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INTRODUCTION

This Cobalt Review for the years 1992-93 is rather different from those in the past because
it covers two years, A consequence of this is that there are quite severe constraints on the number
of reforences which it is pussible to cite and consider within the spuce available. This cesults in an
even more difficult choice among a much larger number of potential references. 1 have made the
choice and for those thut are left out I must apologize. As usual in this series, the review does not
include either cluster or organometallic compounds.
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I have kept the format broadly the same as previously {1] based on the nature of the donor
atoms in the ligands. In order to help in the limitation of the number of available references [ have
tended to leave out papers in which cobalt coordination compounds only make a comparatively
small contribution to & work. I have also been somewhat selective in choosing papers which
involve the preparation and characterization of complexes with new ligands without additional work
other than conventional spectroscopic and analytical techniques which serve to identify the nature of
the compounds. There has been a review of edta complexes with M(III) ions containing references
to cobalt complexes {2].

The study of solid state reactions of ransition metal complexes is comparatively rare. Theic
have been a number of such studies for a variety of complexes of both cobalt(1l) and cobalt(IIT) [3-
71

1.1 COBALT(11T)

11.I  Complexes with nitrogen donor figands

More than ninety years after the epic work of Alfred Wemer, it is a tribute to him that there
remains 2 deep interest in the very compiexes that he prepared and their comparatively simple
relatives. At that time he and his coworkers [8] resolved the complex [cis-Co(en)2(NH3)Br]2+,
This species and its resolution have been revisited {9] and the interaction of the ion with
tetrathionate has heen explored. The structure of a salt of (+)sre-[cis-A(SA)~Co(en)2(NH3)Br)3+
(1) shows that the hydrogen bonding exhibited between the anion and the cation is the same as that
involved with the conventional resolving agent d-3-bromocamphorsulfonate. Another interesting
feature is the intrinsic chirality of the |$404]2- ion arising from the helical nature of the S4 chain
and this {s coupled 10 the chiral cation,

H atoms omitted

()

Careful measuremnent of conductivity of ionic species over a range of temperatures can
furnish information about interactions between the ions and also about the interactions between the
ions and the solvent [10]. The conductivities of the Cl-, Br-, I-, NO3~ and ClO4- salts of
[Co(er)3]3* measured over the temperature range 0-50°C allowed the determination of the ion
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association constant for each ion pair and these were found to exhibit a minimum value which
increased in the order Cl<Br<I<NO3-<ClQ4~. The authors deduce from these data and comparison
with data for [Co{NH3)s]3* salts that the hydration around the [Co(en)3}3* ion is relatively weak.

The molecular structure of the complexes [Co(in}(tmd)2]Cl3 and [Coftn)a(tmd)|Bra, where
tn and tmd are HoN(CH2),NH; having n = 3 and 4 respectively, the former is found to be ia the el
lely form with the tn chelate ring being in the skew boat form [11]. In the latter the two independent
cations have the syn-chairz lel configuration. The data are interpreted in terms of molecular
mechanics calculations.

As part of a series of studies of the effect of the counter-ion on the crystallization of
complexes of Co(Il) [12], it has beer found that the complex [cis-Cof{en)a(NO2)2]1. uniike its Ci-
and Br— analogues, crystallizes in both a racemic and conglomerate fashion.  The complex
[¢is(-)589-Colen)2(NO2)21I is A(AA). Hydrogen bonding is very important in determining the
structure of these complexes and the cations in this system are found to form homochiral strings
about a four-fold screw axis held together by hydrogen bonds. The iodide ions, and the hydrogens
of the NH3 groups form hydrogen bonds which result in helical sirings alongside the cationic
structure. In a similar way {13), the structure of the racemate {H30][Co{en)20x]Cl;.H30 involves
spizal strings of homochiral [Co{en)20x]* around the 2-fold screw axis of the crystal with adjacent
spirals having opposite helicity. Hydrogen bonds are also impontant in determining the species
present in crystallization of [cis-Co{en)z(NO2)}(S01}]. H2O (i) {14]. In this case the X-ray data
indicate that in (i) one of the en groups is in a higher energy conformation, and the authors suggest
that this results from competitive hydrogen bonding between SO3 and NOj for the hydrogen on
the NH3 group of the en ligand. Such competition between SO3 and Ny is of course not observed
in [cis-Colen)2(N3)}S03)).H20 which was also studied in this work. Cis-amminebromo-
bis(ethylenediaminejcobalt(IN} is shown by an X-ray crystal structure determination to favour 4
structure in which the cthylencdiamine configurations are (lel)2-A(88) and A(AL) [15). In an
attempt to prepare crystals of |Co(NH3)4(oxalato}lCl from |Co{NH3)(NO2)2)[NO3], oxalic acid
und NaCl, Bernal and coworkers actually obtuined crystals of |cis-Co{NH3)a(OH)YCC (i) and
} Co(NH3)4(oxalato)jaltrans-(NH3 )} OH)Coloxalato)a ). 4H0 (ii) [ 16] They obtained the X-ray
crystal structures of these compounds and in the case of (i) were able 1o identify the positions of all
the hydrogens and also those hydrogens in (ii) which were not in the anion which lies on an
inversion centre; hence all the NH3 and OH groups are disordered. From an examination of the
products of the reaction, it is possible to make deductions about the nature of the ligand replacement
reactions and this led to a study of possible trans effects which it is concluded could be present or
else affected by charge compensation effects by ions in the crystal.

The kinetics of the base hydrolysis and solvolysis of cis-dichloro(l,2-ethane-
diamine)cobalt(1) has been studied in water mixtures with 1,2- or 1,4-butanediol, 1,2-cthanediol,
1-propanol, 1,2- or 1,6-hexanediol, or ters-butyl alcohol [ 17]. The kinetics of the base hydrolysis of
the complex were also studied in methanol and ethanol-water mixtures. There was found to be 2
close correspondence between the rate constants and the transfer chemical potentials of the
hydroxide and chloride ions and this is interpreted as evidence that hydration of the hydroxide or
the complexed chloride is an important factor affecting reactivity within a given system. The
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kinetics and mechanism of the base hydrolysis of (afs)(salicylato)(tetraethylerepentamine)-
cobalt(ITl) in methanol + water and dimethyisulfoxide + water media have been investigated and it
is found that there is both an OH- indepz.dent path and an OH- catalysed path [18]. It is concluded
that the reaction involves SN1ICB and SN;CB mechanisms comresponding respectively to these
pathways. The behaviour of the solvents is expressed in terms of stabilizing or destabilizing the
transition state.

The kinetics of the redox reaction of [Co(NH3)5(H20)]3+ with [Fe(CN)gl4~ or
fMo{CN)3}4- has been examined over a very wide range of ionic strengths up to 5.0 mol dm=3
{19} using sodium nitrate or sodium perchlorate. The data are interpreted using dielectric continuum
models,

The kinetics of the complexation of Fe(lll) with (afS)(tetracthylenepentaamine)-
(salicylato)cobalt(I1i) and cis-(ammine)bis{ethylenediamine}(salicylatojcobalt(IIl) ions in aqueons
anionic SDS micellar medium have been studied [20). The reaction is believed to occur at the
micellar surface in the water-rich zone to be found in the micellar-bulk aqueous interface. A
heterodinuclear Co-Fe species is produced and unlike the situation in aqueous solution the
dissociation of this moiety is not catalysed by H* in the micellar pseudo-phase. The formationof a
similar dinuclear species [NsCoSalFe]4* between cis-[Co(en)2(RNHz)salH]2+ (where salH =
salicylic acid) and Fe(Ill) ions has been investigated using stopped flow methods. An I,
mechanism is proposed when the active species are the phenol form of the cobalt complex and
{Fe(H;O)g]” and an Id mechanism when [Fe(H20)s(OH)J2* is involved. The dissociation process
was also studied.

The cis-o. complex [Cofsal){irien)ICl has been prepared and its properties investigated
speciroscopically [22]. Activation volumes were determined for the reaction in 60% 1,4-butanediol.

The complexes AA-{Cofact}(en)2][ClOs] and A-NafCofedta)].3H20 or Naz(D-tart).2H;0,
(where aet = 2- aminoethanethiolate(1.), D-1art = (RR-tartrate(2-)) were crystallized together and
the A act complex always appeared in the first crop [23]. The ternary solubility isotherms were
detervnined. The mechanism of the process is interpreted as involving a shift of the eutectic point
from the racemic tine into the optically active region and this is caused by the active cosolute. The
authors conclude that for successful optical resolution in the conditions observed here the complex
to be resolved must show conglomerate crystallization and the above shift of the eutectic point must
occur and the larger the shift the better the resolution. The complex Li{Co(ITI){ Ltart(2-}-O! }a(en)2]
hydrate has been separated into its cis and frans isomers using a sephadex column and the crystal
structure of the trans isomer has been determined j24]. The two tartrates are monodentate and the
ethylene diamines are in the 35 gauche position. The eavironment around the Li* is tetrahedral
being surrounded by oxygen atoms from the water molecules and the tartrate ligands.

A dissociative interchange mechanism is proposed for the mercury(ii) promoted reaction of
a series of ¢is-{Colen)a(L))2+ complexes in which L = NH3, NHaCH3, glyOC2Hs, gluOCH3, di-
alaQCaHs, NHyCHoCONH3 and NHzCH2CN. [25]. Reactions were followed in a aumber of
different solvent mixtures and Grunwald-Winstein plots giving vatues of m and using Y, the
solvent ionizing power as well as physical technigues such as CD spectra. The rate constants for the
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series in aqueous solution were related to the ligand ficld parameter. The rates were affected by
NO;~ ion added to the solution.

There is a phase transition in hexaamminecobali(Ill) pentnchlorocuprate at 280.8 K J26).
The X-ray crystal structure of this species above and below this temperature shows that moving
through the phase transition changes the geometry of the [CuCls)3~ from Dy symmetry to
approximately Coy as a result of lengthening of oie bond, shortening of the others in the equatorial
plane and changing of the bond angles.

Buckingham and coworkers [27] have shown that in the isomerization of the complex
{Co(NH3)5(SCN)12* in the presence of NaS!4CN the labelled ions are incorporated directly into
the reactant and into the [Co{NH3)5(NCS)J2+ product. The study shows that the process involved
may be expressed as that in (2). The mechanism of the reaction which gives rise to these processes
is believed to involve direct incorporation of the ions via the formation of the ion paired species
[Co(NH3)s{SCN)}2+.N14CS-~, It is concluded that a similar mechanism applies to related reactions
and that a Dp*Anint or DpAn mechanism applies.

CoSCN** L---- CoNCS?

kscng
kz (ip)

)

k
CoOHf"' % CoSCN*
2

NCS¢ip)

2)

The acid dependence of the rate of anation reactions involving [Co(NH3)s(H20)13* and
HCrO4- has been shown to be nonlinear [28). The decrease reaches a limiting value between (H*]
= 0 and 2x10-4M and an increase reaches a limiting value between [H*] up to 0.01M. It is
concluded that the irnplication of the rate data is that the reaction proceeds essentially entirely via the
protonated complex, [Co(NH3)sHCrQ4]2+. The formation constant for the reaction between
[Co{NH3)5(H20)}3+ and HCrO4~ was found to be 1.55 M-1 and the acidity constant for the
complex so formed is 4.43 x10-3 M [29].

The chemistry of isomerization, base hydrolysis and oxidation reactions of the oxygen and
sulfur-bonded complexes of the type [(NH3)sCo(CH3502)12* have been explored [30). The O-
bonded isomer is readily obtained by reaction of the hydroxo complex with CH3SOCI dissolved in
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PO(OCH3)3 and then the S-bonded isomer is formed by the photolysis of this. Alkylation of the
O-bonded isomer by Mel in dmso yields [(NH3)sCoOS(CHz}213+ and oxidized by HaOn to give
{(NH3)sCo0S(0)2CH3}3+, while oxidation by Cl; yields [{NH3)CoOS(CI)(O)CH3}3+. The S-
bonded isomer does not undergo these reactions. The kinetics of the isomerization of the O-bonded
species involving a base catalysed pathway have been studied as has also the base hydrolysis of this
complex. A related study deals with the preparation and solution structures of a range of amide
complexes of cobalt(IIl) with ligands (3) which are bonded throngh oxygen. The study also probes
how reactions are affected by substituent groups on the amides [31). The pink complexes were
formed by the direct reaction of the amide with the complex [Co{NH3)sCoOSOzCF3 3+ dissolved
in the neat amide. In terms of structure, the occurrence of Z- and E-configurations was studied. The
kinetics of solvolysis in dmso were investigated and the complexes of formamides were in general
solvolysed more slowly than the C-substituted species. Base hydrolysis of formamide complexes
results in the formation of the corresponding formato complex, while the C-substituted amido
species produce the hydroxo complex. The kinetics of the base hydrolysis of a number of the
primary and secondary amide complexes were interpreted in terms of the reaction scheme shown
below (4) involving ligand protonation,

HCONH; CHyCONH, CHyFCONH;
HCONH(CH3) CH;CONH(CH3) CHz:CICONH,
HCON(CH3); CH1CONCHa); C¢HsCONH;
HCOON(CHsh CHaCON(CHs); CHz=CHCONH;
HCONH(C¢Hs)
HOON(CsHs),

()]

The kinetics and mechanism of the reduction of the superoxide complexes
{Co2(02)(NH3)191%* and {Coz(02)(CN)gl5- by L-ascorbic acid has been studied [32). The
reaction of the ammine complex in the pH range 3.5 to 5.2 is concluded to be outer sphere,
occurring through the reduction of the superoxo group to peroxo followed by rapid decompasition
of the resulting product. The cyano complex reacts in the presence of copper(Il) ions to form
HCN)sCo(Hz0)}2-. A change in the UV-VIS spectrum of the starting materials and the rate law
strongly suggest that the reaction involves the initial formation of a copper(11}-cyanocobalt(il[)
complex. A mechanism incorporating these features is proposed scheme (5). In a related study
{33] it has been shown that copper(Il) catalyses the reduction of the complex cation
[Co2(02)(NH3)10]°* by 2-aminoethanethiol. The kinetic study of this reaction showed that under
most circumstances there is not an accurately exponential loss of complex and that there is an

almost linear loss over the early part of the reaction. These steps are in agreement with the kinetic
behaviour showr in (6).
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Cu(iiox)  Kp > 107

HA™ + Cullj{Ox) —— HA + Cuf)+Ox k = 3x10°M*'s?

HA™ + Cu{ilOx

Cu(OX)(A%) + H¥
Cu(lhOx)(AT) —— Cufl) + A + Ox
HA" +Cu(lly — Cu(l) + A + H* (Fast)

AT 4 Cuilly ——= Cullhy + A (Fasl)

Cuffy + Ox —= Culll) + P (Fast)

Where Ox = the oxidizing complex
P = the product

(5)
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Cu?* + RedH; =—= Cu{llj{Redj + 2H'
2CuiiiRed) = (Cu{l)Red), {inactive)
Cu{llliRed) + RedH, == Cu(li}{Red)(REDH) + H'

Cu(l){Red}(RedH) —= Cu(i}(RedH} + Red

Cu{i{RedH) + RedH: Cull)(:ted){RedH) + 2H®

Cu(}{Red)(RedH) + Ox === Cuy(li}{Red}{RedH} + prod

2Red” ——= (Red);

6)

Single-crystal polarized absorption spectra of the frans planar cobalt(IlI) complexes;
{(NH3)5Co02Co(NH1)51%+ (NO3CNS and CNS salt) [(en)dien)Co0rCo(en)idien)](C104)4,
[(tren)NH3CoO3Coltren)NH3J4* (CNS and SO4 salts) [34] have been obtained using the data,
ligand field transitions have been assigned. From the charge transfer transitions from the peroxide
n*-orbital to the cobalt J o-orbital it was found that the HOMO of these complexes had peroxide
x*-character.

