cobaloximes with sodium borodeuteride and sodium borohydride in methanol and O-?H-
methanol respectively, ie.:

- BD:z - ‘ RCH,Co(dingH).py (115)

- RCHXCo(dmgH),py -

RCHDCo(dmgH),py - Q16
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The sfepWise reduction of dilmloaﬂcylcobﬁloximcs has also been démonstfatéd (eqn. 117).

' X,CHCo(dmgH),py —2+—> XCH,Co(dmgH),py 14— CH;Co(dmgH),py  (117)

Some organocobalt(III) compounds are also rapidly and quantitatively reduced by
thiols to the corresponding hydrocarbon”®. 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) > ROCOCH, CH,(Co) > NCCHMe(Co) > NCCH,CH,(Co)
suggests that free carbanions are not formed. It seems more likely that the reduction of
the alkylcobalt(1II) compound greatly increases the tendency for electrophilic attack by
the protic solvent on the acarbon. Evidence in support of this mechanism comes from the
reaction of methylcobalt(III) compounds with dithioerythritol®2, which yields the intra-
molecular disulphide and the alkane, i.e.:

Me(Co)B + S SH = Me(Co)-S~ SH + B 118
(Co) l (Co) : (118)

Me(Co)—S~ SH = Me(Co)S- S~ + HF 119
(Co) | l ( )I (119)

Me(Co)—?‘ § + ROH — CH, + (Co)~ + f_—“f + OR"- (120)

alternatively,

Me(Co)—-S~ S~ —— Me(Co)?2~™ + S— S (121
(Co) | l (Co) I l (121)

Me(Co)?’~ + HOR — 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 zbove (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 ligaad. The various types of equatorial li-
gand protonation are discussed below.

(i) Protonation of the corrin ring of alkylcobalamins. 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'®? in several cases; the rate in-
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- i 72 S i in’ solutmns of pD 1.5) < methylco.
_f-bmamlde (11/2 10 mm at pD 1 66) ~ ethylcobalamm (t, /2 large at pD 6 0 small at pD
'l 5) < ethylcobmamlde (t1; /2 30 miii at’ pD 5. 7) R v
: (u) Protonatiori of dioximato Zzgands The: protonatlon of d:methy]glyoxxmato hgands s
s of the alkylcobaloxunes has a marked mﬂuence on the rcacnwty at the carbon—cobaltr o
;.bond Spectroscoplc studxes on the equxhbna in perchloric acid at 21 (/.z =1.0 andpg=:" .
-0 5) show’ that ‘the pK;: for the monoconjugate acid (eqn 123)is only shg.htly sensmve e
“tothe. character of the organic. group’oo (Table 18). The addition of the second proton
‘takes’ place at amuch hlgher acxdxty, eg. m solunons of ca. 30% sulphunc acxd for benzyl.

rﬂobalomme“s V-if}i'* : A

RCo(dmgH)zaq + I—I30" Haa), RCo(dmgH) dmgl-]z)aq + H20 L (a23)
RCo(dmgH)(dmgHz)aq ¥ H_,,o+ —&RCo(dmgHz)zaqz" + HZO a4
- : coan S

As mentxoned earher (p_ 36) the protonatlon has a marked effect on the '"H NMR spec-
trum and also on the rates of reaction at the a-carbon described below and on p. 82. It
also has an appreciable effect on the stability of various alkylcobaloximes. For example,
methylcobaloxlme is stable for many months in concentrated sulphuric acid, secondary
alkylcobaloximes show signs of decomposition after several days and decomposmon of
benzylcobaloxlrne is evident almost immediately.

- The kinetics of the aerobic decomposition of benzylcobaloxime have been studled as

a function of the sulphuric acid concentration®*>. The rate of decomposition increases
linearly with acid concentration in solutions of up to ca. 15% sulphuric acid, thereafter,
the increase tails 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 diacetylmonoxime, 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 dxprotonated 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 solutions of the complcx from which
the air. ‘has not been excluded. » : : : : v

The- monoprotonated complex (XXIII) may also partly decompose homolytlcally, but
the main mode of reaction would appear to involve a nucleophilic attack of solvent water.
(eqn. 125), of other amons present in’ solution (eqn -126), or of the rémaining g]yoxmun- -
ato hgand (eqn. 127) to gwe benzyl a.lcohol a benzyl derivative, or the benzyl ether (XXIV)
respectxvely. o S o - : : :
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PhCHzCo(dmgH)(dmgHQ)aq + Hzo — PhCHZOH + Co(dmgH)(dmgHz)aq + H (125) =

| oo o S , . -
; i' PhCH1®(dmgHdegH2hq +X"— PhCH, X + CO(dmgH)(dmghg (126)

PhCHz.Co(dmgH)(dmgHz)aq ————>PhCH20N—CMeCMe"NOH +Coz++dmgH2 o
) ; Sxxvy . , (127)

(u) Protonanon of cyamde Izgands cyamde msertmn reactions. The majority of alkyl-
’ ‘aryl- benzyl- and wnyl-pentacyanocobaltate(lIl) ions undergo reversible protonation of -
‘one or more of the cyanide ligands in concentrated mineral acid. For example, the pK;’s
~'of the con]ugate ac1ds,2 3-,and 4—Hf>yCH2Co(CN)4("NH)7"’ are—12,—1.1,and ~16, -
: respectwely - Such protonation may merely assist in the removal of a cyanide ligand to
give the tetracyano species, or it. may promote a more mterestmg and complex intramole-
* cular migration. :

Thus the protonation of one of the cyamde ligands (presumably but not necessanly
one of the equatorial cyanide ligands) also promotes a migration of the organic group from
_the cobalt to the carbon on one of the cyanide llgands with the formation of the green

‘insertion” product XXV (eqn. 128)*5 114238

RCHZCO(CN)4CNH2‘ —_— RCHZC(—NH)CO(CN)4 aq (128)
(XXV)

At low acidities in which the pentacyano species predominates, the rate of this reaction
_increases linearly with the acidity®®, but reaches an upper limit at high acidity (ca. H,
= —8), corresponding to an acid-catalysed rearrangement of the pentacyano complex ora
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 ahalogous to the more
fémiliarA 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=0%%%,
1f the green cyanide insertion product XXV is kept in acidic solution, then hydrolysis

to the corresponding substltuted 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(l)
_-species has not been mvesngated ‘

__»RCH,CO,H+Co(CN)}" +NHi (129
RCH,C(=NH)Co(CN)2- ~

R - \ _ .
’ OH .

" SRCH;CN + Co(CN)3~" (30
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In solutions of low acidity, where the cyanide insertion reaction is slow, an alternative -
dewmposmon may mtrude in which loss ofa cyamde hgand gives the tetracyano-aquo
complex XXVI whxch undergoes further uecomposmon probably via homolysis of the
carbon—cobalt bond. Th.lS reaction may be suppressed by the addxtlon of an excess of
HCN2°9 : : o

RCHZCo(CN)qaq—"—sRCH; + "Co(CH)Z~ - (131)
(XXVI) ' ;

These reactions are not apparent with the allylcobalt complexes, because of the alter-
native m-allyltetracyanocobaltate(IlI) ion formation (p. 47) and/or decomposition accord-
ing to eqn. 136.

(b) Protonation 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 o-bonded organotransition metal compounds, there is
little evidenrce of direct attack of the proton on the a-carbon of the organic ligand in min-
eral acid solution?®. An exception might be the formation of methane from the reaction
of Me,Co(dotnH) in aqueous acid?3?.

(i) Acid-catalvsed cleavage and solvolysis of 3-hydroxy-, B-alkoxy-. and -acetoxv-ethyl-
cobalt(Ill) complexes. Reaction of f-hydroxy-, §-acetoxy-, or §-alkoxy-e thylcobalt(III)
complexes with mineral acid leads to the formation of ethylene, or a substituted ethylene
and an inorganic cobalt(Ill) complex. Two distinct mechanisms have been postulated for
this reaction: (a) protonation of the $-oxygen followed by a one step reaction>3 in which
there is Synchronous cleavage of the carbon—oxygen and carbon—cobalt bonds (eqn. 132);
and (b) protonation of the 8-oxygen followed by a two step reaction®*® 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 B-substituted ethyl-cobaloximes33:24%, cobalamins®3+!92 and -pen-
tacyanocobaltates''*:*'. However, there seems little doubt that the second (two step)
mechanism operates w1th the cobaloximes??°.

+
RO(H)CHZCHZ(Co) —— ROH + CH,=CH, + (Co)* (132)
RO(H)CHZCH (Co) = ROH + *CH,CH,(Co) —> CH,=CH, + (Co)* (133)
(XXVII)

For example. the methanolysis, ethanolysis, and hydrolysis of B-acetoxyethylpyridineco-
baloximes give good yields of the corresponding §-methoxy-, 8-ethoxy-; and f-hydroxy-
cobaloximes. The kinetics of these reactions (Table 19) are comparable with those of other



TABLE19'

R . ‘7 saIvent I Osk" Tempemture
'(n}CObﬂIDxunes T T T e U
PHCH; | aq ~09b" L H,0 06 . 25 L0235
PRCH, - - ©ag -19s? . H,0 . 1.8 - 25 235
PHCH,- ag . -29% . W0 - 30 25 235
PHCH; ..~ - .. aq . -39 HO 55 . 25 235
PHCH, . caqr . 5P THO 68 .25 235
PRCH, aq -7.6% ‘HO0 1 25 235
‘PRCH; - . aq- -8.8b H,0 15 25 S 235
'AcO.CH,CH, " R -4 ce _EtOH 044 . 25 S 240
S"Deoxyadenasyl . - Py od H,0 220 27 104
(6) Cobamides . ‘ ' e
5"-Deoxyadenosyl- - ) ‘ — . L

* cobalamin o? H,0 74 27 104
‘.(c) Pemacyanacobalrares » : . k B

3HpyCH, -3.1/8 H,0 550 . - 40 45
3HpyCH, ~2.57 H,0 = 520 40 45
3HPyCH, .- - —2.0f H,0 . - . 500 40 . 45
3HPyCH,; —1.5F H,0 .. 330 40 45
“3HpyCH, ~1.0f H,0 -~ 270 40 45
3HpyCH, -07tf . moo 190 40 45
3HpyCH, = . -0  HO 85 . 40 45
4H5ycu o -3.1f H,0 140 40 209
2HPYCH, - -3.1f H.0 15 40 45
»°prCHMe SRR -31f H,0 42 25 114

" Flrst order ra!e coef ﬁc1ems (s“ N funher examples in references
‘ -H,, H,S(L L :
€ In neutral ethano]

diMu. - -

€ AH* =199+ kcal/mol aSt=-182z4eun.
f _m;uc0,. - :

£ AH* "06+ 127 ca]lmol ASt =

-3 +4eun.
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solvolytlca.lly actlve acetates- The exact nature of the mtermedlates 1s uncertam, and the -
reaction may involve the formation of a transxcnt n'complcx XXVlla and/or a cation sta- -
bilised through o—m-conjugation or vertlcal stabxhsatlo 210 (see p.52) as.in XXVIIb and

(Co)%_

CH CH
| .,(Co)‘* ; ’J 2 ,
ch‘—c----- H; = ‘°) _—‘<.—— »‘\guz———cifi"a*uz :
A (xxvub) B (XXVIla) o - (xxvuc)

That free olef‘ n and inorganic, cobalt(l[l) species are not intermediates is apparent from
the ethanolysis of $-acetoxyethyl(pyridine)cobaloxime in the presence of propylene and
the ethanolysis of S-acetoxypropyl(pyridine)cobaloxime in the presence of ethylene, which
give no crossed products. Nor does a- or 3-proton exchange take place with the solvent
when B-acetoxyethyl(pyridine)cobaloxime is solvolysed in *H4-methanol?*°. The forma-
tion of equa} amounts of pyCo{dmgH), CH,CD, OMe and pyCo(dmgH),CD,CH,OMe in
the methanolysis of pyCo(dmgH),CH,CD;0Ac does suggest that a symmetrical interme-
diate is formed at some stage of the reaction (e.g., XXVlIa), and the retention of configur-
ation observad in the benzylolysis of chiral [{(+){S)]-8-methyl-B-acetoxy-ethyl{pyridine)-
cobaloxime shows that the configuration of the B-carbon is held in the cationic interme-
diate2492 ,

The nature of the axial base can have a profound effect on the solvolysis products. For
example, the ethanolysis of g-acetoxyethyl(triphenylphosphine)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, *3. The presence of a
strongly coordinating ligand like cyanide ion would be expected to increase the electron
donating character of the group —CH,Co(dmgH),B thereby stabilising the cationic inter-
mediate XXVII, and it may also increase the electrofugal character of the group
—Co(dmgH), B thereby aiding the formation of ethylene.