The reduction of dizquatetraamminecobalt(fli) by L-ascorbic acid has also been studied
[35]. The kinetics of the reuaction were interpreted in terms of the usual reactions with HA- and
formation of HA: which subsequently reacts rapidly with another molecule of complex to produce
the observed stoichiometry, The duta dre treated theoreticully using the Fuoss model and the
Murcus-Sutin cross relationship to calculate a self-exchange rate constant for
diaquatetraamminecobalt(HDAID) of 1.6 x 104 M-1¢=! and the ion pair formation constant was
estimated to be 4.9 M-1, In the complex [(S)-alarinato Jietraamminecobali(TH) sulfate [36) the
shvironment around the cobalt as determined by X-ray crystallography is distorted octahedral with
didentate alanines bound through carboxyl oxygen and amine nitrogen and with Me groups
oquatorial to the Co-O-N plane.

The kinetics of the Cr(II) reduction of the cobalt(3If) complexes; [(NH3)sCo(SQOI* (4.7 x
103), [(NH3)sCo($205]* (2.1 x 104), [(NH3)5C0S02CeHs12+ (5.3 x 103) and
[(NH3)sCo(H20(S03)1* (1.1 x 165] have been studied [37). The second order rate constants are
shown in purenthesis. It is noted that there is no linear correlation betweea the rate constants and the
trans bond lengthening,

All three of the linkage isomers of the pentaammire(glycinamide)cobalt(Ill) complex have
been prepared and characterized {38]. Also both the species [(NH3)sCoNHCOCH;NH3]2+ and the
protonated [(NH3)sCoNHC(OHCHNH;3 4+ were isolated. An interesting feature of the latter is
that it is a strong acid with pKa< 0.5. This readily isomerizes to the O-bonded speciss in acid
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solution and the {(NH3)sCoOC(NH2)CHaNH;3)4+ complex Joses the amine proton in the pH range
6 to 10 resulting in rearrangement to the amine-bonded isomer. Furthermore it hydrolyses rapidiy
in aqueous acid and at high pH vndergoes base catalysed solvolysis without amide hydrolysis.

The kinetics of the complexation of Ni(Il) ion with aitrosalicylato complexes of
pentaaminecobalt(lil) complexes such as for example (7), show that the nickel([l) is courdinate
through the phenoxide form and that the kinetic data may be interpreted in terms of an I
mechanism [39]. For the complex oxalatopentaamminecobalt(Ill) it is suggested that in
MeOH/water mixtures, NiZ+ attaches itself to the end of the carboxylate group [40]. The rates of
formation and dissociation of the dinuclear species are reported. The effect of anionic micelles of
sodium dodecyl sulfate on the kinetics of the nickel(II) reaction and the similar iron(lI) reaction
with this complex have also been studied [41].

NHy 2+ /—NHz 2+ 2+
HaNw. | _NH; Ha. ) ~NHg c ,NHQ

HyN~" | “"NHE) @HE) N\GJ,FEJ

Q/ C\f \l on

)

The structure of the complex N, N-bis(2-aminoethyl)diethylenetriamine(chlorojcobult(lIl)
chloride perchlorate hydrate, containing Colirenen)Cl|2+ (8) §42] shows evidence of stronger
binding of the secondary nitrogen with Co in that the bond is significantly shorter than the other
Co-N bonds and this is related to the greater rate of base hydrolysis of [Cofirenen)Cl12+ compared
with 1Co{NH3)sCl12* and related complexes,

A series of complexes of the type [ CofNa{CH3CN)21(ClO4) in which Ng = (NH3)4, (enj2,
(tn)z, and tren has been prepared and characterized [43]. An Iy mechanism is proposed from the
kinetics of acid hydrolysis of |Co(tn)2(CH3CN)XH20)13* which is formed immediately when
{Coftn)a(CH3CN)213+ is dissolved in water.

The structures of cis- and trans-bis(ethylenediamine)isothiocyanatofthiosulfato)cobalt(Iil)
have been determined [44) high-lighting the structural trans effect,

In the complex aniline(chloro)bis(ethylenediamine)cobali(lIT) chloride the aniline ring has
been found to tilt away from the chelate rings of the ethylenediamines [45]

Photochemical reactions may now be studied on the picosecond time scale and are
beginning to reveal the earliest processes in chemical reactions [46). One such is the study of the
flash photochemical reaction of [Co{NH3)4CO31* in the picosecond to microsecond timescale.
This reveals that the series of reactions which probably occur over this range is (9), with the last
being rate determining and k =55 x 105 51,
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(Col){NH3)40C(0}0]" + Ha0 — [Co(i{NH,)q{H0)0C(0)0T"
[Co{l){NH3lg(H20)OC(O}OT" + 2H,0 — [Co(Il}{NH3)a(Hz0)20C{O)0T +[NH4) + OH™
[COUN{NH,3(H01,0C(0I0T + 2H,0 ~—%  [Co{I{NHa)2>* COM + [NH," + 20H

&)

With the advent of the use of fast recording UV-VIS spectroscopy in cooperation with
stopped flow techniques it is ofien rewarding to look at the early stages of slow reactions to see if
there are any rapid reactions preceding the slower process. Buckingham and Clark [47] have
examined again the acid catalysed hydrolysis of {Co{en)»CO3]* ion over the first second or so of
the reaction. They detected a fast reaction [kz in (10)] which was independent of [H]* and a slower
process which was pH dependent. The mechanism which is proposed based on the kinetic
behaviour is shown in (10}

+ 2+
Ko Oa
(90}200/ \c-—o + W 2 (en)zCo< 3c—oH
3+ 2
OH, k2 Pl *
{en)zCo + COp ——v— (6N)Co
\OHa H \o_ﬁ_OH

Vet

(1)

Excitation at a wavelength of 314 nm and for about 500 fs of the complexcs
[Co{er)3HCLOL)3, (Colipen)i(ClO4)3 and ;Coftippn)i(ClO4)3 where tpen and tppn are shown in
(11) shows relaxation kinetics in each a case which are biphasic [48]. The two ¢ values for the
tpen complex are t) = 4 ps and t2 = 44 ps and similar values are seen for the tppn complex.
Somewhat different value of t) = 2 ps and t = 450 ps were obtained for the en complex. The
faster of these processes is assigned to the decay of the IT; excited state and the slower to the 5T
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state back to the ground state. By choosing a wavelength to carry out a kinetic study at which the
extinction coefficients per cobalt of the starting material and the intermediate are the same, and by
using chloride ion catalysis it has been possible to obtain valuable insight into the kinetics of the
chromium(If) reduction of the complex, "Wemer's hexo!l”, [Co[(OH}2Co(er)z}3]15* [49]. It was
found that the reaction proceeded by a stepwise mechanism involving cobalt hydroxy complexes.

The brownish-red complex [Cu{{OH)2Co(en)2}2)(S206)2.2H20 has been prepared and
characterized [50]. Reaction of {Co(en)3)Cl3 with Hattcy /NaOH yields a number of complexes:
syn-(meso- and rac-)[{Cofen)z }a(m-ttcy)]X3 and (meso- and rac-)i{ Colenja }2(m-dicy)1X3 (51]
where the structures of the ligands are indicated in (12). The formation of the dicy complex appears
to involve replacement of sulfur by oxygen during the dinuclear complexation process. The
structure of the complexes (13) and (14) were obtained by X-ray crystallography.

X
HN NH X =8, Hattey

s N S X =0, Hydwey

(12)

(13)

i atoms omiited,
(14)
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The kinetics and mechanisuis of base hydrolysis of cobalt(III) amine complexes stiil attract
the interest of kineticists and the generally accepted mechanism continues to be confirmed {52]. A
study of the base hydrolysis of a number of chlorocebali{ITf) (triamine)(diamine) complexes has
shown that the stereochemistry of the ligands certainly influences the kinetics of base hydrolysis.
The rather slower than expected rate for the macrobicyclic complex is interpreted in terms of the
failure to attzin the best goometry for the formation of the five coordinate intermediate.

The technique of polarized neutron diffraction (pnd) has beer applied to a single crystal of
{Co{NH3)5(OH2)][Cr(CN)s} at two orientations at 1.5K under a magnetic field of 4.6T [53]. The
results showed that there were significant amounts of spin to be found on both the cobalt and the
ammine protons accounting for one third of the total spin of 3 electrons from the Cr3+ ion.
Comparison using local density functional calculations on the [Co(NH3)g)* cation and the
{Cr{(CN)g)?- anion in model compounds were made with [Co(NH3)5(OH2)ICr(CN)gl. A
difference in spin density in the anion was found. A feature which is interpreted as a magnetic
phase transition {54] has been observed at 3.925K from specific heat measurements over the range
1.6 to 40K of the corplex [Co(NH3)6][CuClsl.

ESR spectroscopy has provided valuable information about the reactions of a number of
complexes of the form trans-[Co(HII)Cia(Naq;)* in which Ng = (en)2, 2,3,2-tet, 3,2,3-tet with &
-aminomalonate {55]. The redox reactions crucially were carried out in solution in methanol. The
routes by which the oxidation of the a—aminomalonate was oxidized to an iminomalonato
intermediate were found to depend upon the nature of the cobalt(lil)-coordinated amino group.
When the amine grouping was en the process which occurred was (15) but for 2,3,2-tet the reaction
was (16) which involves d.y.ygen to form a superoxo ligand attached to the cobalt(ITl). In the
absence of dioxygen such complexes react by a process in which the cobalt changes spin state from
low-spin @8 to high-spin 7.

HeHN" Y N

S T
N7 SN oo N | N _coo
H c” H “o*
2 Y 2 A
H,c-\,ﬁ coo H,c-\-ﬂ coo
H H
‘ (15)
) o
:"l-\““l H/:\-
)com c’cw N\co“oNHa -.coo
NHT | SNHp S -— e TN
2, “coo NHT | SN"Neoo
NHA E:'l‘/ k/"”‘ Ha
(16)

When crystals are grown from an alkaline solution of Co(en)2(OH)(CO3) the product is
{1Co(IlT){en)2(CO3INCI04). H20 0 {56]. The crystal structure of this complex has been
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determined and the cation (17) contains the ethylenediamine groups in the equatorial planes of the
octahedrally coordinated cobalt ion. Bridges are formed by the {CO3}2- groups bonded tc cobalt via
the oxygen and the carbon and hydrogen bonds between the pendant oxygen of the bridging group
and the amine hydrogens of the ethylenediamine. Improved structural data on the crystal structure
of the complex carbonatobis{ethylenediamine)cobalt(fi) chloride show the ethylenediamine having
a A chelate ring conformation in the A enantiomer which together with the A enantiomer constitutes
the unit cell [57].

amn

Photochemical irradiation using a haloger lamp of solutions of [Cofen)3}3* in the presence
of various pyrimidine-2-thiol derivatives produces the substituted species [CoLn{en)(3—n)IG-"*
[58). The X-ray crystal structure of [Co{mpymt){en)2]{C104]2 was obtained and the structure of
the cation is shown (18). Coordination is through the N and S atoms of the ligand.

8

The structure of the perchlorate salt of the complex cation bis{ethane-1,2-diamine){N-
methylethane-1,2-diamine)cobali(il’) [Cofmeen){en)z]3* {59} is a racemate with one enantiomer
being A~R~8*AA and the structure determined has been compared with that calculated using

melecular mechanics.
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The impontance of comect labelling of botdes [60] is highlighted in a correcting publication
in which the structure of the complex {Cofen)2(Cl)(benzimidazole)]Cl2.1.3HzO has been
determined for the species whose structure had been described in an earlier paper [61] as that of
bis(ethylenediamine)benzimidazole)chlorocobalt(ITE) perchlorate. There were no significant changes
in the bond lengths published in the earlier paper.

The mechanism for the electron transfer reaction between {Co(en)2SQI* and Ti3+ [62]
occurs in the following steps (19) resulting in a third order rate law involving the two types of
Ti(III) species. Intramolecular electron transfer can be seen as well as intermolecular electron
transfer. On the other hand the reduction of [Co(en)2Q)* invoives the steps (20) which account for
the biphasic behaviour.

™ === TiOH*" + W
Co(enz5Q* + T === Colen)(SOITi*"
Co(@ema(SQITI** =—==  Cofen)(SQ)TIOH¥* + H*
Co(en)y(SQITIOH™  ——==  products

Co(en)2(SQ)TIOH® + TiIOH®  ——=  products

(19)

T} == THOH¥* + H*
CoftramQ@* + T ==== Coftren}(Q)Ti*
Coltrien){(Q)Ti** ——a products

Coftnan}(Q)T* . TiOW®* = products

(20

Insight into the nature of the transition state for any reaction is valuabte, but such insight has
proved particularly difficult in the case of ligand isomerization reactions [63]. The application of
1SN NMR spectroscopy to tetrazole complexes of pentaamminecobalt(Iil) has thrown light on the
structures of such complexes and also on the nature of the transition state during their
isomerization. By carrying out the reaction (21) using 15N enriched sodium azide it was possible to
produce the cobalt complex with 13N enrichment at the N2 and N4 ring positions allowing
assignment of the NMR spectroscopic signals to all the ring nitrogens. The isomerization was

followed using 15N NMR spectroscopy and from these data an n2-mode for the transition state is
deduced.
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. _z.|2+ —|2+

[(NH3)sCONGCHg®* + NNN~——= (NH3)sC +  (NHa)s

15
N = TN CHa CHg

@n

Unlike the corresponding tren complex , the complex [Co(III)(trpn)(H20)2)3+ (22) reacts
quantitatively in acid agueous solution by C-N bond cleavage to produce Co2+ and organic
products {64]. The two major products are trpn (tris(3-aminopropyl)amine) and bpn ¢3,3'-
iminobis(propylamine). The minor products were [-aminopropionaldehyde and its oxidation
product B—alanine. The authors suggest that the process starts by a Co(IHl)-initiated intramolecular
oxidation of the tertiary N atom. The structure of this cation has been determined and the sodium
ion in diaqualtris(3-aminopropyl)amine]cobalt(Ill) aquatetrakis(trifluoromethanesulfato)sodate
monobydrate is found to be octahedrally surrounded by oxygen atoms and in the cation the cobalt
is surrounded by one tertiary and three primary nitrogen atoms from the ligand and the two water
molecules [65).

H
NlHna N2 CHj
R H o~
= e
H2 NH, Sl N | TVNH,
<Ni...) wOHa H © w"CHg H O QNGHy
O R H H
N '[IH OH, 1 CHa
A-Pa A-P
\ S
v
(22) 23

Cobalt-59 NMR and UV-VIS spectroscopies have been used to investigate the effect on the
ligand field strength of substituting methyl groups into chelated tetraamine groups when attached to
cobalt({III) to which alanine is also bonded (23) [66). Increasing substitution reduces the ligand field
sir~ngth with concomitant decrease in the stability of the alanine with regard to dissociation.