In an interesting variation of these solvolyses, the acid-catalysed decomposition of
4-hydroxy-2-butenylpentacyanocobaltate gives butadiene®*, i.c.,

HOCH,CH=CHCH,Co(CN)2~ 1> H,0 + CH,=CHCH=CH, + Co(CN)?~  (134)

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

RCOCHzCo(CN)s“ ;‘f RC(OH)CH,Co(CN)I-— RC(OH)=CH2 + Co(CN)Z~(135)%°
MeCH=CHCH (Co) . MeCHZCHCHZ(Co)—>MeCH2CH—CH2 +(Co)+ o .(136)

(Co) = Co(dmgH),py>> or Co(CN)3~ °
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, ) tlon shown in’ eqn. 135 the ﬁrst formed enol rearranges to the correspondmg -
K ketone. In the. eactlon ‘shown in- eqn. 136, only l-butene is formed in each’ case. It is pos-f :
’ble that thxs is also a result of the preferentral a—n-conjuganon of the B—carbon by ‘the -
?group —CH;(CO) ‘An mterestmg variation of these reactions occurs with the endo-pen~~ -
tacyanocobaltate(l[l) ion XXVIHI, which undergoes an mtramolecular cyclisation reactlon
’(eqn. 137) ln contrast the exo-isomer undergoes the normal cyanrde msemon reactron

(m) Aczd-aatalysed cleavage af the coenz yme and its amlogues As the coenzyme (XIV)
also contams an oxygen on the B-carbon, it is not surpnsmg that an acid-catalysed elimina-
“tion reaction takes placem2 »217,241 The products of this reaction are B, g, ademne, and
-erythro-2,3- dlhydroxy—4~pentenal XXIX (eq- 138). The rate of this reaction (k; =
74X 107 s at 27%in 1M HCl) is less than that for the correspondmg 5" deoxy—
adenosylcobalomme (kl =22X 10'3 Fl R

—Co(CN)5
B “-—_

(CN)5C0

OH OH

. V
—H e B,, + CH,=CHCH(OHICHIOHICHO + A (138

'- é,CDS ‘ ' (XXIX)

XIV: X = O, A = Adenine
XVII: x = CH,, A = Adenine

It is not surprising that this reaction also involves loss of activity as a cofactor, but it is’
mterestmg that the corresponding carbocyclic derivative (XVH; X = CH,) also loses its.
activity as a cofactor in the dioldehydrase reaction (see pp. 98—103) at about the

same rate as the coenzyme in acidic solution?'®_ It is possible that one or both of these
reactions involve attack of acid on the adenine residue.

(iv) Hydrolysis of organic functional groups. In view of the ready loss of the olefin -
: from ﬁ-a]koxycarbonylethylcobalt(l IT) complexes in basic solution, it is more usual to.
‘carry out-the hydrolysis of such esters in acidic solution. For example, both @-and §-
'carboxyethylcobalt(lll) complexes are best prepared via their esters>® because of
' dxfﬁcultres encountered in their direct formation from cobalt species and organic com-
: pounds One of the successful methods used in the synthesrs of the coenzyme from
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cobalt cornnmds and the nucleosxde XXX has mvolvad () protectlon of the 2" and.
3’-hydroxy groups by formation of the 2,3 -lsopropyhdene derivative of the nucléoside
(eq. 139);(ii) formation of the 5'-0-p-toluenesulphonyl derivative; (iii) dlsplacement of
the tosylate group by B,2s;and (iv) acid hydrolysis of the isopropylidene group?”?# 31,
64,124 _Qpe disadvantage of this method is that some cleavage of cobalamin amide groups
may also occur. Alternatively, the 2'- and 3"-hydroxy groups have been protected by
phenvlhoronic acid24%:243_ The formylmethylcobaloxime may also be prepared by acid’

pravday a0 LLL &% . AR LIl alau e o4l

hydrolysis of :the- dlmethyl acetal39 .

- aH OH . o>'< o><o o>< : OH OH
HOCH, © A HOCH, TSOCH o

2 2 2 CH. CHa
(XXX A=uqadenine) l—\ {139)

0

o
{Ts= p-toluenesulphony!) <

N

The hydrolysis of the a-methoxycarbonylalkylcobaloximes is of interest not only be-
cause it is reported that the alkaline hydrolysis does not take place3?, 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 acid?#?, and may therefore involve the corresponding acyl
cation (eq. 140) which may also be stabilised through o--n-conjugation with the group
—CH, Co(dmgH). B

(140)

+
EtOCOCH, Co(dmgH), B &= 0=C*CH, Co(dmgH)zBTHOCOCHo Co(dmgH),B
OEt

0=C*CH,Co(dmgH),B 2%~ HOCOCH, Co(dmgH),B + H* (141)

{c) Reaction with metallic electrophiles

“In contrast to the reactions of the mineral acids, metallic electrophiles-are much more
prone to attack the a-carbon. In many cases this results in a clean displacement of the
cobalt in thé (+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(ll) species.are 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(II) from the reaction of mercury
_(11) chloride with the methylpentacyanocobaltate(lil) ion (eq. 142; R = Me). Subsequent-
ly it was shown that, though mercury(II) chloride and the trichloromercurate(Il) jon =
preferred to attack the a-carbon of the pyridiniomethylpentacyanocobaltate(III) ion (eq
142 R= prCrIz) the attack of the chloromercury(ll) cation, HgCl+ -took place main-
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j_ly at a coordmated cyamde’” W1th the formatlon of the relatlvely unreactwe pyudlmo-

.»methyltetracyanoaquocobaltate(lll) ion. (eq 143). ... : . : g
RCo(CN)s 4 HgCl2 — RHgCl +CI7+ Co(CN)sz’ S ¢ £ 1))
prCHz Co(CN)53f + HgCI"’ ——> prCHz Co(CN)4 aqz' + HgClCN S :_' B -( 143)

' Slmllar dlSpm- sments by the more ‘reactive mercury«(ll) species such as H 2+ take place
at the a-catbon of the alkyl- and aryl-cobaloximes in aqueous solution29%-203 235,235
‘These reactions are sensitive to the concentration of acid present because the conjugate:
acid of the cobaloxxme in which one of the dimethylglyoximinato ligands is protonated,
-is appreciably less reactive than the cobaloxime itself2“®. In that region of acidity where

the unprotonated cobaloxime is the reactive species, the following rate law is obeyed:

d[RHg] /dt=k[RCo(dmgH)zaq1 [Hg**}/(1 + [H'}/K) a4

‘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 organocobaloxlme with Hg?*.

Some values of the rate coefficients are shown in Table 20. These results show that the
displacement is generally slower with the aquo complexes than with those having more
basic axial bases. For example, methylcobalamin is more reactive than methylcobmamlde
202,203 t4ywards mercury(Il) acetate, and methylbis(dimethylglyoximinato)imidazole-
cobalt(III) is more reactive than methylaquobis(dimethylglyoximinato)cobalt(1I[)2%5 -
towards Hg?*. With the higher alkylcobalamins, the mercury(If) species may remove the
‘axial base at a rate comparable with the carbon—cobalt bond cleavage®®>.

The very moderate accelerating effect of electron-donating substituents on the orgamc
ligand on the bimolecular displacement is apparent from the rates of reaction of 4-sub-
stituted benzyl-and phenyl-cobaloximes 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-substituent®352,

Though mercury(T) ions also appear to react with alkylcobaloximes, comparison of the
rate coefficients for this reaction with those for the mercury(II) reactions show that it is
probably the small proportion of mercury(II), in equxhbnum with the mercury(l) which
is the reactlve specu:s246 '

Hg*" = Hg”' +Hg® | . o - (145)

The reacﬂons W1th mercury specles have assumed much importance in recent years be-
cause of the. potential role of methylcobalamin in the formation of methylmercury(ll)
compounds which have been found in high concentrations in certain fish. These fish have
been 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 otganocobalt(I1T) compounds
R : L,,‘ B Reagent 12 T Solvent . Ref.
Me (dmgH), - aq  lig** 65 25 . water? 200
Me (dmgH), aq  Hg** 54 25  water? 235a
Et (dmgH), - aq . Hg®* 0.12 25  water? 206, 235a
n-Pr (dmgH), aq Hg** 0.09 25 water 200, 235a
i-Pr (dmgH), aq Hg** - <7x 10°¢ 25 water 200
i-Bu (dmgH), aq Hg** 0.36 . 25 water 200
PhCH, (dmgH), aq  Hg* 7.5 X 1072 25 . water ¢ 235a,235
4-0,NC,H,CH, = (dmgH), aq  Hg** 6.5 X 1073 25  watsr? 235a
4-FC,H,CH, (d@mgH), aq  Hg** 2.8 % 1072 25  water ¢  235a,235
4-MeOC,H,CH, (dmgH), aq Hg** 11.3X 1072 25  water ? 235a
4-FC,H, (dmgH), aq  Hg? 2.5 % 10 25  water? 235a
4-MeC, H, (dmgH), aq  Hg* 4.5 % 10° 25  water D 235a.
4-MeOC, H, (dmgH), aq  Hg?* 3.0 X 10° 25 water? 235a
C.H; (dmgH), aq Hg?* 40 x 10* 25 water & 235a
Me (dmgH) '

(dmgH,) aq  Hg** <0.6 25  water 200
Mc (dmgBF,), aq  Hg** <35x10* 25 water? 200
Me (dmgH), aq Hg>*9 8% 10-2 25  water € 246
Me (dmgH), py Hg(OAc), 6.6Xx 1072 26  HOAcfag€ 203
Et (dmgH), py Hg(OAc), 7.7x107° 26 HOAc/ag € 203
n-Pr (dmgH), py Hg(OAc), 7.0x10°* 26 HOAcfag€ 203
sec-alkyl (dmgH), py Hg(OAc), <10°° 26 HOAcfaq € 203
Me cobalamin Hg(OAc), 300 26  HOAc/aq€ 203
Et cobalamin Hg(OAc), 1.3x107° 26 . HOAcfaq€ 203
i-Pr cobalamin Hg(OAc), 3.5%x 1073 26 HOAc/ag€® 203
Me cobinamide aq Heg(OAc), 6.4x 107 26 HOAc/aq € 203
Et cobinamide aq Hg(OAc), 5.7%10°° 26  HOAcfaq€ 203
Me cobalamin Hg(OAc), 370 30 aq? 1202
Et cobalamin Hg(OAc), 2x 107! 30 aq? 202
Me cobinamide "aq Hg(OAc), 1.2x 107! 30. aq? 202
CH,=CH cobalamin Hg(OAc), 7x 107! 30 aq? - 202
CH,=CH cobinamide aq Hg(OAc), i.75x 107! 30 aq? 202
5'-Deoxyadenosyl cobalamin Hg(OAC), <1i0°* 30 aq? 202
5'-Deoxyadenosyl ‘cobinamide aq Hg(OAQ), <107% 30 - aq? 202
2HpyCH, (CN), o~  Hge, T 057 25 water € 198
31’!}1)')(CH2 (CN), CN™  HgCl, f ca. S 25 water € 198
4HpyCH, (CN), o Hec, 85 25 water € 198
2HpyCH, (CN), cN  Heay T 0a7 25 water© 198
3HpyCH, (CN), oN Hear S =1 25 water € 198

(Tablc continued)
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: TABLE _be,(continhéd) i

R Ly B Remew K sobvent  Rer

T
4HpyCH, -~ (CN),  .CN" »HgCl,‘f- 24 25 water® . 198
2HPYCH, - (CN), . CN- nayf  sa 25 water® - .198
'4Hgycx-l SNy, o oN el 15T 25 ° water® 198
2HpyCH, .. (CN), . ° CN Tic1, T 33 . - 25 -water® 198
3HpyCH, = CN),  CN Ticy, £ ca. 150 25 water© 198
4HpYCH, .. - (N), . o~ Tic,f 582 25 water© - 198
JHPyCH, Ny, o mef o o031 25 -water € 198
AHpyCH, .  (CN), oN Tici; S 2w 25 - water€ 198
cH, (dmgH), " aq  TI* 1.2 25 ° water? 235a
cH, " (@dmgH), aq  TP* 1.4 - 25 waterb 2352
C,H,CH, .~ (dmgH), -~ aq - TI* 0.7 25 water ? '235a

ap-1.s-t b p=1.0. € u=0.5. d Reaction through He?*. € 0.1M NaOAc buffer. f calculated from
overall rate of reaction of thallium(III) or mercury(ll) species.

Lakes of North America into which flow effluents containing high concentrations of in- °
organic mercury waste?*”. There seems little doubt that methylcobalamin does play a
part in these reactions, because a number of workers have demonstrated both enzyfnic
and non-enzymic formation of methylmercury(II) compounds from methylcobalt(IIT)
species and mercury(If) halides?#%:24° . The most interesting difference between the en-
zymic and most non-enzymic processes seems to be the formation of methylmercury(1i)
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(II) chloride, has been studied in some detail**°.

The reaction is apparently faster in unbuffered solutions and in aqueous sodium chloride,
which suggests that HgCl3 may well be more reactive than HgCl,, as is also found with
some other ¢-bonded organotransition metal compounds?®! . As is usual with such
electrophilic dlsplacementszs2 the monoalkylmercury(1l) species MeHgCl, PhHgCl,
MeOCH, CHZHgBr, PhHgOH, and MeHg-dicyandiamide are less reactive than HgCl, . The 3
rate is also reduced in the presence of thiols, presumably because of the lower reactivity
of mercury(IT) sulphide complexes?53.

However, it is reported that in phosphate buffers?s°:253 under reducing conditions?%*
dimethylmercury is formed prior to the monomethylmercdry_(ll) salt. Similarly, the
enzyme reaction is also believed to give dimethyl- rather than monomethyl-mercury as
the main product??®:25% A direct formation of dimerhylmercury from methylcobalamin
254-255 seems improbable and more work is required to elucidate the mechanism of this
process One factor that may be of partlcular importance in this reaction is the observation

-that under some condmons monoalkylmercury(ll) species, undergo ready symmetnza-
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‘tion°® to give dialkylmercury(II) and inorganic mercury(II) 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 vivo, 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(Il) species are not observed.

. 2RHgX = R,Hg + HgX, R B o 46)

Electrophilic attack of mercury(Il) reagents at unsaturated carbon. Electrophilic dis-
placement of cobalt from vinylcobalt(IIl) compounds is faster than from alkylcobalt(III)
compounds. The reaction of pure cis- and frans-f-styrylcobaloxime with mercury(If)
acetate in acetic acid gives stereospecific formation of the corresponding cis- and trans-f-
styrylmercury(Il) acetate, respectively?57. However, in impure solvents the cis-B-styryl-
cobaloxime gives appreciable quantities of the frans-g-styrylmercury(lIl) acetate. The
reasons for this change are not known, but the incursion of a free radical process cannot
be ruled out.

Ph\ /Co(dm gH), py Ph\ /HgOAc
/C=C\ + Hg(OAc); —— /C=C\ + AcOCo(dmgH), py (147)
H H H H

(ii) Thallium(III) reagents. Thallium(ILI) species, such as TI3*, TICl, TICl5, and TICls~
may also attack the a-carbon of organocobali(I11) compounds by the bimolecular
mechanism!®® . 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-pyridiniomethylpentacyanocobaltate(IIl) ion'®® and methylcobal-
amin®58 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.

Hi;yCHz Co(CN)s3™ + TICl; — Co(CN)s;>" + Cl™ + Hi;yCHz TICl, —

— > HpyCH, Cl + TICI (148)
Mecobalamin + TICl; —— CI™ + B,,,; + MeTICl; —— MeCl + TICI ) (149)
(iii) P[atinum, palladium, gold and cobalt reagents. Pure platinum(IV) chlorides are- '

apparently inert towards alkylcobalt(III) compounds, as are pure platinum(II) halides?58.
However, platinum(IV) halides become reactive in the presence of platinum(Il) halides
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.7 and drsplace the cobalt from methylcobalt(l!l) complexes by a process w}uch obeys the :
r,rate law ofeq 150 and w1th the stoechrometry ofeqn 151. R , L

.,:”—d[Mecobala.mm} Ja = ks [Mecobalamin] [PHIV] [Pt"] - ;'("'1'5'0')'

Methylcobalamm*l-PtW——»MePtW.-'-Blzél ‘ o f.' (151)

A snmlar reactxon stoechromemc in gold(lll) and methylcoba]amm is observed in the

: presence of gold(l)zs 8. As with the thallium(lII) reactions, the observed orgamc product
is the alkyl halide when gold and platinum halides are the reagents. The exact role of the -
platinum and gold species is not known, but it seems likely that coordination of plan-
num(TI) or gold(l) as the axial base, or some other interaction of these species wrth the
cobalt(III) species, ‘would greatly facﬂltate the susceptrbrhty of the methylcobalamm to
electrophilic attack at the a-carbon (eqn. 152). Such a reaction would be comparable with
the activation of electrophilic attack by reduction with dithiols (p. 65). It is also interest-
ing to compare this reaction with the activation of nucleoph;hc attack by oxrdatlon de~
'scribed on p 81. : :

XsPE* -~ Mo

Me(Co)PtX, + PtX5 — (Co)** s (Co)PtX: +MePtX; — PtX, +MeX (152)

PiX,

Organopalladium compounds are believed to be intermediates in the alkylat'ion of
olefins by organocobaloximes in methanol catalysed by palladium(II) saltszs" Some
examples of this reaction are described in Table 21.

TABLE21. v _
Reaction‘ of orgnnocobait(IH) compounds with olefins in the presence of palladium(iI) salts

R A L, B Olefin Ratio Product Yield
T L : R(Co)/olefin/ (%)
PdCl,%~

Me. - (dmgH), ~aq ) styrene ’ 1/4/2 prupenylbenzene 64
Me ) (dmgH), py styrene ' 1/4/3 propen ylbenzene 76
Me (dmgH), - .py 1-octene 1/2/1 2-nonene . . . 20
Me - (@mgH), ' py’ h cyclohexene ) 121 1-methylcyclo- 1
o - E i ) hexene

Me AU salen’” '  qu " styrene L :]/4/2' - propenylbenzené' 41

Ph -‘(dnrgH_);f py. styrene ~ 1/4/2 . transstilbéne 4
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* One other example which apparently involves electrophilic 'atfack of one cobalt(II)
species on the a-carbon of an organocobalt([[[)’compound is of particular interest and - E
merits further study. Thus, several aquocobalt(Iil) chelate species react slowly with _
methylcobalt(l ID)-chelate species, with transfer of the methyl group from-one cobalt to -
the other (egs. 153—155)26!. Irrespectwe 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 cobait(I) from alkylcobalt(III) compounds by the corresponding cobalt(l) -
chelates, and the reported exchange of methyl groups between cobalt(lI) chelates and
alkylcobalt(Ill) 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)aqt == MeCo(salen)aq + Co(acacen)aq ( 153)

MeCo(salen)aq + Co(dotnH)aq®>* === MeCo(dotnH)aq" + Co(salen)aq* (154)

MeCo(salphen)aq + cobalamin-aq === Mecobalamin + Co(salphen)ag* (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 comespond-
ing aldoximes on reactions with benzyl- and pyridiniomethyl-pentacyanocobaltates®'®
(eq. 156). The reactions obey the rate law shown in eq. 157.

ArCH, Co(CN)s® + NOX —> Co(CN)s®™ + X~ + ArCH, NO —> ArCH=NOH  (156)
(Ar = Ph, Hpy"; X = CL, H, 0")
—d [ArCHzCo(CN)53'] /dt = [ArCH, Co(CN)s37] [HNO, ] [H'] (k5 + ka4 [c1 DS

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®®. On the other hand, the reaction of 5'-deoxy-
adenosylcobalamin with nitrous acid causes diazotisation of the amino group of the
adenine with the formation of the corresponding hypoxanthene derivative®??.

* The reaction of nitrosyl sulphuric acid with benzylcobaloxime does not proceed via an
electrophilic attack on the a-carbon, instead it behaves as an oxidising agent as described
for halogens on p. 81. Nitrosyl chloride also reacts as an oxidising agent with benzyl-and
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'ﬁalkyl-cohaloxures to g1ve rmxtures of products whrch mclude the alkyl mtrate a.nd the

(e) I{alogenarton o T S Coe ‘

> The reactions of organocobalt(l’ll) compounds W1th the halogens have not been studred
,,m as much detail ; as those described above; but the initial results show that they are more-
comph..ated and more mterestmg than was expected. Two features stand out: ﬁrst ‘that -
the reactions frequently give a variety of products!8:262, secondly, that the alkyl halide
may be formed: predommantly by a process which mvolves inversion of conﬁgurauon
fat the a- carbon“"3 2109 Jegr : :

-(+)-C6H13CHMeCo(dmgH)2 Y +Br2 ——)R (=) C6H13CHMeBr+ -

' + BrCo(dmgH)z py + C6 H, 3CI-1BrCH2 Br + Cs Hy, CHBrCHMeBr v o (158)
By + N;owmgmzw = 2 » ar/m/a— + BrColdmgH),py - (159)
- Br : N . : S ’ R

Two eAprarrations have been put forward for the inversion of configuration at the -
a-carbon in these reactions. (i) That direct electrophilic substitution (eq. 160) may occur:
with either retention or inversion of configuration, depending upon the size and char-
acter of the incoming and outgoing electrophiles!®® (shown here with inversion of con-
figuration). (ii) That the elec':trophilic:attack takes place at the metal or at other ligands -
on the metal, thereby oxidising the complex such that attack at the a-carbon is a sub-
sequent nucleophilic reaction with bromide ion or other nucleophilic species present in
the solution (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 addmonal consequences » : : ’

Me . . Me Me - ;
LN R g s
x; + _,C——(_Co) .| K ==t e K== C~—=-{CO) ) m——— T+ x——-—c_‘ “ + (ca)i»
g f o : N o \ CaMyy o
L ‘ S - 160}
Me o T e Ll o e o mel
HomC——(Co) + Br,~— = HmC——(COEF + BF e |83 Ceicorerd® | e Br—CaH + (ColBr

o - : :L oGP T :_H CeHs } o S
ST ,' - SR o E . ‘hsn .
Though 1t is possrb]e that each mechamsm may: operate in approprrate cases, several
factors favour the' attack of. the: halogen on other than the a-carbon. (a) The low yrelds of
alkyl ha]rdes that are formed in.many reac tlons Thus, the reactlon between sec—octyl-
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- »cobalonme and bromme in acetlc ac1d gwes only about a 30%. yzeld of sec~0ctyl bromlde

: _Vzrvtogether with mainly the dibromides of 1-octene and 2-octene®°%:262. The latter would -
o be expected if the solvent is sufﬁclently basic to assist in the removal of a g-proton from -
.7 the sec—octyl group with synchronous dlsplacement of the enhanced nucleofugal cobalt

- (eg., eq. 162) The octenes formed would immediately be brominated in the presence of
*-an excess of bromine to form the observed octene dibromides®®>.