The importance of the presence of a pseudo-C; carboxylate face on the kinetics of certain
eleciron transfer reactions has been discussed previously. Lappin and coworkers [67] have
determined the X-ray and molecular structures of the diastereomeric pair {A-Co(en)3|[A-
Colen)(0x)2]12.3H20 and [A-Co(en)s3]{A-Colen)(ox)2]12.H20 and for comparison of [A-
Co(en)s3][A-Co(gly)(ox)3].H20. The structures reveal extensive hydrogen bonding between the
ions, Strong hydrogen bonds are essential to the propagation of chirality in this and other systems.

The mechanisms of the oxidations catalysed by CH3ReO3 are of interest because of the use
of this catalyst in olefin epoxidation reactions. Espenson and coworkers [68] have chosen for such
a study the complex [(en)Co(SHCH2CH2NH2)J2* whose oxidation by hydrogen peroxide to
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{(en)3Co(S(OYCH2CHaNH?)]2* and [(en)2Co(S(02)CHyCHINH)I2* in two clearly defined
steps is catalysed by CH3ReQ3_ In the presence of smail concentrations of the catalyst the reaction
is initially zero onder. The kinetic data are interpreted to include two equilibria involving the catalyst
(24). However it is concluded that the 1:2 complex is not very kinetically active and that the
important catalytic species is the 1:1 complex.

CHga (leS
k‘ 0""'-. /0
R o, HoOp —— TSRel
04 \\ho k.q 7 o
o o)
P o
e + HoOp  —— ] H
A o SR
O
O
29

In the aquation of a series of complexes of the type [Coten)(tn)}(A)CH]2* [69] in which tn =
1,3-diaminopropane while A = NH3, MeNH;, EiNHy, BulNHj, py, B and y-pic and imidazole and
[Co(tn)2ACI1]* in which A = py, f§ and y-pic, 1-methylimidazole and 1,2-dimethylimidazole, it has
been suggested that the intermediate in the process is a trigonal bipyramid and the rate of reaction is
influenced by the nature of A and the effect it has on the structure of the intermediate.

Cyanometallates of Ru(bpy)2(CN)2, namely [(bpy)2Ru({CN)Co(NH3)s5)215+,
{(bpy R(CNYRU(CN)Coltetraen))}?* and l(bpy)z(CN)Ru(CN)Co(tcrpy)(bpy))]3+hnve been used in
a study [70] to show that in such complexes electronic fuctors are able to inhibit thermully activated
electron transfer. Irradiation of these complexes in the Ru(ll) MLCT band produces no evidence of
the expected rutheninm emission. It is concluded that a transtent species produced by 18 ps
irradiation at 532 nm and which decayed back to the substrates was due to photoinduced charge
separation followed by back-electron transfer.

The complex {phenanthroline-2-carboxamide)pentaamminecobali(iH}) (25) has a pendant
phenanthroline which allows complexation with a number of other metal ions [71]. The kinetics
and mechanisms of the reactions with aqua Ni2+, Co2* and Ni2* have been studied. The initial
reaction results in the formation of a species in which the metal ion is coordinated to the pendant
phenanthroline through the carbonyl group and the nitrogen atom which is adjacent to it. In the case
of iron(ll) ions a further reaction occurs in which the iron becomes attached to both ritrogen atoms
of the phenanthroline.

The complexes [Co(endip)Clzl, {Colendip)(NCS)2}, {Coafentrip)Clg] and
[Coa(entetp)Cla] where endip, entrip and entetp are shown in (26) have been prepared and
characterized [72], The complexes of the form [Cothfac)L]2* in which L={MeNH2)4, (n-
AmNH2)4, cis-(NH3)z(en), (R-pn)(S-pn), cyclen, cyclam, cis-(NH3)2(bpy), (en)(bpy), {en)(phen),
{tn)(bpy), (n)phen) (tn = 1,3-diaminopropane) and (bpy)(phen) have been prepared and the values
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of pKouy and pXomMe were determined respectively in water and methanot [73]. A number of
complexes of the form {Co(upn)(halac)I(ClOy4) in which halac is a number of halosubstituted
aceates and [Co(arpn){L)}(ClO4)2 where L = OA~, acac or hfac have been prepared and the field
strengths of the ligands are compared [74].

NHj
HaN\cl; _NH;3 =
o
HaN T S p—e—a
NHg I N HC” N° [e—¢” TN [icHs
O Hz Hz
HN

n=1,endip, n=2, entrip, n=3,entetp
125) (26)

Fluorine-19 NMR spectra for the complexes of the cis-B-{Co(hfac)L.)?* in which L = 1,§-
diamino-3,6-diazaoctane, 1,9-diamino-3,7-diazanonane, 1,10-diamino-4,7-diazadecane and
ethylene-N V'-diacetate [75] show that in agueous solution the complexes exist as two isomers A-§
-8S- and A -B -§S-[Co(hfac)L)"* (27) with the relative quantities depending on the history of the
solution.

R = H, ClI, Br, CHz, OCHjg, OCoH5,
NO;g in ortho, meta or para position

7 (28)

Data from the X-ray crystal structure of JCo{EtNH2)s(H20))(C104)3.2H20 show that
ucdditionat steric hindrance results in & rate acceleration of anation compured with other similar
complexes consistent with a dissociative process is observed [76]. The crystal structure of the
complex [Co(im)s(H20)21{CeH40802N)2 shows it to consist of repeated [Cotim)a(Ha0)212+
cations and non-coordinated saccharin anions with an approximately octahedral arrangement
involving 2 water molecules and 4 imidazoles around the Co(11) [77].

Cobalt(11T) complexes of the ligand N-arylpyrrole-2-aldimine (28) have been shown using
NMR spectroscopy to exist entirely in the mer configuration (78]

An aerated mixture of a Co(I1) salt, the ligand methazolamide (29a), ammonia and acetone
yields the complex ion [Co(methazolamidate)(aib)o(NH3)i+, aib = (29b) [79]. The X-ray crystal
structure of this shows a slightly distoricd octahedral arrangement around the Co with the
methazolamide coordinating through the sulfonamido nitrogen atom. Complexes of type CoL3 in
which HL is shown in (30) have been electrolytically prepared in acetonitrile [80]. When reacted
with 1,10-phenanthroline and bpy, these yielded [CoLagphen)] or {CoLa(bpy)]. The X-ray crystal



8 M.B. Duvies/Coordination Chemistry Reviews 152 (1996) 1--85

structure of tris{2-[{2-methylphenyl)imir omethyl]-pyrrolato}cobali{Iil) showed that the CoNg unit
only slightly departed from octahedral symmetyy.

/ \ =
CH3€0N—(87—SOQNH2 Haf>7— —CH Qgﬂ —&a

N HC 2 N
CHg 2 R = H, 2-CHs, 4-CH3, 4-C)
(29a) (29b) (30)

Measurement of the apparent magnetic moment of the complex [Co(phen)3}2* in aqueous
solution over the temperature range 286 to 360 K [81) shows that it is entirely high-spin d7 (4'1'13).
The seif-exchange rate constant measured with variation of the counter ioa (Cl- and NO3-) is
accounted for using the full Debye-Hiickel equation with a size parameter of 520 pm for ClI- and
360 pm for NO3~. The volume of activation AV1 for self exchange did not vary greatly with ionic
seength but fitted Debye-Hilckel-based theory. However when adiabatic electron transfer theory
was applied to the determination of the volume of activation it predicted a rather less negative value
{(~15¢cr.:3 moi-1) than that obtained experimentally and this and [Co(en)3]3+/2+ exchange volumes
of activation are clearly anomalous amongst a wide range of complexes. The most likely
explanation furnished by the authors is that it is due to non-adiabatic electron transfer between the
Co(I1) and Co(IIl) ground states, .

The ligand RRKR- l.3-bis(2‘-aminocyclohexyiamino)-2-amino-2-me!hyipropane @Bl)isa
five coordinate in the complex [Co(L)CIJCIIC104).2H20 with the chloride in the coordination
sphere being rrans to the central primary amine {82]. During base hydrolysis, the complex exhibits
two reactions which are assigned to hydrolysis of the chloride and cis-trans-isomerism,

@n

The reaction between CoCly, ["BusN|MnOy4 and pynidine results in the novel complex
CozCls(py)s containing Co{IH) and Co(Hl) {83, The X-ray crystal structure of this species showed
that it consists of a discrete octahedral cation, {ColCla(py)4]* and & tetrahedral anion,
IColiCly(py))-.

A series of complexes {CoL3(N3)3l, where L = py, 4-amino-, 4-ethyl-, 4-methyl, 3-
methyl-, 4-bromo-, 4-aldehyde-, 4-acetyl- and 4.cyano-py as well as Me, Et-nicotinate and
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isonicotinates has been prepared and characterized [84]. The X-ray crystal structures of mer-
[Col{py)3(N3)1] and mer-[Co(4-pic)3{N3)3] been determined. In the complex cation 2,6-
bis(aminomethyl)pyridine cobali(IlT), the ligand is bis-tridentate in contrast to the comresponding
Cu(ll) complex | 85].

The role of the Mng4-unit in the process of photosynthesis is being widely studied. As part
of such a study, Christon and coworkers {86] have investigated the formation of an analogous Cog-
structure. They have succeeded in isolating three complexes having 1, 2 or 3 cobalt atoms per
meolecule with skeletons (32) at their centres. The complex [Coz(OH)2(0Ac)3(bpy)2l(Cl04). HoO
(I) was first produced by the reaction of a Co(OAc)2/bpy mixtere with H202. From this mixture
was also isolated [Co30O{OH)3(OAc)2{bpy)3)(CiO4)2. Reaction of I with LiyOz in dmso resulted
in the formation of the complex [Cos04(0Ac)2(bpy)al(ClOs)2. The crystal structure of
[Coa04(O2CR }2(bpy)al(ClO4)2 (RCOsH = 4-methylbenzoic acid) has been determined and the
cation (33) shows the cubane structure at its core,

Co_
' H H?\\\ I ':;OH ‘\ CO .,y
i, .\\\0 | Y 41y, AL 3 #
aw 'ty CO AW ‘q‘ “\\\ for,, .“0 : I “\\
/I\o"l\ /l\o"l\ /l l\

(32)

Only the ipso-C atoms of the 4-MeCgH g are shown.
33)

The photoinduced electron transfer reaction from Ru(H) to CofIII) has been studied in three
complexes synthesized for the purpose [87]. These were all of the form [{bpy)2Ru(L-
L)Co(bpy)21(ClO4)s in which L-L has the structure shown in (34) for each one respectively. The
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rates of electron transfer determined were k(13 >§ X 101051, ko3 = 6 x 109 5! and k33 = 1 x 108
s-1. The temperature dependence of the rates enabled a number of schemes for the electron transfer
to be explored.
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Bleomycin (35) is an antibiotic which is used together with chemotherapy in the treatment
of cancer [88]. An intercsting feature of bleomycin is that iron and copper complexes are involved
in DNA cleavage under aerobic conditions while cobalt(III) complexes show no DNA cleavage
activity under these conditions and in fact only show DNA cleavage under the influence of UV
light. In an effort to understand the mechanisms of these processes, Mascharak and coworkers
have prepared models of bleomycin seeking to imitate the metal bonding section of the molecale
delineated by the authors as in the above diagram. The ligand designed for this purpose was (36),
HL, and the cobalt(Iil) complexes which were synthesized were [CoL(H20)]1X3, (X = NO3—or
Cl0O47), [CoL{N-Meim)I(NO3). HoO (W-Melm = N-methylimidazole) and [CoLCIJCLEtOH. The
X-ray crystal structure of the complex [CoL(HaO)J(NO3)2 (37) was determined. Like bleomycin
these species cause DNA scission in the presence of UV radiation in the absence of dioxygen. The
DNA cleavage reaction is attributed to the generation of OH* when the complex is attached to the
DNA strand.

(35) (37) H atoms omitred

When a Nafion-{Ru(bpy)3l2* coated electrode is dipped in [Cofteta)(H20)2)3+ {teta =
5,5,7,12,12,14-hexamncthyl-1,4,8,1 1-tetranzacyclotetradecane}, hydrogen peroxide is produced and
the yield of HyO2 is greatly increased by irradiation of the electrode from a xenon lamp [89]. The
process involved in this increase in yield is suggested to be that shown in scheme (38). The
macrocycle in the complex carbonato(C-rac-5,5,7,12,12,14-hexamethyl-1,4,8,11-tetraazacyclo-
tetradecane)cobalt(IHl) is arranged in such a way as to produce a chair form for both of the six-
membered rings, while the five-membered rings are in the skew form [90). The structure of
another carbonato complex of cobalt(Ill) has been determined viz. carbonatobis(1,10-
phenanthroline)cobalt(ITT) perchlorate [91]. The Co-N bonds trans to the O atoms of the carbonate
ligand are slightly longer than the cis bonds.
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The cobali(Ill) complex of the macrocycle (39) [Co(L)CIJ2+ has been prepared along with
the corresponding Rh und Cr complexes [92). A study of the base hydrolyses of these complexes
shows that the activation volumes for the cis-Rh (+19.5 cr3 mol-1), ¢is-Co (+27.1 em3 mol-1)
and zrans-Cr (+31.1 cm? moi-1) complexes were in keeping with the conjugate base mechanism

for the reaction.

E NH :>(NH2
NH HN

(39)
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(40) H atoms omitted

In the structure of rans-bis[dimethylglyoximato(1-)-N N bis(pyridine-N)cobalt(Ill) {3}
the two pyridine molecules occupy the axial positions of the cobaloxime distorted octahedron,
while that of srans-{Co(Hdmg)2Kpy)] has I and py in the axizl positions {94].

The structures of the ¢lathrochelate acids H{CoD3(SnCls}a] in which D = the dianion of the
corresponding dioxime have been ascertained by a variety of techniques including 1!9Sn and 5%Co
NMR and 1198n Mossbauer speciroscopies [95]. The oximes examined were glyoxime,
methylglyoxime, dimethylglyoxime, o-benzyldioxime and nioxime. The X-ray crystal structure of
H[CoD3{SnClz)2] (40) has also been obtained.

A series of papers has been published by Ohashi and coworkers investizating the effects of
X-rays and UV-visible radiation on crystals of cobaloxime complexes. The dark red crysials of the
complex {(R)-1-cyanoethyl]bis(dimethylglyoximato)pyrrolidine)cobalt(1lf) when irradiated by X-
rays change their cell parameters while retaining crystallinity [96). During this process the ordered
cyanomethyl group changes to disordered racemates, a process which occurs despite the presence
in the crystal of one molecule of water in the asymmetric unit which is hydrogen bonded 1o the
cyanomethy] group. One of the polymorphs of the complex [(S)-1-cyanoethyl]((S)-
phenylethylamine]cobaloxime is also racemized by exposure to X-rays [97] but also by visible
light wile retaining crystallinity. The other which hes two molecules of water in an asymmetric
unit is not reactive in these circumstances. The rates of racemization have been measured at four
temperatures and it is demonstrated that the variation in the rate constant correlates with the size of
the reaction cavity. The volume of the reaction cavity has also been invoked to explain the
conformations of the cyanoethyl group in the three crystal forms, one produced by X-ray
racemization and the other two from crystallization from different solvents [98], of the complex
{rac-1-cyanoethyl)bis(2,3-butanedione dioximato){pyrrolidine)cobalt(lll). The crystal structures of
the two forms produced by crystallization from different solvents were determined in this work.
The crystal structures of the complexes [(R)-1 ,2-dimethoxycarbonylethyl]bis(dimethyl-
glyoximato)(R)-phenylethylamine]cobalt(Iil) and [(R)-1,2-dimethoxycarbonylethyllbis(dimethyl-
glyoximato)(1-propylamine)cobalt(ill) methanol solvate has been determined and this time there is
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no evidence for racemization of these complexes in either visible or X-ray radiation without the
degradation of the crystal. It is suggested by the authors that the absence of a racemization process
may be atributed to the small reaction cavity.