- (b)The reaction of electrophiles with benzylcobaloximes in the presence of added
_'nucleophiles results in the formation of the benzy) derivatives of the nucleophiles as well
as of the el_ecirophiles. For example, the reaction of benzylcobaloxime with iodine
chloride in the presence of added chloride ion gives mainly benzyl chloride together with
the O-benzyl ether of dimethylglyoxime, but little benzyl iodide. This reaction is not due
to the presence of the more reactive chlorine, because a chiorine scavenger such as anisole
is recovered unchanged at the end of the reaction®%2.

-+
) CeH13 s: ".‘6 .
S: + CHy—— CamH —_—— : S C ] e CH==CHCgH,
+> CHZ _____ C e H .
(Coyer i 4(CoIBr + sH* (162)
corarb+

PhCH, Co(dmgH),aq + X, % PhCH, X + PhCH, Cl + PhCH, dmgH +
+ XCo(dmgH), aq (163)

(c¢) Still further support for an oxidatively induced nucleophilic substitution mechanism
for halogenation comes from the reaction of the hexachloroiridate(1V) ion with benzyl-
cobaloxime in the presence of halide ion. The transient benzylcobalt(IV) compound?64
(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 IrCl¢®™ and by ICl, in the presence of chloride ion, are almost identical.
Still more convincing is the fact that (§)-(+)-sec-octylcobaloxime reacts with IrCl¢®” in
the presence of bromide ion (ZM) to give (R)-(—)-sec-octyl bromide in 37% yield; i.e.,
with inversion of configuration observed in all §)y2 reacuons and in the brommatlon of -
the same substrate : :

PhCH, Coltl(dmgH), aq + IrCl> [PhCHz oIV(dmgH)2 aq]+ + IrC15 . (164)
[PhCHz\,ow(dmgH)g aq)* + X~ —> PhCH, X + Co"(dmgH)z aq ~(6s)

) Th,ev charactér of the halogenations may also be parﬁcularly solvent dependg:ht, For
example, in methylene chloride, the absence of an appropriate base m'ay mean that the
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’product alkyl hahde is' accompamed by httle ehmmatlon The reactxon of cyclohexyl—(py— o
‘ndme)cobalox_lme with bromine in- methylene chlonde is reported to give largely cyclo-
“hexyl bromide and urichanged cyclohexylcobalo;ume‘“ In trifluoroacetic acid on the
: other hand the solvent is sufficiently nucleophxhc that some alkyl mﬂuoroacetate 1s
.found m the reacuon productszﬁ2 s : — s

Methylenembalt(][[ } groups as substztuents in aromatic mbstltutlon In the reactlon of '
benzyl- and substituted benzyl-cobaloximes with halogens, the course of the reaction -
is also influenced by competmon between the cleavage reaction described above and
electrophlhc substitution in the aromatic ring. Benzylcobaloxime in acetic acid under-
goes almost complete carbon—cobalt bond fission in the reaction with dilute halogen
solutionsS .:However, meta-methylbéenzylcobaloxime, in which the aromatic ring is
‘activated by both the methyl group and the group —CH,Co(dmgH), py, undergoes appre-
ciable ring bromination prior to carbon—cobalt bond fission in acetic acid (eq. 166). In
the bromination of ihe meta-xylylenedicobaloxime XXXI which has two activating
CH, Co(dmgH), py groups, appremable dibromination precedes the carbon—cobalt bond
. fission (eq. 167)

AcOH . N
. Qc”zc“""‘g"’z"y t Xy Q_Cm»x + x@)—cuzx 1166)
(x=Br,Cn

Me : Me
Ch,CotdmgH),py

AcOH
+ Xz < ) < > (167)

CH Co(amgH),py
{(X=8r,C1

(XXX1)

In all cases in which the reagent is iodinz, 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 dimethylglyoxime are also obtained. Competition
reactions, in which a mixture of a substituted benzylcobaloxime and the corresponding
toluene are allowed to react with a limited quantity of bromine or chlorine, show that the
ring substitution is activated more by the group —CH;Co(dmgH),B than by the methyl
group, particularly in positions ortho and para to that group. This is further evidence for
the o—mn-conjugation interaction between the metal and the ring.

Protonanon of the dimethylglyoxime ligands reduces the rate of carbon—cobalt bond
,cleavage more than it reduces the rate of ring halogenation such that, in 20—60% sulphuric
~‘acid where the monoprotonated benzylcobaloxime is the reactive species, ring substitution
and (.arbon—-cobalt bond cleavage proceed at almost equal rates?®. In more concentrated
. jsulphunc acxd where the dnprotonated benzylcobaloxxme is the reactlve species, ring
::subsututxon pregends carbon—coball bond cleavage (eq. 170) ‘ :
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PhCHzCo(dmgH)zB +Br, —PhCH, Br+BrCo(dmgH)z ey
- [PhCH, Co(dmgH)(dmgH‘ Yaql* + Bra —> BrCoH,CH; Br + CoHyt cnz Br. |
+Br(Co) (169)

 [PhCH, Co(dmgH, ), 3q)2* + Bro —» BrCeHaCH, Br + Br(Co) {170)

‘Halogenation of the cobalamins may also take place at sites other than the cobalt—

‘carbon bond and without cleavage of that bond. For example, methylcobalamin reacts
with V- bromosuccmxmxde in glacial acetic acid to give 88% methyl(1 O-bromo)cobalamm
and 12% of the methylcoba]a_mm derivative having a lactone on ring B. In aqueous acetic’
acid, the proportion of the lactone is higher®*. Chlorination of methylcobalamin with
chloramine-T gives the 10-chloro derivative. In contrast to the 10-bromo derivative, the
10-chloro derivative cannot be dehalogenated by treatment with sodium borohydride.
Aerobic iodination of methylcobalamin in methanol in the dark gives iodocobalamin and
5'"-iodo-5'-deoxyadenosine?¢¢. The corresponding 2',3"-isopropylidene-5'-deoxyadenosyl-
cobalamin reacts with iodine in the dark to give 2',3"-isopropylidene-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 XXXII and another cyclic species XXXIII are formed?%.
The latter probably arises by cyclisation of the intermediate organic radical.

NH NH2 -
> T
: CH,
kﬁ NP
] o
o o
Y
Mez

(XXX (XXX

Reaction of halogen with unsaturated organocobalt(Ill) compounds. The reactions of
cis- and trans-3-styryl(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(II) species (p. .
77)?57:267_ As the yield is quantitative and the cis-B-styrylcobaloxime may be prepared
stereospecifically in reasonable yield from phenyl acetylene, this reaction p’rovidés a’
convenient synthesis of stereochemically pure cis-g-halogenostyrenes.
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--+'x'2 SSA c—c +XCo(dmgH)2py Ceoam

(X Cl Br I)

Thls reacnon is, however not mdlcatwe of the mechamsm as both nucleOphxhc and
electrOphxhc cleavage of vmyl—metal compounds are expected to proceed with retentlon
of conﬁguratlon with or w1thout some loss of stereospecificity. A number of other sub- R
shtuted vmylcobaloxunes do show a consuierable loss of stereospecxﬁcxty dunng the
,cleavage thh halogens*s" ' :

(111} quol)‘zfi‘cv reactions . ‘

Homolytic cleavage of the carbon—cobalt.bond occurs under a variety of conditions,
_notably on electrolytlc reduction, on oxidation, on heating, and on irradiation. - -

{a) Photolyszs .

The instability of the coenzyme in the presence of hght was one of the factors whxch
-complicated the problem of its purifications and identification®®®. As with the majority
of organocobalt(I1l) 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 procesS 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 lS some uncertainty about the nature of the activation process. The aerobic
photolysis of methylcobalamin is reported?¢? to have a high quantum yield (0.2—0.5)
‘at wavelengths in the region 490—550 nm, and to be due to 71— -transitions of the cor-
rinoid ring. o—n-Transitions have also been invoked®® . However, the quantum yields
in the photolysis of the alkylcobaloximes are much lower in the region 400—475 mm
The minimum threshold energy in the photolysis of the alkylcobaloximes coincides with
what is believed to be the carbon—cobalt charge transfer g—¢" -transition, indicating
that the carbon—cobalt excitation occurs by transfer of a ligand electron to the metal. -
The rates of most of :hese reactions are increased by the presence of oxygen, though that
of the coenzyme is not>™. This isa result of the competition between rapid recombina-
tion ‘qfini_tially,fdriﬁed,radical fragments, reaction of radical fragments with other re-.
agents, and 'recombination of r'adical fragments after ‘intramolecular rearrangement.
'Photolysxs of the coenzyme gives-the organic radical (XXXIV)”‘ which, in the absence
‘of oxygen cyclises to the nucleoside (XXXV)27:2!7 (termed nucleoside A or peak 2 in
the early work prior to its identification)?!7-272 and in the presence of oxygen gives the

65



' ORGANIC COMPOUNDS OF COBALT(ID - o .. 85"

.- OH- OH

o B

NH .

XXXV : X=CHO “73)
(XXXVID): X=CO,R

7 . N 4+ (CoY ——= (COH .+ XEXY  (174)
CH2—7< l W
N
-H N 7 OH OH
NHz
(XX

o
HoON_ o
CHy~— Y
H =N
Hoom
(XXXIX)

aldehydic (XXXV[)273 »27% or acidic (XXXVIN)?!7 nucleoside depending upon the
degree of oxidation.

An interesting feature of the cychsanon reaction is the loss of the heteroaromatic hydro-
gen atom. It seems probable that this is removed from a cyclic radical intermediate
(XXXVIII) by the cobalt(II) fragment, though no* ..:>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 initially formed radical rearranges first to a cyclic nucleoside
which is then reduced to the dihydro derivative (XXXIX)?'® 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 photolyms of other alkylcobalamms in the presence of
methyl 1od1de2 s : :
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S Another mterestmg reactlon w}uch appears to mvolve hydxogen abstractlon occurs in

-the photolysis of the coenzyme in the presence of a thiol such as homocysteme or. '

cysteme229 1230,276 _The mtermedlate alkyl radical would be expected to abstract a hydro-

gen atom from: the thlol yet ‘the product is the corresponding thioether; S-adenosyl- :

: homocysteme (42% yield) or S-adenosylcysteme2'“S respectively. Similarly, the photo—
lysis of methylcobalamm in the presence of homocysteine gives methionine in 58%
“yield®?S. This suggests two possible mechanisms; either (i) the hydrogen abstraction from
‘the thxol may be perfoxmed by the cobait fragment rather than by the orgamc radmal or
(ii) the reaction may be a photochemically mduce_d nucleophlhc displacement of cobalt(I)
'by the attack of the sulphur nucleophile on the a-carb on of the photoéhemically activated
-organocobalt compound. Such a reaction would be analogous to the oxidatively induced
nucleophlhc displacements by even weak nucleophiles like chloride ion, p. 81.
. Hydrogen abstraction from the organic fragment (cf., eqn. 39; p. 20) appears to control
"the formation of ethylene?9%-277,278 following the production of the ethyl radical on
photolysis of several ethylcobalt([l[) complexes The observation that some deuterated

- ethylene is present in the product formed from the photolysis of ethylcobalt(1Il) com-
pounds in D, O suggests that the hydrogen abstraction is reversible (eq. 175)%7 ..