The kinetics of the reduction by iron(Il) of a series of complexes, trans-{Co(Hdmg)2L(X)],
where L = pyridine, nicotinamide (na) or isonicotinamide (isna) and X = Cl, Bror I in solution in a
1% dmso/water mixture has been studied [99]. A mechanism is proposed involving a pre-
protonation of [Hdmg]- ligand. The rate constants were in the order Cl < Br <1 and py <na=isna.

A range of complexes of the type [LCo((DO)(DOR)pa)ClIPFg in which (DO(DOH)pn =
N2,N2'-propanediylbis(2,3-butanedione)-2-imine-3 oxime and L = py, 4-CNpy, 4-CH3Opy and 4-
{Me2N)py and {(py)2Co(DOXDOR)py] {100] have been prepared.

Qut of 17 cyanofligand)cobaloximes in which the ligand varied from thiocyanate through a
number of substituted pyridines, substituted anilines to ammonia, 14 show an excelient linear
relationship between the 15N chemical shifts and the 13C chemical shifts [101). These observations
and others between chemical shifts and infrared absorptions and the basicity of the trans ligand lead
the authors to conclude that there is significant amount of x-bonding involved in the Co-CN bond
in these complexes.

The oxidation of cobalt(Il) sepulchrate by copper(Il) ions in agueous solution is accelerated
by the presence of both chioride ion and imidazole, but not by acetonitrite {102]. The acceleration is
believed to be due (o the formation of species of the form [Cu(II)En] which are also active as
oxidants of the cobalt specics, The data are explainad by a reaction scheme such as that shown in
(41). The reactions are considered to be outer sphere and Marcus theory is used to calculate self
exchange rate conssants. This allows the authors 10 conclude that the incecase in rate produced by
the presence of chloride jons arises from the enhanced driving force and the reduced charge for the
Cu{liA}Cl)p complexes. The process is complicated by the formation of copper metal and
dioxygen had to be used as a scavenger for Cu*(aq).

CuiD(L), + Colsep)?* - Cull(L), + Colsepy™*
Cu(IXL), +Colsep)* »Cu® + nL + Co(sep)** (41)
Cu(liXL)y + Cu® +nL — 2Cu((L),

The power of Fourier trans{orm infrared spectrometry 0 go where dispersive infrared is
unable is demonstrated by the application of this technique 10 the study of electrochemistry in a thin
lnyer (10 -100 pm) of solution confined between an infrared transparent window and a platinum
electrode {103]. The complexes studied were the Mn, Fe and Co complexes of 5,10,15,20-
tetraphenylnomhyrin. The spectra were obtained between about 1600 and 1000 cm™, It was found
that the cobait(il) complex was oxidized in two steps, first forming the cobalt{Iil) species followed
by the cobali(lil) n-cation radical complex. This type of study allows the possibility of
distinguishing between ligand and metal ion-centred oxidation. Electron transfer from various
substituted hydroquinone dianions to {Co(TPP)} in MeCN has been studied [104].

The temperature- and axial-ligand dependences of the EPR spectra of the cobalt
tetraphenylporphyrin and octaethylporphyrin cation radicals have been re-examined [105). The data
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show that there is significant mixing of the Aj, and Aj, states in the ground state and that the Az,
state contribution is increased as the axial ligand field increases. For the complex [Co(IDOEP)'+,
Br~, Ci~ and CN- in the axial position produced line broadening attributed to locally excited triplet
mixing.

The sensitivity of 5%Co NMR spectra to small changes in the electric field near the metal in
cobalt(I1l) porphyrins is illustrated in a study [106]) which has been carried out on a number of
sterically congested complexes of the type [Cofpor}(RIm};i* in which Rim = imidazole or 1-
methylimidazole and por = the dianior of tetramesitylporphyrin or tetrakis(2,6-
dichlorophenyl)porphyrin (HoyTDCPP). The fact that there were ortho substituents such as the
ortho chloro or methyl groups on the meso phenyl groups had a large effect on the line widths and
the chemical shifts. The X-ray crystal structure of the complex [Co{TDCPP)(1-Melm)s}[BF4) was
also determined (monoclinic, P2y/n, @ = 12.229, b = 21.344, ¢ = 21,2274, B = 105.50°, V = 5339
A3 and Z = 4) and this provided information about the steric effects observed in that the presence
of the ortho chloro-groups in the structure blanked off the area above and below the porphyrin
structure. The X-ray structure also served to provide an explanation for the fact that the effect of
solvent on the NMR spectra is significantly different in the case of this hindered structure from that
in unhindered structures in that solvation close to the metal does net readily occur because of the
hindering groups.

y-Radiolysis has been used to study the stable products of the reduction of [N-
methyltetrakis(4-sulfonatophenyl}porphinato]cobalt(Il) {Co(ID{N-Me)P] and its nickel(ll} and
copper(Il) analogues [107], while the rates of formation and reactions of intermediates have been
determined using pulse radiolysis. The product of the reduction was found to be [MeCo(lII)P)"
From this and the pulse radiolysis data, the overall progress of the reaction is proposed to be that

shown in (42).
]—‘f— CofH)N-Me)P* —°—l

Co® + HyN-MoP /S CollN(N-Me)P*

Co{l{iN-Me)P°  +H*

Co{ll}{N-Me}P*
Me Me

Co(i)P™ w—f— o ()P

"CH3

Coligp'2t  +—2— copnp* «—=2— comp
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The bent apical nitroso group in the square pyramidal complex JCo{1>NO)TPP)] in the
solid state has been found using 15N CPMAS NMR spectroscopy to be moving in a way which
has been interpreted as a "swinging motion” [ 108]. The X-ray crystal structure of the deep orange
5-coordinate Co(Il) complex of octacthyloxophlorin, {(py)Co(lIXOEPQOH).pyl (43).py has been
determined along with that of the lime-green §-coordinate Co{Ill) complex, [(py)2Co(IM){CEPO)]
(44) [109]. A series of complexes of basket handle perphyrins containing short p- or m-
phenylenedimethylenedioxy chains of cobalt(l) and zinc{il} have been prepared and characterized
spectroscopically and electrochemically showing significant distortion of the porphyrin skeleton
[110).

(43) H atoms omitzed

(44) H atoms omitted

Cyclam and related ligand complexes of cobalt(1iT) act as mediators for the highly efficient
electron transfer involved in the photoreduction of CO2 when p-terphenyl (OPP-3) is a
photocatalyst and certain tertiary amines such as triethanolamine act as sacrificial electron doners in
methanol/acetonitrile solution [111]. The stabilization of QPP-3 is enhanr2d by smooth electron
transfer from (OPP-3}"- to the cobalt(IlI) or (II) cyciam comple«. The quantum yield in the
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presence of triethanolamine (TEA) of CO/HCOJ2- was 0.25 at 313nm. The selective reduction of
CO2 to CO benefits from the formation of intermediate species such as [Co(DL(CO2)]*. A

possible mechanistic cycle is shown in (45).

[CotiL({TEA}}® e
HCO2
cO
formation CO+0 (CoL(C2CHTEA)R*
H* [Co{L{TEAR
[CoflLICOZHTEAN*
[CaliL)* CO.
HCO2
[CoLICO>HTEAN [COMLHHTEAR" tormation
[COML(CORIS
CO;
(@5)

A spectrochemical study of the cobait(Il) tetraphenol-substituted phthalocyanine (46)
showed that this organic solubte complex shows redox properties relating both to the netal ion and
the ligand [112]. The yellow Co(l} and the pink reduced phthalocyanine complexes were observed
on reduction, while the green Co(HlI) and red-brown oxidized phthalocyanine species were

produced on oxidation.
H
3 H
CH3
o]
Cl
\
hi Cl
Hg ‘ CHa
Sand
o) (on
cH cl V) Ci
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The spectroelectrochemistry and electrochemistry of the complex (OMC)Co(PPh3),
(HpOMC is 2,3,7,8,12,13,17,18-octamethylcorrole) in a range of solvents {1 13] shows the
presence of three oxidations, which arc reversible at rapid cyclic voltammetric scan rates and which
involve the oxidation of the ligand system and two reductions which involve reduction of the metal
jon and dissociation of the PPh3 Co{lII) complex which is 5-coordinate while the Co(Il) complex
is 4-coordinate though the situation varies according to the solvent used. The first examples of
meso-substinated corroles in the forms of [riphenylphosphine(2,3,7,8,12,13,17,18-octarmethyl- 10-
phenylcorrolato)cobalt(Il)] and [triphenylphosphine(2.3,7,8,12,13,17,18-octamethyl-5,10,15-
triphenylcorrolato)cobalt(ITT)] have been prepared and characterized, and each maintains a square

planar corrole [114].
\ 7
Coo
H.QH
NH,

@n

The ligand L (47) is one of a series of so-called reinforced macrocycles and it has a pendant
amine group which is available for coordination with the metal [115). Hancock and coworkers have
prepared the complex [CoL.(Cl)){CoCls]).H20 and determined its X-ray crystal structure. The
complex forms green-black crystals (space group P21/c, @ = 8.778, b = 13.344, ¢ = 19.380 A B=
98.48° and Z = 4), The structure does indeed show the amine nitrogen to be coordinated to the
cobalt which is at the centre and coplanar with the other nitrogens of the ligand. The other position
is occupled by the chloride. The coordination sphere is considerably distorted. The application of
molecular mechanics 10 this structure succeeded in reproducing the distorted structure rather well,
except for the Cl-Co-N bond angles; however, these are improved by using a different force
constant for CI-Co-N The C-C-C bond angles of the chelate rings were also not so accurately
reproduced, since these 100 are considerably distorted from normal values. The authors suggest that
this is due to disorder in the structure. The large thermal motion is suggested as being due to the
presence of both boat and chair conformers of the six membered chelate rings, since the difference
in the energy of these was found to be quite small. A study of the crystal structures of the
complexes involving the cation (1,3,6,8,10,13,16,19-octaazabicyclo[6.6.6)icosane® "™ with
anions [ClO4]", [S20312- or Ci~ has been used to investigate conformation and yw.~uig in the
crystals [116).

Very stable 1:1 “super-complexed” species have been demonstrated (117] using
potentiometric and electrochemical methods hetween the complex anions, [Fe(CN)gl4- and
{Co(CN)g)3- and the macrocyclic polyazaalkanes, 1,4,7,10,13,16,19-heptaazacyclohenicisane,
1,4,7,10,13,16,19,22-octaazacyclotetracosane and the open-chain species, 1,17-bis(methylamino)-
3,9,12,15-pentaazaheptadecane and 1,20-bis(methylanino)-3,6,9,12,15,18-hexaazaicosane. The
stability of the complexes formed are higher far the cyclic ligand than for the straight chain ligands.
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The relationship between the topologies of the receptor and subsirate species appears to be an
important factor in the formation of these species.

The X-ray crystal structure of the complex 1,4,7,10,13,16-hexaazacyclooctadecane-
cobalt(HIl} trichloride, meso-{Co{hexaen))Cly at 106 K has been shown to confirm the NMR
spectroscopic assignment [118]). The electron density distribution in the complex showed that the
aspherical 3d electron density was that expected for a low-spin complex. In the complex meso-
chloro(1,4,7,11,14-pentaazacycloheptadecanejcobalt(Ill) chloride perchlorate [119] the nitrogen
donor atoms are arranged in a distorted octahedron around the cobalt and the chiral nitrogen centres
are in the conformation 1RS, 7SR, 11SR, 14RS. In order to throw light on the structure of one of
the products of the reaction between CoBry and the ligand (2R,5R.8R.11R)-2,5,8,11-tcaacthyl)-
1.4,7,10-tetraazacyclodecane (L) (48), the structures of the complexes which are formed by reaction
f ihe complex with the amino acids alanine (alaO}H) and threonine (thrOH) have been studied
using X-ray diffraction [120]. These complexes w:re found to be cis octahedral with the amino
acid coordinated in a didentate fashion through oxygen and nitrogen. The configurations of the four
asymmetric nitrogen atoms in the complexes were RSRS.

H E
CHy=NemC==CH;

EBt—C—H H N—H

H—T H H—C—@
e

€& H
“8)

(49)

Reaction of the ligands (L1) (12-methyl-1,4,7,10-tetraazacyclotridecan- { 2-amine), (L.2) (6-
methyl-1,4,8,11-tetraazacyclotetradecan-6-amine) and (L3) (10-methyl-1,4,8,12-tetraazacyclo-
pentadecan- 10-amine) with aqueous cobalt(T) in the presence of activated charcoal anr] air foilowed
by addition of HCI result in the formation of the cis complexes [Co(L)C1)2+ [12.11. The single
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crystal X-ray structure of [Co(L2)CII[CI0u] gave the structure shown in (49). The structures of the
other two complexes were also determined. The ligand is quinquedentate with the pendant primary
amine and the two adjacent secondary amines occupying an octahedral face. The Cl is cis to the
primary amine; RRSS-stereochemistries characterize the geometry of the secondary amines in the
complex.

The rans isomers of the ligands L2 (3-methyl-1,5,9,13-tetraazacyclohexadecan-3-amine)
and L3 (6-methyl-1,4,8,11-tetraazacyclotetradecan-6-amine) have also been isolated. The X-ray
crystal structures of both of these species were determined [122]. The complex trans-
[Co(L2)C1][CiO4)2 belongs o the monoclinic space group (P21l/kc, 2 =9.107, b = 16.448, ¢ =
13.898 A, B = 99.16"). The complex mans-[Co(L3)CIJ[ClO4]2 belongs to the same space group
but has the parameters g = 16.868, b = 7.531 and ¢ = 20.51 A, § = 126.61". From molecular
mechanics calculations it is deduced that the cis-L2 complex is 4.4 kI mot~! more stable than the
corresponding trans-complex. The kivetics of the base hydrolysis of the three complexes was also
studied. The usual SNICB mechanism is assumed. There was a correlation for the cis-complexes
between the observed rate constants and the macrocycle ring size and also the Co-Cl boad length
suggesting that the ground state was an important factor in the hydrolysis reaction. In the case of
the trans complexes, there was found to be a degree of insensitivity to changes in the ligand
framework. Using HaN(CH2)NH(CH2)2NH(CH3)3NH3, a copper(Il}-directed synthesis of the
asymmetrically substituted wetraazacycloteradecane {50) has been carried out {123). The X-ray
crystal structure of the cation in the complex, 2is-[CoL.1(CI)][(C104}2 containing NH; instead of
NO; is shown in (51). As in the previous cases the rapid rate of base hydrolysis is reflected in the
rather long Co-Cl bond,

m )
EN N}(Noz
H'I\_/N\H "

(50) (51) H aioms omizted.

The reaction of cobalt(l) chloride with the ligand, HL (13-amino-13-methyl-1,4,8,11-
tetraazacyclotetradecane-6-carboxylic acid) in air produced two complexes, the red cis-
(CoLAC]ICIOs]); and the orange cis-[Col.(H0)][C104]3 [124]. The X-ray crystal structure of the
former was determined. The chloride was found to be cis relative o the pendant amine and the 4
secondary amines were coordinated in a folded geometry with RRRR-stereochemistry. The
pendant carboxylic 2cid was not coordinated. When the above reaction mixture was heated with
kctivated charcoal for § hours the complex trans JCoLHJ[C104].H30 was produced, in which the
ligand , L. was now hexadentate with the pendant amine and carboxylic acid in the trans positions
around the cobalt.
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The complex [(cyclen)Co(OH2)2]3+ has been found to hydrolyse dimethyl phosphate at
60°C with a rate constant of 6.2 x 10-7 M-! s~1 [125] unlike [(tren)Co(OH3)}3* which shows no
tendency to hydrolyse the phosphate even after keeping at 100" C for a month. The reaction was
followed by using 3'P and proton NMR spectroscopy. The mechanism proposed is (52). The same
group has also studied the reacrion sequence shown in (53) and the equilibrium constant (0.4 £ 0.1
M-1) for the first stage was determined by using 1H NMR spectroscopy; the second order rate
constant for the second step was found 10 be 7.240.4 x 10-5 M-I -1 [126]. The reaction proceeds
at a measurable rate only as the pH approaches the pKy of the water ligand. It is concluded that it is
the hydroxide coordinated to the metal ion that produces the increased rate of hydrolysis.

| /\NH NH H

H, | aOH2 NH, | 0—
0. = V¥ "Co
NH'cl “NOH OH" | “voH O

NH w—e=NH

NH o
# Hha. LOQU OCH; HN /\| N o= < H
S| “on I\/O OH
N

(52) (33)

The yellow cobalt(fIT) complex of the macrocyclic ligand, cis-diammac (54) has been
synthesized | 127) along with its chromium(I11) and nickel(II) analogues. The structure is compared
with that of the corresponding frans complex and is found to be different —- for example, the
charncteristic short M-N bond forced upon the cis complexes is not present in the trans-species.

R
M - o
HN  NH \co/
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(54) (55)
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The complex (55) [128] containing a catechol group has been synthesized together with the
dimeric antiferomagnetically coupled semiquinone derivatives. The structure of the cobalt(Il)
complex has been inferred from marginally insufficient X-ray data which are compared with the
more accurate Ni{lI) X-ray data. In a follow-up to their previous paper, Coucouvaais and
coworkers have reacted the complex CoETC (above) in the presence of [PBuyN]JCGH with the
complex [{(dmf)3Mo20252(S2)] to produce black crystals of [{CoETC) {M020282(8$2)112- {129].
The X-ray crystal stnicture of the corresponding Ni(IT) complex (§6) is reported.

(56)

Cobalt(111) complexes of the ligands [bpb)2- and [bpe]2- (87) with a variety of axial ligands
have been synthesized and shown by 1H NMR spectroscopy to have a wrans-geometry. A

spectroelectrochemial study has been carried out, demonstrating the irreversible Co(ITT)/Co(Il)
couple {1301,

R R
H.bpb,R=H
0 O P
Q.C"N N-Cﬁ NH HN
H H Hybpe, R=Cl C }
N N NH HN
(1) (58)

The complex trans-{CoL(itn)2JCl04 in which L is (58) has been prepared and characterized
131},
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Salts of [Co(NH3)g]13+ have been used as oxidants for [2Fe-2S) isoferredoxins, Fdl and
Fall from spinach, parsley and Anabaena variabiiis {132]). All the reactions showed saturation
kinetics ard are consistent with the scheme:

Fe{ll)Fe(l) + Co(Iil) & Fe(l)Fe(IIl),Co(lIl) K

Fe(ID)Fe(lID,Co(ill) — Fe(il)2 + Co(ll) ket

In fact, for the cobalt complex there was very little variation of either K or kq;. Using 2
tunnelting pathway modei the authors have identified the most favoured electron transfer pathway
in the system. In another related study applicatior of the Marcus theory to the cross reactions of
Anabaena variabilis plastocyanin and azurin with [Co(phen)3]3+ did not give seif exchange rate
constants in agreement with that obtained for reaction of ACu(l) with PCa(lf) {133). The cation
[Co(phen)3)3+ has also been used as one of the oxidizing agents ir a study of the reactions of five
spinach plastocyanin PCu(l) mutants [134]

The kinetics of reduction of spinach plastocyanin and horse heart cytochrome ¢ by A and A-
[Co({N(CHa)z-sar)}4+ show significant stereoselectivity [135). The reaction of [Cof{(NHz)2-
sar}]2+, however, shows no stereo-selectivity. An .xtensive discussion is provided for use of cage
complexes as metalloprotein redox mediators.

1.1.2  Compiexes with oxygen donor ligands

The kinetics of the formation of the complex cation, [Co(H2PO4)H20)5]2* l.as been
studied by following the reaction of HaPO4~ and H3PO4 with [Co(H20)s)3+ over a range of
acidities and ionic strengths [135,136]. As would perhaps be expected, the rates of reaction are of
the order of 104 faster than for the reaction of the same species with [Co{NH3)5(H20))3*. The
reactive species was found to be HoPO4~,

In a study of the kinetics of the oxidation of arsenious acid by 12-tungstocobaltate(Ill) ion
the stoichiometry of the reaction of 12-tungstocobaltate(III) ion with arsenious acid has been shown
1o be [137):

2[Co(IH}W15- + H3AsO3 + Hy0 — 2[Co(IHW]6- + H3As0O4 + 2H*
The kinetics of the reaction are consistent with the rate law:
Kobs=2(k+k1Ka[H*]-1)[H3As03]

in which & and &, are rate constants for paths involving the species As(OH)3 and [AsO(OH)2]-
respectively and Kj is the ionization constant for arsenious acid. lon pairs involving the cobalt(II})
moiety and the cations present are implicated in the reaction.
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A range of 15 complexes of the form [Co{hfac)]ClO4 have been investigated [138] to
examine the pH dependent colour change which occurs in water or in methanol; pKoH was in the
range —7.4 10 -4.8, and pKome in the range —8.4 to ~4.2. The reaction involved is shown in (59).

L)) OR {A-1)+
/(El o | #CF3
/OC_)C\ OR" o /
LCO\ /CH + - X 00\ ¢CH
o=-C o C\
“cF, CFa
59)

When soine tris(B-ketoenolato)cobalt(TH) complexes are treated with protic acids such as
trifluoroacetic acid [139] th+ ESR spectra indicate that an electron transfer process has taken place
giving a wide range of radicals depending on the nature of the §-ketoenolate. Thus, for example, the
ESR spectrum of the complex [Co(dbm)3] {dbm = dibenzoylmethane) at —30'C shows a free
radical in which spin delocalization is confined to one of the phenyl rings; on raising the
temperature to -10°C, delocalization over ail the ligand occurs. Many other examples are given of
this phenomenon.

The solubilities and solvation of a range of §-diketonates including [Co(acac)3] and
[Co{acac)z] have been determined in a variety of mixed water/organic solvents [140]. The data
were interpreted in terms of solvation and preferential solvation by water and organic
cosolvents, The molecular structures of a number of complexes of the type
[Co(acac)2{{CH3)XCH2CHaNH3} J[C104), where X = N, P or As showed an arrangement around
the cobalt which is a distorted octahedron made up of the O atoms from the acac, N and X {141)

HyC CHj
N N
4,4 diphanyl-2,2'bipyriding 4,4'-cdimathyl-2 2"-bipyriding
O GO OC
=N N N <=N NJ
1,10-phananthroing 2.2-%ipyrazine 2.2-bipyrmidine

(60)

{Colll}(boy)(3.5-DTBSQ);) {CotMI){bpy}(3.5-DTBS Q)3 5-Cat))

61)
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By preparing a series of complexes of the general type [Co{N-N)(3,5-DTBSQ)] in which
N-N is one of the systematically varied ligands (60) and DTBSQ is 3,5-di-tert-butyl-1,2-
benzoquinone, it has been found that the reaction typified by (61) can be controlled to occur at a
variety of different temperatures [142]. Furthermore this "tuning” of the ligand structure allows the
preparation of compounds in which this process occurs in crystals of the complex. Thus the toluene
solvate complex [Co{phen){3,5-DTBSQ)21.C¢HsCH3 (62).CsHsCH3 was found to be the first
complex shown to undergo this reaction in the solid state, the reaction occurring at 220-260 K. This
is clearly shown by the X-ray crystal structures of (62) determined at 238 K and 173 K.

{62) at 173 K; H atoms omitted.

A range of complexes of the form [Co(ip)a(Meg-en)]* (n=1 to 4, Mejy-en = methyl
substituted ethylenediamine) containing the tropolonate ion (tp) as ligand have been prepared and
the crystal structures of two of them determined [143]. The crystal structures of [Co(tp)2(Mes-
en)J[Cl04) and A(R)A(S)-[Co(ip)a(Me-en)}[Cl0O4) were obtained and these data support the
argument that the increase in the value of E' for Co3+/Co2* from -0.31V for {Cotip)a(em)]* to
-0.09V for [Co(tp)a{Mes-en)]* is due to steric effects involving the -N(CHj)2 group. Another
interesting result is that for these complexes there is a large increase {up to 103 times) in the
hydroxide catalysed deuteration of the coordinated amine nitrogen atoms for these complexes
compared with similar acac complexes.

The X-ray crystal structures of [Co{pyo)s]{CoClal, [Co(pyo)sila (where pyo = pyridine N-
oxide), and [Co(Me3jNO)4]I» have been determined {144), The coraplexes [Co(pyo)sl[CoX4] form
an isomorphous series when X = Cl, Br or |, although the iodo complex decomposes to form
[Co(pyo)s)iz in solution. The ionic nature of the complexes was confirmed; there is an octahedral
afrangement around the cobalt centre in the pyo complexes and a distorted tetrahedral patiern in the
case of the MeaNO complexes.

Polarized single crystal Raman spectroscopy affords information which may be used to
obtain unambiguous assigaments of vibrational modes. Unexpectedly, in a study of the single
crystal Raman spectroscopy of a—alums CsM(8Q4)2.12H90 (M = Co or I) between 275 and
1200 cm-1 [145] it was found that the symmetric stretch of MOg was found to have a higher
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wavenumber for M = Ir (554 cm~}) than for M = Co (548 cm-1) in spite of the smaller size of
[Cotaq))3+. This highlights a difference for the first row elements compared with the second and
third row elements.

1.1.3  Complexes with nitrogen-oxygen donor ligands

The complexes AAJCo{aet)(en}2]{C1O4] and A-NafCo(edta)].3H20 or Naa(D-tart).2H20,
where aet = 2- sminoethanethiolate(1-), and D-tart =(RR-tartrate({2-) were crystallized together and
the A aet complex always appeared in the first crop [146]. The ternary solubility isotherms were
determined. The mechanism of the process is interpreted as involving a shift of the entectic point
from the racemic line into the optically active region and this is cau:ed by the active co-solute. The
authors conclude that for successful optical resolution in the conditions obsetved here the complex
10 be resolved must show conglomerate crystallization and the above shift of the eutectic point must
occur and the larger the shift the better the resolution. The crystal structures have also been
determined of the racemic ¢rystals of Klcis-a-Co(edda}(NO2)21.H20, space group Py and the
conglomerate crystals of K{cis-a-Co{edda)(NOz2)2 also produced, orthorhombic space group
P212121 [i47]. The absolute configuration of the racemate is Kcis-a-A-(8A8)-
Co{edda}{NO;)2).H20. Both the conglomerate and the racemate form infinite strings, which in the
case of the former are such that pairs of strings have opposite helical chirality while in the racemate,
the strings are homochiral,

The four geometrical isomers of the complex [Co{edma)(NH3)(en)]2+, where edina
ammine(ethylenediamine){ethylenediamine)-N-acetate, have been prepared [148] and he
complexes with the edma facially chetated were resolved into optical isomers, NMR and CD
spectroscopies used to determine the geometrical structures, but the X-ray crystal structure of one
of the isomers was determined and this was found to have a AA configuration around the Co, and
an S configuration atound the secondary nitrogen atom. the related complex [Cofeddp)(en)i* in
which eddp = ethylenediamine-N,N'-dipropionato, has been separated into thres isomers which
were optically resolved [149]. The rate of the reaction between the two P isomers was slow and
was essentially an inversion reaction at the asymmetric second.cy N atom, while the o to B change
required the disruption of the Co-O bond to explain its stereoselectivity.

The preparation and subsequent determination of the X-ray crystal structure of the complex
A-B1-[Co(R,R-picchxn){S-a-Me-trp)){C104)2 has been described [150] as part of a study of
inorganic synthetic means of synthesis and resolution of a-alkylamino acids.

The crystal structure of the complex trans(N)-(1,10-phenanthroline)-bis(L-
prolinato)cobalt(II) perchlorate hydrate {152] shows that the octahedral arrangement around the
cobalt involves the L-prolinato ligand in bonding through oxygen and nitrogen in trans-N-N form,

The preparation of a series of aminocarboxylato{1,4-diaminobutane)dinitrocobalt(IiI)
complexes has been described |153] and the crystal structure of the A-(-)sgs-cis(NQ3), rrans-
(NH2}-(R-alaninato)(1,4-diaminobutane)dinitrocobalt(lIl) diasiereomer has been determined. A
relationship between ring structural and pseudorotational parameters for five-membered rings
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has{154]. From this it has been possible to show that such rings prefer 1o have a Co-O-C-C
torsional angle of about zero.

Both solution and solid state CD spectroscopic stidies have been carried out to examine the
vicinal optical activity of 4 classes of mono(S-aminocarboxylato)cobalt(Ill) complexes [155].
Replacement of the smaller ammine group by the more bulky nitro showed that axial orientation of
the alkyl on the aminocarboxyl group was more effective in producing a larger negative dichroism
at the first spin-allowed d-d band position.

The ligand 6-(2-hydroxyphenyl)-2,2'-bipyridine (HL) is tridentate and couples to metals as
an N,N,O-donor [156) It has been synthesised by reaction of 2-lithioanisole with 2,2'-bipyridine
followed by re-aromatization using potassium permanganate and the formation of a phenol from
the anisole group using pyridinium chloride. The structure of the cobalt{(Ill) complex
[CoL2][PFg].MeCN was determined using X-ray diffraction. it was found to contain cis-N4O2
coordination in an alknost octahedral arrangement.

The use of a ring structure containing an N-atom to reduce flexibility in the ligand N.N'-
di(2-picolyl)-N'-methyl-2§-aminomethylpymolidine (S-picpyrrMe) (63) allows the coordination
specificity for Co(Ill) to be probed [157). The X-ray crystal structure of the complex {Co(S-
picmirrMe)}(R-ala))(Cl04)2 has been determined showing that the complex has a CoNsO
arrangement with N,O-didentate somewhat flattened R-ala and a; topology.