C2H;s (Co) = C, Hs™ + (Co)” = (Co)H + C, Hy _ (175)

Higher alkylcobalt(11I) compounds also lose the f-hydrogen and give olefinic products,
but in the photolysis of methylcobalt(1il) compounds?®%:21:275,276,277 thare js no
available g-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 ligands. Thus, the
methane formed from the photolysis of methylcobalamin in D, O gives 66% CH,D and
34% CH, 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 '*CHj;cobalamin??” and 2H;Ccobalamin®’ and 2H;Ccobaloxime®? in
D, O and in H; O indicates that, though most of the ethane formed in the reaction arises
from the dimerisation of methyl radicals formed by direct fission of the carbon—cobalt -
bond, a small proportion arises by dimerisation of methyl radicals, some of which come
from the equatorial llgands It is unlikely, in view of the absence of known free radical
displacements at saturated carbon???, that such products come from a direct attack of -
methyl radicals on the equatorial methyl groups. It scems more likely that some homolytlc
dxssocmnon of-carbon—methyl bonds takes place in the cobalt(Il) fragment. :

There are a number of other interesting: reactions of the subsututed.alkylcobalamins
which occur on photolysis, but which have not been investigated in detail. For example;
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TABLE 22

'Kinc_tics of photolysis of orgzmocobhlt(lll_) compounds 4
R L, B __ Conditions - 103k b " Ref.
Me =~ -~ = (dmgH), - aq : 300W, absorbance 21 65
. s ) < 0.2 o ) : s i
Et : (amgH); “aq - 300W, absorbance 5.8 65
. ) B <0.35 ) '
i-Bu (dmgH), aq 300W, absorbance 56 . 65
<0.5 ‘
Me (dmgH), py . 300W, absorbance 1.7 65
<05 )
Me (dmgH), CN~ 300W, absorbance 0.2 65
o , <05
Et (dmgH), CN-~ 300W, absorbance 1.2 . 65
. <0.5
Et (dmgH), py 300W, absorbance 3.5 65
<05
Et cobinamide py 300W, absorbance 10.8 65
: <0.5 : .
Me cobinamide aq 300W, absorbance 12.1 65
= 0.5
Me cobalamin 300W, absorbance 43 65
<0.5
Me (dpgH), aq 300W, absorbance 5.8 65
<05
Me cobinamide = aq : 200W, 60 cm 1.01 ¢ 191
Me cobinamide CN~ 200w, 60 cm 2.1 191
Me cobinamide imidazole 200V, 60 cm 0.55 191
Me cobalamin 200W, 60 cm 0949 191
Me cobalamin 200W, 60 cm 125¢€ 191
HO,CCH, cobalamin 200W, 45 cm 32 192
MeO,CCH, cobalamin 200W, 45 cm 45 192
HO,CCH,CH, cobalamin 200W, 45 cm 27 192
NCCH,CH, cobalamin 200W, 45 cm 36 192
HOCH,CH, cobalamin 200W, 45 cm 36 192
Me cobalamin 200W, 45 cm 19 192

@ Qther rate coefficients in references. ? s~ . € pH 1-8.9pHi 1. © pH 8.

photolysis of a-carboxymethyicobalamin?2® 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 ﬁ-dxhydroxypropyl-
'cobalamm gives glycerol?3°%,
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Other molecules which serve as radicab tréps?81-282 or sources of hydrogen atoms also
have an effect on the rate and 15roduct proportions of the photolysis. Thus, isopropanol, -
from which the a-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 radlcal it seemns possible that abstraction may also take place by the fresh five-
coordinate morgamc 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 MeOCOCoL,, B! 7:18:2837285 ¢ g .

Me, CHOH

- Mecobalamin = B,,,; + -CHj3 CH, +Me, COH ‘ (176)

The rates of photolysis®>'1?2 depend upon the nature of the organic group, the axial
base, and the equatorial ligands. Some examples of the relative 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. In particular, the cobalamins and
cobinamides photolyse about ten times more readily than the cobaloximes; secondary
alkylcobalt(1II) compounds photolyse more readily than primary alkylcobalt(III) com-
pounds. and the methylcobaloximes 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 alkylcobalt(III) complexes also undergo photolysis, though few reactions
have been studied in detail?®52, Hydroxyethyl radicals from the photolysis of g-hydroxy-
ethylCo(aetpor)?®6 undergo the expected hydrogen atom transfer to give acetaldehyde,
and this reaction has been compared with possible steps in the dioldehydrase reactions
(p. 101). An unusual reaction involves the formation of chlorocarbene in the photolysis
of monochloromethylcobalamin impregnated in polystyrene®%%2

(b) Thermolysis

Most organocobalt(IIl) compounds decompose on heating without melting. The
decomposition temperature depends upon the nature of the organic group; in general,
the more stable the incipient organic radical, the lower the decomposition temyerature®®
For example, a-phenylethylcobaloxime decomposes at ca. 90; but the §-phenylethyl-
cobaloxime decomposes at ca. 1757 The principal organic product is styrene and the in-
organic product from the former is the hydridocobalt(IIT) species. Hydridotriphenyl-
phosphinebis{dimethylglyoximato)cobalt(III) is formed as a solid on pyrolysis in vacuo of
B-cyanoethylbis(dimethylglyoximato)triphenylphosphinecobalt(II1)**. The organic .
products from such reactions are usually the corresponding olefin or substituted alkane,
depending upon whether there is a 8-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 vicuo at 200° gives a quantitative
yield of Col!(salen)!”.

py(dmgH), CoCH, CH, CH, Co(dmgH), py —> 2Co(dmgH), py + (CH, )5 a77)
XL) - ’

Thermolysis may also be induced at low temperatures by chemical reaction. For
example, the protonation, particularly the diprotonation of benzylbis(dim-thylglyoximato)-
pyridinecobalt(III) greatly increases the rate of homolysis in solution at room tempera-
ture (cf. p. 66)33% 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(11)29%-235-2353 504 halogens?%3.

An interesting method of studying the homolysis of the carbon-—cobait bond of alkyl-
cobalamins has been developed by synthesising compounds with spin-labelled alkylsub-
stituents (e.g. XL1)?87 and with a nitroxyl compound as the axial base?373, and using

these as probes for electron spin resonance studies.

o—n NHCOCH;cobalamin
(XLI)

(c) Chemical oxidation

Oxidation of organocobalt(Il) compounds can be achieved by a variety of oxidants
264,264a 4 give the corresponding organocobalt(IV) compounds which may decompose
homolytically?%*. 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 benzylcobaloximes is enormous, with
> 10° fold difference between 4-MeO- and 4-NO;-benzyl cobaloxime. Protonation of the
equatorial ligand also causes a very large drop in the rate of electron transfer, such that
a rate expression of the form shown in eq. 144 (with {IrCl¢* }in place of [Hg**]) is
apprbpn‘ate. 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 O-benzyl ether of di-
methylglyoxime (eq. 178). When an excess 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).

[PhCH, Co(dmgH), aq]* — PhCH, dmgH + Co?* + dmgH, (178)
[PhCH, Co(dmgH),aq]* — PhCH, + [Co(dmgH),aq]™ (179)



. 'D.DODD; M.D. JOHNSON. -

PhCHz

+Hzo+rrc16 '__>phcn2 H+H’+IrCl Fol e (180)

r(d} Polarographzc reductzon and oxzdatzon . : : : : : :
Much useful mformatlon has been provrded by polarographlc studres ‘of organocobalt
(Il[) compounds Detaﬂed companson of different sets of data are difficult because of the -
}vanety of condmons used but broad compansons about the ease of reductron of the '
',_several cobalt—chelate systems may be drawn o ;
7 In'most’ cases, several one—electron transfer steps are observed in the reductlon process
'_correspondlng to the reduction of the organocobalt([ll) nompound to the organocobalt(l)'
»compound via the organocobalt(II) compound In some cases, dependmg upon the con-
-ditions used, only a single two-electron reduction is observed. For example, in 0.1M "
_aqueous potassxum sulphate solution at 25°, drlute solunons of alkylcobaloxrmes show a
Asmgle rrreversrble wzwe288 due to the reducnon :

.MeCo(dmgH)ZB+2e——»MeCol(dmgH)ZB2" S o (181)

Whereas in acetonitrile most of the same compounds show two or more waves' '8, the
first two being due to the reduction to the cobali(l) 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, organocobalt(1I) 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

phenleo(doth)"’ complexes are readily reduced to observable cobalt(I) species?®2:299
291 ,eg.:
7 PhCo(salen) = PhCo"(salen)"' = PhCoItsalen)z' (182)
‘PhCo(dotnH)T == PhCol{dotnH) = PhCol(dotnH)™~ : : (183)
(XLun oLy .

The phenylcobalt(I) species (XLII) is stable for several hours and may be reoxidised to
the cobalt(I1I) species (XLIII). The corresponding methylcobalt(I1)(dotnH) and methyl-
cobalt(I)(dotnH)™ species are less stable, though some reactions of the latter, and of
MeCo(salen) ™, have been characterised. For example, MeCo(salen)~ decomposes accord-
ing to eq- 184, and the cobalt(III) species MeCo(dotnH)* reacts with the cobait(l) species
MeCof doth) in aqueous solutron to give the novel dimethylcobalt(Ill) compound
f XLI\/”" (eq 185)

MeCo"(salen)‘———> Me- +Co‘(salen) - , (184)
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MeCo‘(doth) + MeCom(doth)"' - Me2Com(doth) + Col(dotnl-l) ',_' (1»85');_'—,1
XLV). . (XLVD) (XuV) - . (XLVID) o

‘The mechanism of reaction 185 might involve a n'ucleophilicvattack of the cobalt(l)
species XLV on the methyl group of the methylcobalt(HI) species XLVI with the dis- -
placement of the cobalt(l) species XLVII (cf. p. 61) or it might involve an electrophilic
attack of the cobalt(IIl) species XLVI on the methyl group of the cobalt(I) species XLV
(¢f. 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(l) species such as XLV decompose in protic solvents,
by electrophilic attack at the 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)?™ + H, O —> CH, + Co(salen)™ + OH™ (186)

For many organocobalt compounds, the half-wave potentials for the first stage of the
reduction [Ey ;(I); for Colll_Col] tends to parallel that for the second stage of the .
reduction [E} j,(IT); for Co!l—Co!]. They are both very sensitive to changes in the
equatorial ligand. For example, the ease of reduction [E} ()] increases in the following
order: (all in dimethylformamide, relative to SCE)?8%:291 EtCo(acacen)(—1.97V) <
EtCo(Me, -salen)(—1.80V) < EtCo(salenO(—1.71V) < EtCo(salphen)(—1.54V) < 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(dimethylglyoximato)
cobalt(lil) 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 (AE 1 /2) 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(11I) 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 [E} /5(I)] of RCo(salen) and [RCo
(dotnH)]* is an inverse linear function of the acidity of the parent hydrocarbon, i.c.
291,292 ; EtCofchelate)) MeCo(chelate)) PhCo(chelate)) PhCH, Co(chelate). In most cases,
the-increase in-the ease of reduction of the several 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 compounds?89:299-291 _[¢ 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

289,
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'.'TABLE 23

y Kmehcs of reactmn of organoaquocobalox.lms wnth the hexachloromdate (IV) jon at 25° andu =1 O ;
.maqueous solt.tlon"‘ - - o

0 e R
Bt 2

‘nPr . 2
#Pr. . 0 Tgx 10t
PRCH;- . 7 8x10°
4MeOC,H,CH, = 4% 108
"4MeC,H;CH, ~~ - - - . 2X10° -
4FC,H,CH,” S 15 % 10°
4-O,NC,H,CH, a2
aM-:,'s-x.

oxidise. Much less is known about the polarographic oxidation of orgar- .obalt(11I) com-
pounds, though it has been observed?®? that, just as the difference between the first
reduction potennal and. the second reduction potential for ethylcobalt(III) compounds
containing a variety of equatorial ligands is approximately constant [i.e., Ey 5 () —

E, /2(II) ca. 0.45V] so the difference between the first ox1dat10n potential and the ﬁrst
reduction potential is also constant [Ze., Eyjy(0xX)—E} j(I) = ¢a. 2.28V].

The products from the decomposition of reduced cobalamins are rather difficult to-
determine®¥:2%3 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 compariscn should be restricted to within any one -
particular set. The interesting features that emerge are (i) the high value of £} j2(1D) for
vinylcobalamin, and (ii) the influence of ionisation and protonation, respectively, on the
half wave potenﬁals for the carboxyl- and aminoethyl-cobalamins.

(e)Miscellaneous free mdzcal reacnons

-One of the problems in the study of the chemistry of the organic compounds of cobalt
(III) is that free radical reactions are liable to intrude under almost any circumstances,
whether as a side reaction orasthe predonunant reaction. For example, in the oxidation
of formaldehyde 194 and in the decomposition of formic acid?®® catalysed by organo-
cobalt(l[l) compounds free radical reactions are believed to dormnate In halogenation
though the main reactions appear to be either electrophilic or nucleophilic, it is very -
,dlfﬁcult to rule out at Ieast pamal free radlcal reacuons of the type

,RCo(chelatev)'fl-.Br.'.r_-;-‘ [RCo(chelate)Br]' o SR -‘ o L. (187)
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[Rt‘o(chelate)Br] - R +Co(chelate)Br : - .- (188)
R +Br, >RBr+Br' - . . (189)

Indeed the slight loss in stereospecificity in the halogenation ot opncally active organo- ’
cobalt(lll) compounds may be due to the intrusion of such a process!®®.

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 poses. Thus, on mixing MeCo(acacen) with Coll(F-acacen), the equilibrium between
these two species and those formed by transfer of a methy! radical from one to the other
(eq. 190) is complete within ca. 2 min at 0° in dimethyl sulphoxide?®”. A similar rapid
exchange occurs with the ethyl derivatives. :

RCo(acacen) + ‘Co(F-acacen) = RCo(F-acacen) + -Co(acacen) (R=Me, Et) (190)

*(Co)+R(Co’) == [5°(Co)-----R----C0")5"] == (Co)R + (Co")’ (191)

If this reaction proceeds by a direct homolytic attack of the inorganic cobalt(1l)
species on the methy! 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(1) species. For example, bis(cyclo-
hexanedionedioximato)pyridinecobalt(Il) reacts with methylbis(dimethylglyoximato) .
pyridinecobalt(III) 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(II) species are largely disproportionated to a mixture of the
cobali(I) and cobalt(1II) species and it is the former which is the reactive species. Con-
sequently the rate sequence: Me ) Et ) n-octyl » isobutyl ~ sec-octyl is the same as is ob-
served in the nucledphjlic 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(Il) species which has been con-
verted into the reactive cobalt(I) species.

MeCo(dmgH), py + -Coll(c-hgH), py == MeCo(c-hgH), py + -Coll(dmgH), py (192)

2 CO"(xgH)z py =—== [Col(xgH), py] — + [Colll(xgH),py]* x=dm,ch (193)
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; ‘ - Sqlven_t ... Ref.
N/
".Me(.o(dmgH) aq . 7—1.’7b 2425 .. - _.MeCN o s ]
‘MeColdmgH);py . —1.75” - 2445 3015 IMecNT - u8
"MeCo(dmgH) PPh,. C2a2be T Y iMeeN 8
MeCo(dmgH)aq B —126¢ H.0/0.1MK,S0, . 28%
MeCo(dmgH).nxcotinamlde' e S -1.28¢ - H,0/0.1MK,SO, 288
MeCo(dmgH), -p-toluidine -1.28¢ " H,0/0.1MK,S0, 288
.MeCo(dmgH),py o =1.31€¢ - H,0/0.1M K,SO,  .28%
MeCo(dmgH), 4-Mepy -1.33¢ H,0/0.1M K, SO, 285
MeCo(dmgH), imidazole T -140€¢ H,0/0.1M K,SO, - 282
Mecobalamin. —1.20°¢ H,0/0.1M K, SO, 288
EtCo(dmgH),py ~131¢ H,0/0.I1MK,SO, = 2883
#PrCo(dmgH),py -1.30°€ H,0/0.1M K, SO, 288
MeCH(OH)CH \,o(dmgH),py —1.24¢ H,0/0.1M XSO, 288
PhCH Co(dmcH),py _ —1.20¢ H,0/0.1MK,SO, - 288
MeCo(domH)dmf" - —0.86 ~1.44 " —2.059 - dmf/0.2M Et,NCIO, € 291
. MeCo(dotnH)Me —2.05 . “dmf/0.2M Et,NCIO, € 25
MeCo(salen)dmf —1.57 217 —2.26 amf/0.2M Et,NCIO, € 291
- PhCo(salen)dmf S.-1.42 —2:11 © 2225 dmf/0.2M Et,NCIO, ¢ 291
'EtCo(salen)dmf" S R -227 ' dmf/0.2M Et,NCIO, € 290
PhCH, Co(salen)dmf —1.25 ~2.08 dmf/0.2M Et,NCIO, € 290
EtCo(dotnH)dmf* -0.93 : dmf/0.2M Et,NCIO, € 290
PhCo(dotnH)dmf™ . -~0.83 . -0.93 dmf/0.2M Et,NCIO; € 290
PhCH,Co(dotnH)dmf*.  —0.74 1 —1.44 dmf£/0.2M Et,NCIO, €290
CH,=CHCo(salen)dmf T -154 ' ~ dmf/0.2M Et, NCIO, € 290
.CH 'CHCO(77-Me-salen)dmf —~1.59 dmf/0.2M Et,NCIO, € 290
CH,-CHCo(ac.men)dmf C-1.77 - dmf/0.2M Et, NCIO, € 290
] Mecobalamm ) ' ~1.39°¢ H,0/0.1M K, SO, f 293
“Mecobalamin —155¢ H,0/0.IMK,S0, /294
Etcobalamin -1.37¢ 'H,0/0.1M K50, 293
Etcobalamin: -1.37°¢ H,0/0.1MK,s0, f 293
HOCH, CH, cobalimin - —1.39°¢ H,0/0.1MK,s0,7 293
 MeOCH,CH, cobalamin ~1.38¢ -~ H,0/0.1MK,S0, T 293
-CH,=CHcobalamin - - —-1.53°¢ H,0/0.1MK,50,f 293
© 5'-Deoxyadenosylcobalamin . ~1.37¢ H,0/0.1M K.S0, [~ 293
.H.NCH,CH, cobalamin ~1.35°¢ “H,0/0.1MK,80, T - 293"
. H,NCH, CH; cobalamin -1.52€ H,0/0.1M K,S0, /- 294
70, CCH, cobalamin . -1.40°¢ - H,0/0.1MK.S0,/ 293
‘ . —0.84°€ 'H,0/0.1MK,50, 203

'-'i102CCH ;cobalamin

(Table co:z(tnzéed}
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. TABLE 24 (continied) " -

Co;mpouﬁd . o FEl/é(V) . o el e SaIve_iz't: . o Av-RéfZ:,_
o ar

MeO, CCH, cobalamin 114 H,0/0.1MK,50, f. 293

'Mecobmamlde -aq - B O FARREE I L . H,0/0.IMK,50,f 293

Mecobmamlde-u'mdazole -1.19 ‘ H,0/0.1M K, SO, f 293

MecobinamideCN~ ~  -1.25 : : H,0/0.1M K,50, 7 - 293

§'-Deoxyadenosyleobinamide —1.30° : . . H,0/0: IMK so. S 204

4 ys. SCE at 25°, except where stated. D vs.. Ag/AgNO, (0.1M) electrode. € 2-Electron reductions.
Due to MeCo(dotnH)Me formation, see next line. € At 0°; dmf = dimethylformamide. I At 200,

(1V} Insertion reactions

{a) Oxygen. »

Organocobaloximes undergo both photochemical and thermal insertion of oxygen.
Thus, on irradiation of a solution of a simple alkylcobaloxime in the presence of oxygen,
a peroxyalkyl product is formed in which the ' H NMR of the a-proton is some 1—2 ppm
lower than in the substrate?®®. For example, the a-proton resonance of benzylcobaloxime
and of benzylperoxycobaloxime are at 77.15 and 5.70 respectively. The mechanism of
the reaction is not known, but it is believad that the axial base ligand is labilised in the
excited state?®”® and that the resulting five-coordinate complex reacts so rapidly with
oxygen that the rate determining step is usually the absorption of light2®%2_ Consequent-
ly, behzyl- and sec-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:

- RCo(dmgH), py RCo(dmgH), + py . . (199)
RCo(dmgH), + O, = RCo(dmgH), 00- (cis?) ' ' - (199)
RCo(dmgH), 00" + py —— ROOCo(dmgH), py ‘ | (196)

The therma! insertion is of special interest because an optically active alkylperoxy-
cobaloxime has been obtained from the thermal insertion reaction of an optically active
alkylcobalomme29 2 -This is in contrast to the other known oxygen insertion reactions
of organometallic compounds, in which there is complete loss of optical actmty”‘ The
thermal reaction is only‘obser_ved with the less stable organocobaloximes, such as allyl-
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'and oz-phenylethylcobalox:mes For example the latter undergoes almost complete reac- -
tion with oxygen within a few minutes in dichloromethane solution®?%. With substrtuted ’, ]
'allylcobaloxxmes, reanangement of the allyl group occurs dunng the insertion (eq. 197)

Sucha rearrangement might be the result of formanon of an allyl fragment orofa srx- : )

men‘bered c"chc frans*.tron state.

MeCH—-CHCHzCo(dmgH)zpy +0;— CH;—CHCHMeOOCo(dmgH)zpy (97

( b ) Sulphur dzoxzde C :
Many alkylcobalt(lll) compounds react with sulphur dmxrde to give the correspondmg
alkanesulphonylcobalt(IIf) compounds?:152:3%0_ The reactions of the methylcobalt com-
pounds in liquid sulphur dioxide are relatively slow at room temperature (eqs. 198—200)
'compared with the reaction of the allylcobaloximes (eqs. 202 and 201). No reaction 1s :
.observed with vinylcobaloximes, even over several months in liquid sulphur dioxide”?

~ RCo(dmgH); py + S0, —— R(SO; JCo(dmgH), py - (198)
~ MeCo(salen) + SO, ——>Me(SO;)Co(salen) - (199)
MeCo(CN); * +S0, ——Me(S0.)Co(CN)s>~ (200)

In the reaction of allylcobaloximes either complete rearrangement, or no rearrangement,
is usually observed (egs. 201 and 202, respectively). On the basis of the relative rates of
reaction, the rearrangement of the allyl groups, and the low yields of normal insertion -
products obtained from the 6-hexenyl- and 4-butenyl-cobalox1mes a free rddrcal mecha-
nism for the insertion has been postulated.

" The- alkanesulphonylcobaloxxmes are stable 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 cor-espondmg olefin, are
believed to contain the Co—O—S-allyl linkage”3.

: MeCH=CHCH2 Co(dmgH), py + SO; —> CH,=CHCHMeSO, Co(dmgH).py  (201)
- PhCH=CHCH, Co(dmgH)z py + S0, — PhCH=CHCH2 S0, Co(dmgH), py (202)
PhCH—CHCHz 0, (:o(dmgH)2 py +H,0 505 PhCH=CHCH, +
+70; SCO(dmgH)z Py (203)
(c) C'arbon monoxt&e : :
" ‘The photochemxcal decomposmon of organocobalt(I1I) compounds in alcohohc

SOln_tron_m_the presence of carbon’ monoxrde,does not give the acyleob_alt(III) species. In--
_,steac_l;' the a_lkoxycarb_on_y_lcobalt(l[l) species is formed in which the alkoxy group is derived
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E 'from the solvent (eq 204)18 283 285 The reaction is believed to involve an mmal homo— _
';ly51s of the carbon—cobalt bond (eq. 2(.‘5) followed by further reactions of the radlcal -
specles W.Ith the solvent and with oxygen. ’ : - : :

RCo(chelate)L+C0 ——R—OH—>ROCOCo(chelare)L 2

(R alkyl aryl Chel acacen,salen;L=aq, py;R = Me, Et, i-Pr).