(63)

Complexes of the type [Co(NO)(asal)z] (where asal = N-alkyl or N-aryl-salicylidene-
iminate, 6-OCgH4CH=NR with R = Me, Et (¢sal), "Be, Ph or CHaPh) have been prepared [158].
An X-ray structure of the esai complex (64) confirms a bent apical NO group. Solid state NMR
spectra were obtained for [Co{!SNQ)(asal}z) and also for the corresponding 0-OCgH4CMe=NOH
complex. These show the large isotropic shifts which are characteristic of bent nitrosyls, as are the
values of the 14NO infrared stretching frequencies. The tensor components show great sensitivity
to small changes in the MNO geometry. The magnetic behaviour of the complexes is that expected
for complexes exhibiting van Vieck paramagaetism. Proton and 13C spectra indicate that the
structure of [CoLa) (L = S-acetylamino-1,2-benzoquinone-2-oxime) consists of & mixture of the
mer and fac isomers [159].

The ligand (65) has been synthesized [160] and when reacted with CoClj in the presence of
NaQ2CCH2CHj, it yielded the cobalt(I) complex ion [CosL(02CCHCH3)2)*. The crysial
structure of this species shows that the two cobalt atoms are bridged by the central phenolate of the
ligand and all the other chelating positions in the ligand are attached appropriately to each cobalt
(66).
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(66)

The ligand 3-hydroxyiminopentane-2,4-dione (HL) (67) forms the compiex [CoLa] [161]
in which the N and O atoms are arranged in a distorted octahedson around the Co and in which an
NN O-donor set occupies a fac position.
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The 13C NMR spectroscopy of some carboxylatocobalate(J1i) complexes in a variety of
solvents [162] has shown that the shifts of the coordinated carboxylates in most cases were related
in a linear fashion to the electrophilicity of the solvent except for oxalato species. A mixture of the
Jac and mer isomers of the complex tris(4-R-1,2-benzoquinato)cobait{Ill) [Co(RL)3}, where R =
Me, Cl or Br is formed during preparation [163].

The kinetics of the aquation of cobalt(TIT) complexes, {CoL;Clai+ and [Co(LyiH)Cla}* of the
carefully designed ligands L; zud LH (68) have been studied [164). For the LyH complex the
reaction occurs in two stages with the first reaction in particular being much faster than for
comperable species, though inhibited by acid. This is attributed to powerful intramolecular catalysis
arising from a conjugate base mechanism (69).

(69

A number of mixed chelate complexes of cobalt(IIT) have been produced [165] by reacting
acetylacetone, 8-hydroxyquinoline, picolinic acid, dipicolinic acid, iminodiacetic acid and
dimethyiglyoxime (HpL) with [Co(NH3)7L'13* (L' = ethylenedibiguanide) to give [CoLLT™.

'Ry

(70
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A number of complexes of the macrocycle 1,4,7-tris(5-ters-butyl-2-hydroxybenzyl)-1,4,7-
triazacyclononane (LH3) (70) with first row transition efements {166] including cobalt(Ill) have
been prepared. The last of these has been used in an elegant piece of work where the complex,
{CoL} is reacted with hexaagua metal cations to produce complexes such as
[(L.Co)2Fe}{ClO4)n.2(CH32CO (n = 1, 2) [167). These are rinuclear species confirmed by X-ray
crystal structures (71) in which the iron centre is bonded by the three oxygen atorns of the ligand.

(12)

The ligand R-picpnMe; (V. N'-dimethyi-3R-methyl-1,6-di(2-pyridyl}-2,5-diazahexane) (72)
by reaction of 3R-methyl-1,6-di(2-pyridyl)-2,5-diazahexane with sodium cyanohydride and excess
formaldehyde in dmf [168]. From R-picpnMe; the A-cis-at-dichloro complex has been prepared
and from this the alaninato complex. The X-ray crystal stucture shows that this crystallizes in the
orthorhombic space group P2;2,2, with a = 10.502, b = 13,623, c = 18.655A and Z = 4. The
expected octahedral configuration around the cobalt is such that the R-picpnMe; ligand is found in
A-¢. topology. The ci-0y and cis-0; geometric isomers with different positions of the N and O
atoms of the S-ala with respect to the Ny ligand co-crysiatlize.

{114 Complexes with sulfur donor ligands

The reaction between the compound [Niaet)z] (aet = 2-aminoethanethiolate) and the cation
{CoCla(en)a]t yields the complex {Ni{Co(aet)z(en)}a14+ (73) which consists of a nickel atom
bridging betwzen two cis-(S)-{Colact)2(en)]* subunits [ 169}. The single crystal structure has been
determined. The complex was opticaily resolved using antimonyl tartrate, The red-brown cuboidal
crystals of {Li(OE)3][Co(SCsH,Priz-2,4,6)s] are prepared by reaction of Li(SCgH2Pri3-2,4,6)
with CoCla [170}; {LiOE2)3H{Coa(SCsH,Pris-2,4,6)s] contains the anion (74) which has proved
to have an unusual structure involving two CoS4 terahedra which share one face.
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(74)

115 Complexes with sulfur-oxygen donor ligands

The kinetics of the Cr{ll) reduction of the cobali{IIl) complexes; [(NH3}5Co(5303}*
(4.7x103), [(NH3)5Co(S205)* (2.1 x 104), [(NH3)5CoS0;CgH512* (5.3 x 103) and
[{NH3)sCo(H20)}S03)]* (1.1 x 105) have been studied [171], second order rate constants in
parenthesis. There is no linear correlation between the rate constants and the trans bond
lengthening.

An elcgant synthesis of the species MesSgiricosane has been achieved — the crude produr
mixture from the last stage of the scheme shown in (75) is reacted with Co(Cl04)2.6Hz0 ia the
presence of AgClO; as oxidant to forn a cobali(ili) complex from which the Co is removed by
reduction 1o Co(II) and complexing with Haedta. The properties of the Co(lll} complex are
explored [172].
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1,16  Complexes with sulfur-nitrogen donor ligands

75)

Mixed ligand complexes containing ethylenediamine and N, S-chelates (76) have been
prepared [173]. The crystal structure of the complex [Cotapymt)(en)2]{ClO4]2 shows that it kas the
amine group remote from the N,5-cobalt bonding system. An interesting feature of the wrans-(S)-
{Col4.6-dapymt)(en2)]* and trans-(S)- {Co{2,4-dapymt){enz)j* complexes is the formation of an
intramolecular hydrogen bond between the amino group of one dapymt ligand and the coordinated
sulfur atom of the other. In a reiated study Yamanari and coworkers [174] have looked at eight
cobalt(Iil) complexes of the type [Cofen)sL]* and [Cofen}z(HL)j2+ where H3L are the ligands in
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(77) which are bonded through nitrogen and sulfur. Again these were photochemically prepared,
though with much longer photolysis times. The crystal structure of the complex
[Cofen)2(tuc)][C1Q4] was determined and in this the bonding occurs via an adjacent linkage. An
intramolecular hydrogen bond between the tuc oxygen atom and an amine nitrogen of the en was
shown by both NMR spectroscopy and X-ray crystallography to be a feature of these complexes.

X N
; N ~U0 N
N~ IS
N7 1S
remote adjacent
NH2 NH2 NH;
N N N
A A bR
N SH HzN N SH HS N NH2
Hapymt 4,6-Hdapymt 2,4-Hdapymt
(76)
Q
R
r, Oix
R? N’&s N S
H H
R'=R2=H Haluc
R'=Ma,RP=H  SMe-Huc Haquz
R‘ = H, Ra = Me 6Ma-Hstuc
amn

The reaction of the new ligand 5-methyl-5-(4-amino-2-thiabutyl)-3,7-diazanonane-1,9-
diamine (Ns5S) with a cobalt(IT) salt in methanol with a stream of air produces mostly
[Co{N58))(C104)3.2H;0 (78). When this is reacted with nitromethane, a nitro-cepped compound
is formed; reduction leads to an amino-compound (79) and the X-ray crys: . structure of this was
determined. The absorption spectrum was measured at 11 K to separate the Co-S charge transfer
band and octahedral ligand field parameters, B = 565 em-}, C = 3300 cm-! and 10DQ =
22900 cm~! were determined [175).
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(78) (79)

The complexes cis-B-[Co(gee)(gly))* and cis-B-[Colege)(AA)}*+ (where geeH and egeH =
(80); AA = gly, L-ala, L-ley and L-ile) have been prepared and shown by 1H and 13C NMR
spectroscopies 10 be produced as only one geometncal isomer. The X-ray crystal structure reveals a
# configuration [176).

H
H
N NH
N NH N
) o)
gosH egeH

(80)

Encapsulated complexes have been prepared [177) by the reaction of the cobalt({Il)
complex of the ligand S-methyl-5-(4-amino-2-azabutyl)-3,7-dithianonane with formaldehyde and
ammonia, or formaldehyde and nitromethane, to produce [8-methyl-6,10-dithia-1,3,13,16,19-
pentaazabicycio[6,6,6licosane)cobalt(Il)] perchlorate and [1-methyl-8-nitro-3,13-dithia-
6,10,16,19-tetraazabicyclol6,6,6)icosane)cobali(IIl)). The X-ray crysial stracture of the latter has
been determined along with that of the compiex [Co(N4S2)]CL(CI04)2 which contains cation (81).
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The X-ray crystal structure of cis-[Cofatac)Cl2]ClOs 1/2H20 where atac = 6-methyl-6-(4-
amino-2-gzabutyl)- 1-thia-4-azacycloheptane [178] shows that the atac coordinates through N3S via
a secondary amine and a thioether in the cyclopentane :ing and the pendant primary amine and the
chlorides in the cis positions. These structures were been determined for hfac complexes
crystallized from basic solutions and are compared [179] with those of the complexes
[ColhfacXen)21(ClO4)2 and beta-[(hfac)(trien)]{Cl04)2 The latter is rel-A- -R,R.

The complexes [Co(IID){Ir(il)(aet)3}2]3* and ApppALLL-[Co(IT){Ir(IlI)(L-cys-
N,5)3}213-, where L-cys-N,S = L-cysteinate, have been prepared and the aet complex has been
separated into the optical isomers, AA, AA and AA [180]. The crystal structure of the AA isomer
shows that the environment around the Co consists of a trigonally distorted octahedron made up of
the thiolato sulfur atoms,

1.1.7  Complexes with sulfur-nitrogen-oxygen donor ligands

The complex ammonium bis{pyruvic acidjthiosemicarbazone)cobalt(Ill) benzene has been
found from its X-ray crystal structure to be the mer isomer with a very distorted octahedral
amrangeneeat around the cobalt [181).

ESR spectroscopic studies of low-spin {N1,N4-bis(salicylidene)-5-aikyl-
isothiosemicarbazonatolcobalt{(Jl) (82) complexes doped into lattices of the corresponding Zn(1l)
chelates, [Co[RIR2R3].H;0 show a six-coordinate structure involving the phenolic oxygen from a
neighbouring molecule [182].

HO
[RIR%RY
__ — &' = Me, Et, n-Bu

'\\ <' l A% s H, 5-0)
R? = H, 5-C1, 3'5-Clp, 3“-OMe

s—R’

1.1.8  Complexes with phosphorus donor ligands

A total of 11 complexes of the form [Co(S-S)Pal2+ and [Co(S-$)2P2]* in which 8-S =
dimethyldithio- {dtc), diethyldithio- and piperidyldithiocarbamate and P = 4-ethyl-2,6,7-trioxa-1-
phosphabicyclo[2,2,2]Joctane (etpb), trimethyl- (pome) or tricthylphosphite, have been prepared
[183). The complexes of the form [Co(S-S)2P2] possessed cis-geometries in the dark, but when
they were exposed to light they changed to the srans-species. The crystal structures of two of these
complexes were obtained; [Co(dtc)z(etpb)2i* and [Co(pipdtc)(pome)4]2+. A further series of
dithivcarbamato complexes, this time containing 1,2-bis(dimethoxyphosphino)ethane,
[Co{(CH3)NC(S)S)3.a{ (CH3)2P(CH2)2P(CH23)2)5l[BFa), (n = 1, 2) have been prepared [184).
The X-ray crystal structure has been determined for the complex when n =2 showing that both the
chelate rings 1ake the gauche conformation and there is evidence of trans labilization by the
phosphorus ligands.
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1.19  Complexes with halide and pseudohalide donor ligands

A study of the 13C, 15N and 15N NMR spectra of 15 pentacyanocobaltate(HII} complexes
[185] has revealed a relationship between the chemical shift and the nature of ihe ligand which is
changed and there is a linear relationship between the chemical shifts in these spectra and the ligand
field parameters such as the nephelauxetic ratio.

Like cyclic polyimines, poly(ethyleneimines) have been found to offer protection against
photoaquation for the complex [Co(CN)gl3- [186], though over a much wider pH range. The
process by which this occurs is believed to involve the formation of adducts between the Co
complex and t..2 polymer by the formation of hydrogen bonds between CN- and the NH groups of
the polymers.

Copper(1l) is a powerful catalyst for the reduction of the superoxo complex ion
[Co2(02{TN) 0] to [Coz2(O2XCN) 1516 by cysteine and 2-aminoethanethiol since in its absence
the reaction is very slow [187]. The kinetics of the reaction show a first order dependence on
copper(fI) and as in many such reactions the activity of the catalyst is due to copper(l). The ef{ect of
added thiol is to cause inhibition at higher concentrations and this is attributable to the formation of
copper(l) thiol species. The processes which are believed to be taking place are summarized in (83)
to which the kinetic equations fit very well.

RSH ==——=== RS" + H'

AS™ + Cu** === [Cu(i}{RS)’

[CuliRS))* ——— Cufhh + RS

ASH + Cuff) ===== Cu{i}(RSH)

CuliRSH) + Ox ~———m Cullh + [Cuz{O2(CN)1Q®

Cull) + Ox ——m Cullll + [Cop(ONCNNGE

2RS’ ——— H3S;

(83)

In 2 related study, the kinetics and mechanism of ihe reduction of the superoxide complexes
[Co2(02){NH3)10)%* and [Co2(02(CN)1gl5- by L-ascorbic acid has been studied [188]. The
reaction of the ammine complex in the pH range 3.5 to 5.2 is concluded to be outer sphere
occurring through the reduction of the superoxo group to peroxo followed by rapid decomposition
of the resulting product. The cyano complex reacts in the presence of copper(il) ions to form the
complex {(CN)sCo{H20)]2- The presence of a change in the UV-VIS spectrum of the starting
materials and the rate law strongly suggest that the reaction involves the formation of a copper{Il)-
cyanocobali(11i) complex at the start, A mechanism containing this proposal is given (84).
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HA === H' + HA

Cu®* + Ox === Cu{ll}{Ox) ion-pair

HA" + CulliOx} =——— HA* + Cull) + Ox
HA' CulllCx)  =s=—==  Cu{ll(Ox)(A®} + H*
CUllORAY) ——  Cull) + A~ + Ox
HA" + Cull) — Cufl) + A + H* rapid
AT + Cufliy ———m Cul) + A rapid

Cull) + Ox ——> Cu(l} + P rapid

84)

The complex ion {Co(CN)g]*- has been used in the more unusual role of a ligand for the
replacement of water in the anation reaction involving the formation of the neutral complex
[Cr{NH3)sNCCo(CN)s] from [Cr{NH3)s(H0)]3* [ 189]. The kinetic data are interpreted in terms
of an Iy mechanism for the anation reaction.