O)udatlon of the solvent also takes place presumably via the abstractlon of a hydrogen
atom from the a-carbon (rather than from the hydroxyl group) (eq. 206). The cobalt(1l)
fragment does not react with carbon monoxide, but the cobalt(1IH) species formed after
reaction with molecular oxygen does coordinate to carbon monoxide and the product -
reacts with the solvent or with alkoxide ion to give the observed alkoxycarbonyicobalt

_(III) species, which has been prepared independently from the reaction of alkoxycobalt
(III) species with carbon monoxide, and from the reaction between cobalt(I) species and
chloroformates {eq. 209). : .

RCo(salen)aq == R- + Coll(salen) + H, O ’ .- ' (205)
R- + MeOH —» RH + -CH, OH ' (206)
Coll(salen) + MeOH 22, MeOCo(salen) - (207)
MeOCn(salen) + CO ——> MeOCOCo(salen) - ) : - (208)
MeOCICI + Co¥(salen)™ —— MeOCOCo(salen) + Cl— o (209)

CHEMICAL ASPECTS OF BIOLOGICALLY IMPORTANT REACTIONS

The importance of cobalt corrinoids in a number of biochemical reactions has been
known for some time, but it was not until 1958 that a B,, derivative was shown to be an
obligatory cofactor; in the fermentation of glutamate by Clostridium tetanomorphum.
Barker isolated the adenyl coenzyme (I; with adenine zs the axial ligand) and showed that
it was an essential requirement in the catalysis of the rearrangement of glutamic acid to
p-methylaspartic acid by cell-free extracts of C. retanomorphum?3°?3'!  When the same
bacteria are grown in the presence of 5,6-dimethylbenzimidazole, vitamin B;, coenzyme
(D) is forrned and may be isolated by appropriate extraction techniques carried out in the
absence 0f light®®3 . A jack of appreciation of the light sensitivity of these compounds, -
and an early realisation that stable materials could be more readily isolated from the
extracts after treatment with cyanide ion, were two factors which-delayed the 1solat10n :
of the pure coenzyme302:304.308

There is httle doubt that the coenzyme is the most abundant naturally occurrmg
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/cobalt *c'omnofd. It'has-been isolated from a number of sources,_mclu’mng both micro-
organisms and mariimalian tissues: However, the other organocobalt corrinoids which occur
naturally are mamfold and a number of these have been isolated and at least partially
charactensed tHese are described in Table 1. Numérous different derivatives may also be
present in a single source. For example, sixteen different organocobalt(IlI) compounds

- have been identified in extracts from C. thermoaceticum. In humans, 5,6-dimethylbenzi- °
midazole-5’deoxyadenosylcobalamin is found in the liver3°® -whereas the corresponding -
methylcobalamin is the main cobalt-containing component in blood plasma3!°.

""The biosynthésis of the coenzyme from cobalt precursors is catalysed by extracts of

C. tetanomorphum and Propionobacterium shermanii*®>—3%7 put also 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 believed to be effective naturally occurring reducing agents.

{a) Rearrangement reactions catalysed by B,, coenzyme

The first reaction which was shown to be catalysed by the B,, coenzyme was the re-
arrangement of glutamic acid to f-methylaspartate (eq. 210)312:313_ SQubsequently, the
coenzyme has been found to be required in a wide range of similar skeletal 1,2-rearrange-
ments. These rearrangements all have the general form shown in eq. 211 in which the
group X on C, exchanges with a hydrogen on Cg. Thus, in the rearrangement of glutamic
acid and in the rearrangement of S-methylaspartic acid, the migrating group X is carboxyl.

HO, CCH, CH, CH(NH, )CO, H < HO, CCHMeCH(NH, )CO. H (210)
H H oCH;
| |

—Tp_(l:a_ﬂ:_—tfﬁ— 11)
H X X

Other examples in which the migrating groun is carboxyl (or a carboxyl derivative) are:
(i) the rearrangement of methylmalonyl coenzyme A to succinyl coenzyme A (eq.212)
315- 316 and (ii) the rearrangement of a-methyieneglutarate (eq. 213)3!”. The migrating

group is underlined in the equations.

HO, CCH. CH,; COScoA == HO, CCHMeCOScoA (212)
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HO, CCH, CH, C(=CH,)CO.H = Ho2 CCHMeC(=CH2 )YCO,H N V3 K
Examples in which the amino group migrates from C, to Cg are (i) reversxble rearrange-

ment of L-8-lysine3!” (eq. 214); (ii) the reversible rearrangement of D-c-lysine®'® (eq.

215); (iii) the reversible rearrangement of ornithine3'9~320 (eq. 216); and (iv) the de--
amination of ethanolamine! 3% (eq. 217). _

H, NCH, CH, CH, CH(NH; }CH, CO, H = H, NCHMeCH, CH(NH, )CH, CO, H

@14)
H, NCH, CH, CH, CH, CH(NH, )CO; H = H, NCHMeCH, CH, CH(NH, )CO, H
o _ : @15)
H, NCH, CH, CH, CH(NH, )CO, H = H, NCHMeCH, CH(NH, )CO, H (216)
H; NCH, CH,OH —— CH5CHO + NH 5 217

In the latter reaction, as in the dehydrations described below, the migrations are
believed to precede the actual loss of ammonia or water, respectively3?5:326_ For example,
the first stage in the reaction shown in eq. 217 would be:

H, NCH, CH, OH = CH;CH(OH)(NH,) ] ' (218)

In the dehydration of diols, catalysed by diol dehydrase?29-324 | the migrating group X
is hydroxyl, ie.:

RCH(OH)CH, OH — RCH,CHO + H,O (R =H, Me, HOCH,) 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 rearrangemerits, which allow broad conclusions to be drawn about the role
of organocobalt compounds.

For example, the absence of exchange of the migrating 8-proton with the medium has
been demonstrated in the isomerisation of f-methylaspartate314:327 g the rearrangement
of methylmalonyl coenzyme A3?®:325 the dehydration of propanediol 32°-33° (eq. 219;
R = Me), and in the deamination of ethanolamine®?3:33! | The absence of exchange of the
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mrgratmg ammo group wrth ammonium ion in solutron has been demonstrated in the re- 1 .
arrangerment of ﬁ-lysme332 and of glutamic acrd”" Srmﬂarly, the aldehydrc oxygen of the':
: 'acetaldehyde formed-in- the deammatron of ethanolamme comes. from the substrate and

notf[omﬂ-lesolvent323 326 PR P A B : e .-_-.’_

By the use of deutenum and tntlum tracers on the B—carbon of the substrate and on -

. the 5'-carbon of the coenzyme, it has been shown that the B-hydrogen removed from the

"substrate is first transferred to the 5 ‘carbon of the coenzyme during the rearrangement ’
of glutamic’acid?33, g-methylaspartic acid*! *, and methylmalonyl coenzyme A®3?; anid in
-the dehydration and deamination of diols®3® and ethanolamine3!, respectively. More-
over, careful examination of the distribution in the products, of the severally-labelled '
hydrogen atoms of substrate and 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 5 *carbon of the coenzyme from the substrate. In fact; in most
.cases, the hydrogen which is transferred to the 5’-carbon of the coenzyme becomes effec-
trvely 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 to the prod-
uct??0:312.336 gucp observations are complicated by the extent of the reverse reaction
and the apprec-able kinetic isotope effects.

_The mechanism postulated to account for these observatrons involves the c]eavage of
the 5’-carbon to cobalt bond with the formation of 5’-deoxyadenosine and a substrate
fragment which may or may not be tound to the ccbalt. We formulate the reaction as
follows:

R HooX R
I l l — l — i E 3 I

<,:H2 + —([:_(l:_ == [ CHy + (o~ * + ——(l:-—clz—

tCo)

I Pr

CHy + (Co™® # —C—8— | === CH, + —C—cC— (220)

b S o
(Co) .

where the square brackets unply mteractron with the enzyme the asterisk 1mphes a
positive or negative charge, or an unparred electron, and the negative asterisk (—#) im-
pliesa negatlve or positive charge, or an unpaired electron respectively. We use asterisks B
V.because it is not known whether the reaction mvolves formally charged fragments, radical
fragments or intermediate organocobalt species mvolvmg bond formatlon between the
rean'angmg fragment and the cobalt fragment.

-Some support for’ the formatlon of 5" deoxyadenosme comes from the observatlon ‘
that some free 5’ deoxyadenosme is fonned when certain analogue-substrate/coenzyme/
erzyme conbmanons are allowed to react. For example substantial quanutles of 5'-
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-deoxyadenosine have been obtained from partially réacted mixtures of ethylene glycol
with ethanolamine ammonia lyase in‘the presence of vitamin Bi, coenzyme?37. Moreover '
tracer studies showed that one of the hydrogens i in the isolated 5" -deoxyadenosine was
derived from a CH group of the glycol. Similarly, s ".deoxyinosine has been obtained from -
incomplete reaction mixtures of propane-1,2-diol and dioldehydrase in the presence;of o
5'-deoxyinosylcobalamin33®. 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. o :

- 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 B,, coenzyme33? 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, 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,; coenzyme. In this reaction,
though free radicals have been detected®*°?, 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 reaction®*' *_ In contrast, it has been reported that the re-
arrangement of methylmalonyl coenzyme A is not inhibited by nitrous oxide®'3.

‘An alternative mechanism has been put forward for the diol dehydrase reactions which
involves the formation of an intermediate f-hydroxyethylcobalamin (eq. 221)!38:341
which breaks down to form acetaldehyde and a cobalt(l) species: The coenzyme is be-
lieved to have two functions in this mechanism; first, to supply cobalt(I) species for the
formation of the f-hydroxyethylcobalamin, and secondly, to allow hydrogen exchange
between the product acetaldehyde and the nucleoside fragment. It has been estimated'3®
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 dlsagreement
over these conclusions?*%:22°, -

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

* See, however, ref. 595.
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‘depend markedly on the choxce of kmetlc 1sotope effects: for the transfer of hydrogen,
gdeutenum, and- tntlum. Approxunatlons must be made for few if any direct measurements'
of 1sot0pe effects of. smgle steps can be made. Some of the 1sotope effects that have been’:
:deduced are remarkably large; for example a value ky /k-r' =160 has been esnmated for
the ttansfer of hydrogen and tritium from the 5’-carbon of the coenzyme to-the product
in the: deammauon of etlumolznmne:"‘2 Experience of simple organic Teacticns involving -

Adingan tranclfar ctene aiggecte that oo hich valhia av anld ke achievad i€ anantiim

'.uy\.uuscu LIANSIST SIEPSs SUggests uuxt SUCii a fign vaiue ma_y' Oy o€ aCiieVed ir quanium .
mechamral tunnellmg is taking place 3 Whilst this cannot be completely ruled out,a. .
_more rigorous’ exammatlon of the system might prove fruitful, with detailed consideration
‘of possﬂ)le addmonal steps which may serve to exaggerate | the 1sotope effects by, for '
_example multiple isotopic | fractionation. Similar hlgh 1sotope effects have been deduced

for the diol dehydrase reactions®*°. 7
"OH OH . B ' . OH OH
e H_
+ RCH(OH)CHZOH .
- _ "
cH, O A o , o A
Co) . . RCH(CO)CH,0H
[ - o on OH OH OH OH
+ H
SOHT === _— + RCH,CHO (221
Hcoy 9N H o7~ N o A
) H(Co) CH>
RCH===CHO ™~ :
RCH,CHO (Co)

“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 the rearrangement of §-methylaspartic acid®** and the rearrangement involved in the
.dehydration of propane-1,2-diol345:34¢ occur with inversion of configuration at the a-carbon
to which the hydrogen migrates. Whilest such inversion is probably consistent with the

’ mechanism'fm the diol dehydrase reaction according to equation 220, it is only consistent
with the mechanism of equation 221 if the intermediate p-hydroxyethylcobalamin is - -
formed from the diol with retention of configuration (eq. 222). In view of the fact that'

- the known nucleophilic-displacements of ester groups from saturated carbon by metal
nucleophiles takes place with inversion of configuration, the required retention seems un-
likely. : T : - ' -

Moreover, int the dml dehydrase reaction and in the deammatlon of ethanolamme only

one of the two diastereotopic f-hydrogens is transferred from the substrate to the co-

enzyme”‘4 342 If hydrogen transfer were from preformed acetaldehyde to the 5'-carbon

.of the nucleosxde 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 unless the carbonyl carbon were made asymmetnc by some appropnate pnor.
carbonyl addmon reactlon. ’ - » : R

'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 ccmi‘lguratlon:""7 at the a-carbon to which the hydrogen is trans-
ferred. :

(b) Orher reactions cataiysed by B,, coenzyme

One further reaction is known which requires B,, coenzyme as an obligatory cofactor,
but does not involve a 1,2-rearrangement. This is a reduction of ribonucleoside triphos-
phates to 2'-deoxyriborucleoside triphosphates®*®~35°, This reaction differs from the re-
arrangement reactions i1 that exchange of hydrogens does occur between solvent water
and the 5"-hydrogens o 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 coernzyme by a dithiol probably involves attack of solvent
protons directly on the 5'-carbon (eq. 224).