12 COBALT(H)
1.2.1  Complexes with nitrogen donor tigands

The products of the photolysis of complexes of the type [Colbpy)(Am)(AA)Y2* in which
Am = ethylenediamine or propylenediamine and AA is an amino acid are cobalt(lll) alkyl
complexes {190]. The process has been studied by flush photolysis and the hinetics for the
formation of the alkyl species have been determined. A reaction scheme is proposed which
involves the intramolecular oxidation of a cobult(ll) centre and the formation of the alkyl complex
followed by further reactions. In the case of the bis(bpy) complex, however the reaction produces a
stable cobali(1lT) alkyl complex. The complex cation {Co(bpy)212+ has been used [191] as the
reducing agent in a study of the kinetics of a series of redox reactions involving Ma(IILIV)
complexes a number of nitrogen donor ligands. The brownish-red complex
[Cu{(OH);Colen)2}21(5206)2.2H20 has been prepared and characterized [192].

The kinetics of the electron transfer reaction of the complex {Co(bpyQ2)313+ (where bpyQOs
= 1,1'-dioxo-2,2"-bipyridine, which in these complexes forms a puckered seven-membered chelate
ring) and a variety of reducing agents such as nickel polyazamacrocycles, [FeLs]"* and [OsL3]?+,
(where L = 2,2'-bipyridine or 1,10-phenanthroline) have been studied in MeCN solution [193]. The
results are interpreted using the Marcus theory and compared with those from other relevant
complex reactions.
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The first crystal structure of a 2,2"-bipyrimidine cobalt(il) mononuclear complex, bis(2,2'-
bipyrimidine-N,N)dichlorocobalt(l1), [Co(bpm)Cla} [ 194] shows the bipyrimidine behaving as a
didentate ligand and the chloride ligands in the cis positions.

The polymeric complexes [CoLa)y. in which L.~ = pyrazolate, 3-methylpyrazolate and 4-
substituted 3,5-dimethylpyrazolate have been skown to consist of one-dimensional chain structures
which are held iogether by double pyrazolate bridges attached to the metal centres [195]. Magnetic
studies were carried out and these detected antiferromagnetic exchange and anisotropic
susceptibilities in all the complexes. Three related species, oligometallic 3,5-dimethyipyrazolate
(dmpz) bridged Co(llI) complexes have also been synthesized, namely [Co(dmpz)(Hdmpz))z (i),
Co(dmpz)2.0.344(Hdmpz) (i) and [Cotdmpz)2CKHdmpz)]2Co (iii) [196]. Single crystals were
available for (i) and (iii); (i) is orthorhombic, Fddd, a =17.022, b = 29.224, ¢ = 13.575 A, and (iii)
is trictinic, P1,a = 11.742, b = 18.604, ¢ = 8.950 A, &= 99.76, B = 102.32, y=93.36", 2 = 2.
These systems also exhibit antiferromagnetic behaviour.

(86)

The crystal structure of the blue dinuclear complex {Coz(phda)s, in which pdha is (85),
shows a Co(Il}-Co(l}) bond with the ligands arranged in an eclipsed cofacial geometry [197). The
bridging water molecules in the complex [Coz(i-hypoxanthing)2(804)2(u-H20)2(H20); (86)
play a crucial role in stabilizing the structure of the complex via the formation of strong O-H-O
bonds {198,

The question of the nature of the interaction between the reacting species in outer sphere
electron transfer reactions has been addressed by Lappin and coworkers {199] by studying the
effect of hydrogen bording on the kinetics of such reactions. A series of cobait(ilf) complexes
were reduced by {Cr(bpy)312+, {Colen)3}2* and [Co(en)z12+. The reactions with [Colen) ]2+ were
found to be inner sphere, while those with [Cofen)3}2+ and [Cr(bpy)3]?* were inner sphere. The
presence of an unhindered pseudo-Cj axis in complexes Cy-cis(N)-[Co(gly)z(ox)}- and Cy-cis(N)-
{Co(gly)z{ox)|~ which allows easy hydrogen bonding when the oxidant and reductant come
together enhances the free energies of activation of these reactions.

Kinetics of the outer sphere oxidation of [Colen)3)2+ by [Colen)(ox)z2]- and
iCo(gly)(ox)212- in several solvents {200) was found to be largely independent of the nature of the
solvent, The data are, however amenable to fitting with the Gutmana donor number and acceptor
number, Stereoselectivities or the reduction of [A-(+)546Co(gly)(0x}2]2~ and [A-(+)546-
Co{gly}(ox)212- by [Colen)3]2* interpreted in a similar way showed the importance of hydrogen
bonding between reagents.
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The X-ray crystal structures of the complexes [Ca{NH3)g}[Hg3Clg] and trans-
{CoClz2(en)2)2[Hg2Clg] have been determined [201). The octahedral complexes [Co{L)2]2+ in
which L is (87) have been prepared; trends in anodic peak potentials are largely determined by
steric rather than electronic effects as methyl group substitution occurs [202). A series of high-spin
Co(Il) complexes of the tridentate ligands (88) have been prepared and characterized [203].

| R=R'zH
" |
1
N N R! R=H;R' =Me
“N N HaC N CHs o pn, CeHlO-4,
A=R'=Me I I (CHzlaPh
R 'R R” e
(87) (88)

The cobalt(I) complexes of 4'.4™-disubstituted derivatives of any {89) have rather different
structures in the solid state [204, 207]. The crystal and molecular structure of the complex
aqua(methanol)[4',4""-bis(4-chlorophenyl)-2,2".6'2":6",2":6™,2""-quinquepyridine]cobalt{II) bis-
(hexafluorophosphate] [Col(cpaqpy)(MeOH)(H20)1{PFgla has been determined and shown to
consist of a single helical arrangement around the cobalt with the kigand exhibiting 7-coordination
as shown in the stucture of the cation (90}. This contrasts with the structure of [Ca(qpy)2(0Ac)]3+
which has a double helical structure around twe cobalt atoms [205]. A scheme for the
interconversion of the single helix and the donble helix is proposed. The interconversion of double
and single helical cobalt(I} complexes of 2,2".6',2":6",2":6™,2""-quinquepyridines has been
extended in a practical sense to allow the preparation of heterodimetallic complexes; the complexes
[CoML3]3* have been prepared in which M = Cu or Ag and L = Phaqpy or gpy [206}.

X = H, Mg, Cl, HO, or Me;N
(89)

As part of an investigation of the anticorrosion properties of benzotriazole [208], the crysal
structures of the complexes [CoCla{Mebta)z] (I), f..ans-[Co(CNS)2(Mebta)g)(H1), trans-
[Co(NCS)2(MeOH)2(Mebta)z] (HI) and cis-[Co(NO3)2(Mebta)a] (IV) have been determined, in
which Mebta = 1-methylbenzotriazole (91). The Mebta behaves as a monodentate ligand througn



50 M.B. Davies/Coordination Chemistry Reviews 152 (1996) 1-85

N. The geometry around the Co in (I} is tetrahedral, while in the other three complexes it is
octahexral,

o0

n=—z
JL‘,
=
=
|
Y
(]

RaH, Me NH, HoN
on 92)

The structure of dithiocyanato| (-)-spartein]cobali(IT) has been shown [209] to be similar to
thit of the dichioro complex [210] in which Fenton and Gerloch had to introduce so-called "bent
bonding” to account for absorption intensities {211]. The dicobalt complex
[Coz(Hachds)2(H20)3(NO3)IINO3), where Hachds = ¢yclohexane-1,2-dicnebis(semicarbazone)
(92), has been prepared and studied using infrared spectroscopy and the X-ray crystal structure has
been determined {2121, This is triclinic, with space group P1, 0 = 13.616, b = 12.694, ¢ = 11.5374,
a=68.13, B =77.71, y = 70.01" and Z = 2. The ligand in the complex is almost planar
tetradentate,

i
‘?,N:.c@:e. _N.cﬁ.cx 2o
I H v B‘O oy »
R R R

(93) (94)

In & study of clathratochelate complexes in which a metal ion is entirely encapsulated within
a ligand cage two new types of cobalt(Il) complexes of the types shown in (93) and (94) have been
synthesized {213]. Cyclic voltammetry on these show the possibility of +2 and +3 oxidation states.
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Cyctam complexes showed no tendency to dissociate in aqueous perchloric acid [214), but
when Mcllvaine phosphate buffer was used to produce acid conditions the reaction proceeded
readily. Complexation by the anions in the buffer is implicated in the catalysis of the dissociation.
Dissociation of the trien and tren complexes occurred in perchloric acid solutions and mechanisms
involving solvation and general and specific acid catalysis are invoked. The tetraazamacrocycle
3,14-dihydro-6.8,185,17-tetramethyldibenzolb,i)[ 1 4,8,1 1 tetraazacyclotetradecine has been chosen
as having a closer resemblance to the corria ring as a precursor for forming species with an
intramolecular Co(HI)-C bond. The reaction of norborane with this complex is reported along with
the crystal structure of the product (95) [215).

95)

The structure of the complex {Co(ipb)l], where tbp = tetrabenzoporphyrinato, has been
determined {216] to be esseatially similar to other M(L)I molecular conductors in containing
Co(ibp) cations which are surrounded by I3~ anions in such a way that the cations are planar and
are stacked metal over metal. Conductivity and thermoelectric power measurements show that
oxidation occurs at the macrocycle and it is the holes in the five sixths-filled band which consists of
the overlapping p-p orbitals in adjacent macrocycle rings. The tetraphenylporphyrinato cobait(Il)
complexes (96)-(98) containing varying numbers of electron withdrawing bromine substituents
have been prepared and characterized {217). The application of electrochemistry and
spectroelectrochemistry shows that they exhibit three one-electron oxidations of which the first is
the formation of the CofIlI) complex, while the first reduction results in the Cofl) complex, the
effect of the Br atoms is to shift Eyp cathodically. The Br atoms also produce a red shift in the
Soret and visible UV-VIS spectra. Stability constants have been obtained for the formation of
complexes between cobalt(Il) octaethylporphyrin, t-tewraethylchlorin, tct- and ttt-isomers of
octaethylisobacteriochlorin with the base piperidine, py and substituted pyridines dissolved in
toluene, cyclohexane and chloroform [218]. Reasonable linear correlations were found for the
relationship between log K and the basicity of the ligand except for the 2-substituted pyridine
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species. As far as the macrocycle is concerned the stability constants were found to increase as the
saturation of the macrocycle increases, but were unaffected by the steric effects.

(98)

The temperature- and axial-ligand dependence of the EPR spectra of cobalt
tetraphenylporphyrin and octaethylporphyrin cation radicals has been re-examined (219]. The data
show that there is significant mixing of the Ay and A2, states in the ground state and that the Ag,
state contribution is increased as the axial ligand field increases. For the complex [Co(IDOEP]+,
Br-, CI- and CN- in the axial position produced line troadening attributed to locally excited triplet
mixing. The X-ray structure of the complex {CoL] (99) shows it to be almost planar except for the
two phenyl groups which lie 30 and 38.1° with respect to the CoNg plane {220]. An X-ray crystal
structure of the tetraimine complex [Co(C)gH29Ng)CI(H20)IC1.H20 shows that unlike the
corresponding Ni(Il) and Cu(ll) complexes which are square planar, the arrangement around the
cobalt(ll) is almost octahedral. FTIR spectroscopy shows the presence of NH:-+-Cl hydrogen-
bonds [221]. Among a range of complexes used in the study of the electrcatalytic reduction of
curbon dioxide were the species [Co(dapa)2(PFe)2, [Coltppz)z1(PFg)2, [Coltpy)2)(PFe)2, [Colv-
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tpy)2){PFe)2, [Coliptz)2l(PFe)2, (Coliptz)2l(PFg)2 and [Co(tpen)2}(PFg)2 in which the ligands are
shown in (100). It was found that these complexes were particularly good catalysts for the process
in which both metal-based and ligand based reactions are involved {222],

tpy R=H
v-1py R= CH=CH2
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Complexes of the form [Co(I){LY(OH)12(Cl04)2, where L is shown in (101) {223] are
pentacoordinate complexes with di-j1-kydroxo bridges and show weakly ferromagnetic interactions
in contrast to the sirong antifcrromagnetic coupling in the corresponding Cu(Il) and Ni(1l)
complexes.

. YIY
Y\FMQ N HN
N HN
¢ oNe
N NH N
R=H,Me /'\/u\
(161) (102)

The superhyperfine structare in the ESR spectrum of the five coordinate coraplex of (102)
in 3-methylpyridine has been observed for the first time. The data indicate that in this solvent a 1:1
&dduct is formed between {Col) and the 3-methylpyridine, Similarities berwoen the ESR specum
of the species studied here and that of vitamin B2, are noted [(224). The stability constants of the
Co(Il) complexes of a series of open-chain ligands {(103) have been determined and compared with
their corresponding macrocyclic analogues; the "macrocyclic effect” giving rise to higher values in
the macrocyclic ligand cases was only observed for (18JaneNg and [21)aneN7 (225]. The X-ray
crystal structure of the complex [Co{macm)z(py)2(H20)2] where macm = methazolamidato have
been determined [226]. The amrangement around the Co consists of & square planar distribution of
the two sulfonamidato and two pyridine nitrogens with axial water molecules completing an almost

regular octahedron,
Q‘Nﬂ HN
N
N
H,C-N*c-c-u-]—c—c—n—cua j’""‘ H
HiHy Hz Hlp Hy th H
(103) (104)

Two types of Co(lf) complexes have been found to be formed with the ligand BTIM (104)
(227], one with 1:1 stoichiometry and the other with 2:1 stoichiometry, The X-ray crystal structure
of [Coz(BTIM)2Br3)Br2 shows that the complex involves didentate bonding by the ligand in
metallocyclic manner so that an empty cavity is formed within the structure. The molecular
structure of {Coz(BTIM)Cly) involves an open chain arrangement in which two tetrahedral Co(Il)
atoms form bridges with one ligand.

Along with several copper complexes, the complex [ {CuzCoL2ClgfH20)3)q], where L is
(105) has been prepared and its X-ray crystal structure determined [228). Tis copper-containing
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structures are polymeric and bridged by cobalt(IE) species. The complex [CoL3](Cl02)2 in which L.
is the oligo(ethylene glycol) modified bpy ligand (106) {229] is found to be a liquid at room
temperature unlike its crystafline parent bpy complex. This ionic liquid turns out to be a new
electroaciive molten salt having significant ionic conductivity. The liquid is extremely viscous. A
cyclic voltammetric study at slow potential scan rates shows the 2+/3+ oxidation wave is nearly

reversible.
U

v
(105)

(106)

There has been much interest in nitric oxide in recent years since its various roles in
biological systems have begun to be recognized. The resonrance Raman spectrum of nitric oxide
adducts of cobalt(Il) reconstituted myoglobin and haemoglobin have been studied [230). It has
been possible using isotopic substitution in NO to determine that v(NQ) = 1613 cm~1, v(Co-NO)
= 576 cm~! and 8(Co-NO) = 367 cm~1, It is concluded that comparison with similar data for the
corresponding Fe(II)-NO complex that the Co{ll}-NO bond is rather weaker than the Fe(1l)-NO
bond.