Both 1,4- and 1,3-dithiols, such as dihydrolipoate, are effectlve reductants*>! and the
reduction is stereospecific; the incoming hydrogen has the same configuration as the out-
going hydroxyl group®*'2, but the detailed mechanism of the reduction process is obscure.
The speciﬁeity of B,, coenzyme is fairly complete, even 2',5"-dideoxyadenosylcobamides
are ineffective®*2, and enzymic activity has been demonstrated in extracts of C. tetano-
morphum, C. Sticklandii, and Lactobacillus acidophilus. Free radical species have been

detected during the course of the reduction process>3.
OH oH o %
+ Hsl Lo S'H :-——' + < < + ™0 (223)
(P)OCH, © A HO - (mocH, 07 A
O{P)=triphosphate
OH OH : - OH OH
+ cof + ] | (224)
+ ———————— - S S
chz; 07 A HS SH *v,0 HCH, O7 A o

(Co}



-_.,5104_ Gl e .:;'__; L j i R ;‘-,-.;-;_;,D_,.;DoDD;;Mqi!io_ﬁn‘sOﬁ"»
g 7 (c} Reactlons cataLvsed by other cabalt{III } speczes

: A ﬂ’lll'd class of reactlons do not mvolve the B 12 coenzyme but do requue the presence
of other organocobalt cobamides. In these reactions it is probable that methylcobamxdes -
‘are lmportant intermediates. The reactions are as follows: (i) the blosynthesw of metluo—.- B

- -nine; (i) the blosynthesw of methane from a variety of one—carbon precursors (111) the

_ biosynthesis of acetate.

~ The blosynthesm of methlomne 1s probably the best understood of these reac-

: tmns, though many of the finer details. of the mechanism require to be elucidated. It has

" ‘been known for some time that an unportant stage of this reaction involves the transfer -

of a methyl group from A° -methyltetrahydrofolate to homocysteine3°S, and that this

requires the presence of S-adenosylmethionine37, the methyl transferase, and a By, - -
derivative35® (eq. 225). A similar reaction, catalysed by the same enzyme?>?, involves the

' ditect transfer of ;he methyl group from methylcobalamin to homocysteine229 (eq. 226).

354,355

Me-THFA + HSCH, CH, CH(NH,)CO, H — MeSCHz CH, CH(NH: )COZ H + H-THFA

(Me-THFA =N S-methyltetrahj,'drofolate) ' S (225)
Mecobalamin + HSCHZ CH2 CH(NH; JCO, H — MeSCHz CHz CH(NH, )CO; H + Biyag
(226)

Kinetic studies®%° on the reactlons of unlabelled and 19CH;-labelled N® -methyltetra- -
hydrofolate and S-adenosylmetluomne with homocysteine catalysed by partially purified
enzymes have shown that the initial methylation of the cobamide takes place much more
rapidly with S~adenosylmeth10mne than with &° -methyltetrahydrofolate. Once the
cobamide has been methylated by the S-adenosylmethionine (SMe), exchange of the cobalt-
bound methyl groups with those of N° -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 enzyme>>® and that one of these binds a cobamide firmly, the other
binds a cobamide only weakly. When the cobarmde-enzyme complex is treated with propyl
iodide, ‘the firmly 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

.'methyleobalamm the propylated enzyme-cobamide complex is still capable of catalysing
reaction 226 (eq. 227). In contrast, methylation of homocysteine by N -methyltetra-
hydrofolate which appears to involve only the tightly bound cobamide, is greatly inhibited
by propylation. The activity of both sites can be restored by photolysis, which causes.
homolytic cleavage of the propyl carbon cobalt bond and regeneration of the active bound

‘cobamide species. -

“The need for added reducmg agents in the reactions catalysed by partially punﬁed en-
zymes cleady suggests that the enzyme bound cobamlde is reduced, probably to the
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cobalt(l) state, Whlch behaves asa nucleophﬂe towards S-adenosylmethlonme N5 methyl-
tetrahydrofolate, methylcobalamin, or added reagents such as propyl iodide. The order of .
effectiveness for inhibition by RI (i.e., R = Pr » Et ) Me)3%' suggests a parallel with the'
ease of nucleophilic displacement by and of cobalt(l) from the corresponding alkyl esters- -
and alkylcobalt(III) compounds, respectwely The inhibition by propyl-iodide is also great-
ly reduced in the presence of S-adenosylmethionine because the latter succesfully. competes
with the propyl iodide for the reduced cobamide, thereby brmgmg about methylatxon
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 a-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. .
. ; paes
[(Co):n (Co)z]
. l SMe
PI" Pr Prl /Me——-1—'H_FA\\ Me Me
] ] —— 1 T : ‘ |
(cod, (Co), . (Co)y (Cola | (__RSH__~ (Co), (Co)y
—RSMe
lMe‘.‘nbclumin
RSH
Pr Me |- —rsme ~| pb¢
] | . (227)
Co)y (Co) |~ __~—|(Co) (CO)

Me Cobalamin

The biosynthesis of methane. The biological formation of methane from carbon dioxide
formate ion, rnethanol, the methyl carbon of acetate and the 8-carbon of serine is also
catalysed by cobamide compounds. Indeed, the bacteria Methanosarcina barkerii contain
so much cobalt that the cells are pink-red3?. The predominant cobamides in these bac-
teria and in Methanobacillus omelianskii®®® contain a 5-hydroxybenzimidazole group in
place of the more common 5,6-dimethylbenzimidazole (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 methylcobamides have not been isolated from
these bacteria, it has been demonstrated that !% C-labelled methylcobalamin??2 is formed
when 4 C-methanol is treated with electrolytically prepared B, in the presence of ex-
tracts of M, barkerii and potassium phosphate under an atmosphere of hydrogen.

4MeOH —> 3CH, + CO, +2H, 0 L @2®
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The role of methylcobarmdes in these processes ean only be sumused from the plausr— '
blhty of the reactions involved, the amount of cobamrde species present, and the fact that-
,methylcobarmdes can be isolated from other systems, such as Clostridium thermoacen-
cum>®*. As in the case of methionine synthesis, the cobamide activity is reduced on treat-
ment with propyl 10d1de365 but can be regenerated by photolysrs 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-
volved. The acetate may be formed from a number of one-carbon precursors; for example,
_Clostridium thermoaceticum converts a mixture of carbon dioxide and hydrogen into
acetic acid?%?. Experiments using labelled 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 !4 CHscobalamin and '*CH;-N°-methyltetrahydrofolate into
14 CHj-acetate. That the carbon dioxide may be converted into intermediate methyl-
cobamides has been demonstrated by the isolation of ' CH,cobamides from C. thermo-
aceticum which has been exposed to **CO,.

These cobamides have been shown to contain 5-methoxybenzimidazole in place of the
5,6-dimethylbenzimidazole shown in (1).

4H, + 2CO, —> CH,CO, H + 2H,0 (230)
19CH;cobalamin + CO, —— '“CH;CO, H (231)
Me-THFA + CO, — CH3CO,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 formate ion, and it has been demonstrated
that appropriately labelled acetate is formed when labelled formate is used as the one--
carbon precursor®®®. A second problem involves the conversion of the methylcobamide
species into the acetate ion, ie., 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 possible. For example, labelled a-carboxy-
methyicobalamin is converted into acetate by extracts of C. thermoaceticum and
pyruvate¢7 . However, it is possible that electrophilic displacement of cobalt by attack
of carbon dioxide on the methyl group might be specifically activated by appropriate
,reducmg protems Indeed, treatment of methylcobaloxime with carbon dioxide in the
presence ofa dlthlol does give a small yield of acetate3673.
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CTABLEL. o I S e
. THE ORGANlC COMPOUNDS OF COBALT(Ill) (Lnsted accordmg to the equatonal llgands Ln)

" 1.-Main secuon headings (repeated on new pages) refer to the equatonal llgand(s) descnbed in Table 2.
T2 Orgamc Ltgands {R) are arranged in order of increasing. carbon chain and i increasing unsatutauon. P
* E.g., methyl, substituted methyi, ethyl, substituted ethyl, n-propyl, subsututed n-propyl, etc., (cyclo-
-“alkyl follows each alkyl), benzyl, substituted benzyl; miscellaneous cychc ligands and some unsaturated.
ligands, vinyl, alkynyl, aryl, alkoxymrbonyl unspeclfied hgands. Dicobalt complexes are placed last. -
As the ‘top’ and ‘bottom? of the corrin ring are not the same, t_here are some examples in whlch the -
organic ligand and the axial base are mterchanged. 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, O ‘none’, P, S C Ambxdentate llgands appear in
only one group unless separate complexes have been isolated. Bndged complexes contammg bldentate
ligands are described in one group only. :
4. Reagent refers to the main source of R. Other reagents are referred to under method Alternative
1eagents are indicated in brackets.
5. Method. The preparative method is usually described in the following sequence a roman numeral
referring to Table 3, the inorganic reagent(s), the solvent (/ indicates a mixed solvent or solvent/reagent),
and other details. In other cases, especially where no carbon—-cobalt bond is formed in the preparation,
the method is spelled out.
6. References. An asterisk next to a reference number lmplxes that the compound has only been
identified in solution. : :
7. Variants. Reference to Fig. I and Table 2 will assist in understanding the nature of the variants. The
letters a—j refer to the sidechains on the cosrin ring (see figures in table 2). The terms lactam and
“lactone involve the side-chain (c) and-C-8.'10-X refers to substitution by X at C-10. In some cases the
side.chain 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 1 is essentially complete, 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 NH4Cl for
NH, Cl, a for «, b for 8, X(—) for X, TRI(X) for X, , DI(X) for X,, BH4 for BH; , etc

Other abbreviaiions are as follows:

(Co) ’ . a cobalt complex having the same equatorial ligand(s) as are described in the
- section heading. If no other ligands are shown the species is cobalt(II).
? insufficient information

A (in notes column) full 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 ‘NONL’addmon of an axial base to ‘none’ S
UNSPEC .. unspecified in ref. BIPY o 2,2'-bipyridyl

‘DISP . displacement - - PHEN - _o-phenanthroline

ALK o " alkaline - - - Gly - glycine; other amino acid

NEUT @ =~ = . meutral . o - o . abbreviations are standard.
IMID _ imidazole " . OTs . ° - p-tolucriesulphonate

- BENZIMID .. benzimidazole CPR A - controlled potentiometric reducuon
cHex . - - cyclohexyl : ... .DISPROP.. - -dlspmportxonatmn 5 oo
‘en " . .cthylenediamine = - e T i :

Abbrev:auons for bactena. :
P o Proptombactenum
c. ... Clostridium .

Escherichia . B
" Methanobacillus - .

z'én
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