By replacement of copper by cobalt in the azurin pseudomonas aeruginosa the application
of 2D NMR spectroscopy has allowed the assignment of the more important signals in the proton
NMR spectrum [231]. A dinuclear cobali(Il) derivative of arthropod haemocyanin with spectral
properties which indicate that the cobalt(Il) environment is roughly tetrahedral has been prepared
[2321. Up to twe cobalt atoms per protein monomer are indicated. "The EPR spectrum shows that
there is coupling between the cobalt(II) species. The complex does not appear to bind dioxygen,

1.2.2  Complexes with oxygen donor ligands
There have been two X-ray crystal structure studies of [Co{H20)]2*. In one, great

similarity was been found {233] between the hydrogen bonding in the crystals of
hexaaquacobalt(il) perbromate and that in the corresponding bromate sait. In the other the hydrogen
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bonding in the complex {Co(H20)¢llhydrogen phthalate] was found to resalt [234] ia an
arrangement of layers -phthalate-{Co(H20)¢}-phthalate- involving anion-anion and anion-water
bonds. The [Co(H20)612* ion is octahedral. Using both X-ray and neutron diffraction data the
electron density in monoclinic cobalt sulfate hexahydrate has beea determined [235]. There are
found to be significant polarization effects in the region of the lone pairs on the oxygen atoms of the
water molecules depending on the coordination geometry of the water. There has been a related
study of the crystal structure of cobalt formate dihydrate which shows an arrangement in which
there is 3-D polymeric network throughout the crystal [236). There are two different cobalt ions,
one with 6 formate groups bonded to cobalt through oxygen and the other with 4 water molecules
and 2 formate ions attached 1o cobalt, again through oXygen and the octahedra formed in this way
are linked via formate through hydrogen bonds.

The reaction between the radicals Cly-, Bry~ and CU3H-, generated by flash irradiation with
[Co{H30))2*, [Co({NTA)]- and [Co(Me[14]dieneN2)}2* as a function of magnetic field intensities
between O and 7 T has been studied {237). The effect of the magnetic field on the rate of the
reactions depended on the nature of the radical. In many cases there is & complex relationship
between magnetic field and rate constant. Mechanisms are proposed to account for the kinetic
behaviour. The reaction of citric acid with cobalt{Il) is rapid and involves the intervention of the
hydroxyi ion [238]. The kinetics of the rapid reaction between cobali(1l) ions and 3-nitro-, 4-nitro-
phehalate and phenylmalonate requires the use of pressure-jump relaxation methods [239]. The rate
determining step proved to be ring closure during a dissociative interchange mechanism.

An interesting and apparently general method has been developed for the preparation of
Co(ll) complexes {187) of B-keto esters [240). This involves the use of the Li enolate, the Cs
enolate and the trimethylsilyl enolate of the B-keto ester in reaction with a Co(Il} compound in
terwahydrofuran, The X-ray crystal structure of the complex [Co{hfacuc)2. TCNEx (241] in which
TCNE = tetracyanocthylene shows that it consists of a polymeric structure in which the long chains
are produced by bridging between cobalt-containing species by TCNE.

R = Et, CHMaCH,OMe,
(107)

Linkage isomerization has been observed during the phenylisocyanation of unsubstituted
and y~halogenated §-diketonato and §-ketonimino complexes of Co(III) [242). The nitro-nitrito
linkage isomerisim of cobalt(1it) complexes has been revisited 243). A study of the X-ray crystal
structure of the complex pentaamminenitrocobalt(ill) dichloride before and after irradiation with a
xenon lamp for various times showed the way in which the structure changed during nitro-nitrito
isomerism, This wark indicated that as the isomsrism proceeded it occurred in the original plane of
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the NQOz~. This reaction has also been studied using the effect of high pressure on the infrared
spectra of 2 number of nitropentaammine complexes of Co(1H) [244). For the nitro compis X235 a
blue shift was observed in v (ONO) and 8(NO7) and this is interpreted as being the resul of a
decrease in the bond length of the N-O bond. For the nitrito complexes there was a red shift in
vs(ONO) angd va{ONO) which in turn is interpreted as resulting from a decrease in the ONO bond
éng’le as the pressure is increased.

The complex diaquabis{phenoxyacetato)cobalt{Il) is shown by an X-ray crystal structure
determination {245] to be polymeric and has centrosymmetric ectahedral CoOg stereochemistry
utilizing the 4 carboxylate oxygens and the two water molecules. The cation in the new complex
wrans-tetraaquatbis{trimethylammonicacetato))cobalt(1) dichioride has the structure shown (108)
[246]; the trimethylammonioacetato ligand (betaine) is coordinated to the Co in a trans fashion by
the monodeatate carboxyl groups. Monomeric complexes of Co(Il) with the new ligands (109)
have been prepared and characterized [247].

(108} H atoms omitted.

:z— —-\ ¥
R w HgC" """"Me

OH
/ \lCHaln R Hal'n=3andHil' n=4
(109)

The polymeric complexes formed between Co(ll) and 2,6-dimethoxybenzoic acid have
been found to form adducts with added bases (py, 4-ethylpy, pyrazine, 2-methylpyrazine,
imidazole and 1-methylimidazole) [248). All form bis-adducts which are believed to contain a
tetragonal arrangement around the Co in the hydrated form with 4 oxygens from carboxyls, solvent
molecule and 2 nitrogens from the bases being involved

Reaction of the dicobalt(I) complex (110} with the ligand (111) yields the complex (112}
{249], while the reaction of (113} is found to produce (114) which has been confirmed by an X-ray
crystal structure determination. The structure of 4 in the scheme has also been determined ina
related paper [250). The effect of using these bulky ligands reduces the number of species found in
equilibrium from ten when Me3CCO2- is used to only two when phenol-based ligands such as
(111) are used.
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The effect of a micellar system on the kinetics of formation of complexes between 8-
hydroxyquinoline and Co(il) was to decrease the rate by about a factor of 10 compared with the
rate in agueous solution [251].

The roles of so-called "blue" electrons and unpaired electrons on properties and structures in
a range of mixed valence heteropoly tungsten biues have been investigated using magnetochemistry
{252). The complexes were derivatives of the Keggin structure a-[X0sW1)0O3sMLIn-. X in this
structure was a diamagnetic or paramagnetic hetero atom which occupies the central tetrahedrat site.
M is also a paramagnetic or diamagnetic atom which replaces a tungsten atom in an octahedral site.
In addition the blet/- anr’ cap-octahedral site substituted derivatives of the Wells-Dawson structure,
{(X04)2W 17053ML|%- were aiso studied. As well as large spin-orbit coupling, electron
delocalization, high distortion factors and high covalency are used to explain the observed
properties of the paramagnetic (le) blue electron systems. Antiferromagnetism is observed
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between the delocalized unpaired blue electrons and transition metal ions in octahedral and
tetrahedral sites. In the 2e Mues the diamagnetic blue elecirons are antiferromagneticalty coupled.

(114) H atoms omitied,

The application of fluorescent EXAFS to the investigation [253] of the structures of the
Co(1l} ion and its chloro complexes in dilute solutions (20 mM) in hexamethylphosphoric triamide
(HMPA) shows that the coordination number of the cobalt is 4, The Co-O bond lengths in the
complexes from [Co{HMPA)4]2+ to [Co(HMPA)CI3]- vary from 194 pm to 202 pm, while the
Co-Cl bond lengths are in the range 224 pm 10 229 pm, in both cases rather shorter than in similar
complexes such as agua complexes,

Two cobali(II) diphenylphosphinate polymers have been prepared [254] by the reaction:

Co(0Ac)2.4H20 + (CsHs)aP(OYOH = [Co(DPPh0)2];, + 4H20 + 2AcOH

The crystal structures of these blue polymers have been obtained one of which is shown in
{115). The rate law for the catalysis of the loss of active oxygen from [HOOSO3]- by cobalt(ll)
has been extended to pH 6 [255].

The synthesis of the complex [Co(OPPr3)2X2) , where X = Br or I, has allowed a study of
the uptake of SO2 by this and related complexes [256]. When the complexes were exposed 10
gaseous SO there was an increase in mass and measurements showed that this was equivalent to
the absorption of two moles of SOz per mole of complex. The authors conclude that the resulting
species which unlike the parent complexes are liquid, are formed by combination of the 502 with
the ligand and the electronic spectrum shows that there appears to be little change in ground state or
geometry (distorted tetrahedral) on the formation of the SO2 species.



60 M.B. Davies/Coordination Chemistry Reviews 1352 (1996) 1-83

(115)

The crystal structure of diaquadichlorobis(piracetam)cobalt(IT) shows that the Co atom is in
an octahedral environment with the oxygen atoms of the two piracetam carbonyl groups of the
pyrrolidine ring, two water molecules and two chlorides [257). The nitrogen atom of the
pyrrolidine ring is cis to the oxygen atom of the carbonyl. The X-ray crystal structure of [Co(15-
crown-5)CHICN)2){CuaCl] [258) shows that the Co is inside the inner cavity of the macrocycle.
On thermal decomposition this complex forms [Co(15-crown-5)(H20)2)(CuCls] which similarly
has the Co in the inner cavity.

1.2.3  Complexes with nitrogen-oxygen donor ligands

The structures of complexes (116) may be very markedly changed by altering range
substituents in the ligand in the way shown [259]. The result is that high and low spin isomers of
the cobalt(ll) complexes may be produced so that in non-coordinating solvents the equilbrium
between square planar and tetrahedral isomers may be observed with AH® values in the range 1-15
kJ mol-! and AS® values between 5-30J K-t mol-1,

XN N=N A = Me, Et, Pr", Bu', or Ph
O_N L0 X = 4-H, 4-Me, 4-Et, 4-Pr" 4.Bu", 4.OMe, 4-C|,
—_ % /2 4-Br, 4-COZEL 4-NO, , 3-Me, 2-Me,2.4-Me,,
2,5-Me,, 2,5-Mep,2,8-Me, of 2-Me-4-NO,
(116)

The ligand in (di-tere-butyl(dimethoxy)saienlcobalt(Il) [260] is linked to the cobalt via two
nitrogens and two oxygens to produce an almost planar arrangement around the cobalt. A complex
series of redox reactions are observed in a cyclovoltametric study of the complex [Co(IT)(salen)]



M.8B. Davies/Coordination Chemistry Reviews 152 (1996) -85

6l

dissolved in a mixture of dimethylformamide and pyridine [261]. It is demonstrated that if L; =
dmf and L + pyridine, then the following so-called ladder scheme explains the electrochemical

behaviour as shown in (117).
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The X-ray crystal structure of the complex bis[3-(2-methoxyphenyl)-1-ethyltriazen-1-
olato]cobalt(fl) has been determined and is shown here (118) [262]. The geometry around the Co is
a much distorted octahedron involving the methoxy oxygen atoms. Cyclic voltammetry and
controlled-potential electrolysis applied to the complex (119) in dimethylformamide [263] have
allowed the following sequence of redox reactions to be deduced (120). The highly unusual trigonal
prismatic geometry is found [264] in the complexes [(Co(H3aL'))2(NO3)2]1[PF¢] and
[Co(HaL")][NO3z), in which L' and L" are shown in (121). The former is a dimer in which two

[(Co{H3L'})2 subunits are hydrogen-bonded NO3~ ions.

(118) H atoms omined
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A single crystal EPR study of the ordered dimetallic chains in Coz(edta).6H20 and
CoCu(edta,6H2O has shown that there is dimerization of the chains and for the cobalt-copper
exchange coupled pairs the exchange is anisotropic [265].

An investigation has been curried aut on the reactions of a series of bis(peptide)nickel(lil)
[Ni(H-1PP)= complexes with [Co(edta)|2- in which the dipeptides (H-1PP) were P = GH =
glycine, AH = (S)alanine | 268). 'The electron iransfer reactions were first order in both complexes
and the rate constant showed & complicated dependence on the pH of the sulution. Below pHS the
reaction pathway was as shown in (122). Above pH 8 thare is a decrease n rate followed by an
increase up to about pH 11, Formation of [Co(edta)OH)3- above pH 10 is invoked to explain the
increase. Above pH 8 an intermediate present in steady state concentrations is postulated, {[Ni(H-
1GG)al-,[Coledta)]2-1} in which its formation is H* catalysed. 'H NMR relaxation studies have
provided structural information on the intermediate.

[Co(Hedw)) & [Cofeda)}? + HY a2
INi(H = 1GG)3 ) +[Co{Hedta))™ = [Ni(H - lGG)zlz' +[Coledta)l” +HT

The effects on the photochemistry of [Cofedta}}- by the macrocycles (123) —1,5.9,13,1721
hexeazacyclotetracicosane, [241aneNs, 1,5,9,13,17,2125,29-octeazacyclodotriacontane [32]aneNg
and 1,4,7,10,13,16,22,25,28-decaazacyclotriacontane, 30[ane}Njg — have been studied [2671.



M.B. Davies/Coordination Chemistry Reviews 152 (1996) (-85 63

Y ’) ””"3
el
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(123)

The absorbance in the region of the ion-pair charge transfer band increased and there was an
increase in the quantum yield for the intramolecular photo-oxidation reduction of the ion pair
caused by an increase in the ion-pair association constant but with no increase in the intrinsic
reactivity of the excited ion pair. The X-ray crystal structure of tetraaqua-4-chloro-1,2-
phenylenediamine-N,N,N',N'-tetra-acetato-01,02,03,04, N, N'-cobali(Il) disodiuin shows the
expected arrangement around the Co and each Na with six oxygens octahedrally arranged around
them [268). The cobalt(Il) complex [(CoCl(H20):(u-L);] where L is the ligand (1S,25,3R)-3-
hydroxycamphor sultam (124) [269]. Complexes with 8-hydroxyquinoline-5-iminoketones (125)
bonded to Co(Il) via N,0 and believed to be polymeric are described [270]. Cobalt(tl) complexes
of 3-(1-imidazoyl)propionic acid and some nitro-substituted derivatives have been reported [271).
The dinuclear Co(II) complex (126) has been prepared and characterized [272].
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There are very few verified examples of low-spin octahedral complexes of cobaly(Il) [273]
The reaction of a cobalt(Il) salt with dimethylvioluric acid (127) in the presence of phenanthroline
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yields [Co(dmvi)zphen].2solv. The crystal structure of this complex shows the expected Jahn-
Teller distortion in the axial ligands (positions occupied by the carbonyl oxygen of the dmvi) with a
trans-NgO> structure around the cobalt. The low-spin nature of the complex is confirmed by EPR
and magunetic measurements. Values of AG, AH and AS in the temperatnre range 288 to 308K for
reaction of cobalt(Il) with 3,6-dihydroxypyridazine [274] have ail proved to be negative and log K3
and log K7 had values of 7.70 and 3.74 respectively.
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The X-ray crystal structure of the complex tris(N,N-dimethylaminomethyl)phosphine
oxide)cobalt(Ill) perchiorate [275]) shows that thy ligand is coordinated to the cobalt via oxygen
and nitrogen, The structure is significantly influenced by the two coordinated water molecules. The
X-ray crystal structure of the complex dichlorobis(2-diphenylphosphoryl-cyclopentanone
oxime)cobal(Il) showed that the complex was cis and had C; symmetry with the didentate ligand
in a semi-chair configu-ation and bonding to the cobalt via nitrogen from the oxime and oxygen
from the phosphory! group {276].

124 Complexes with sulfur donor ligands

The X-ray crystal structures of the complexes [Co(mnpo)zL) (I = "Bu3P or py, and mpo =
mercaptopyridine-N-oxide) show that the cobalt atoms are surrounded by the ligands to produce a
square pyramidal arrangement in which the two rans orieatated mpo ligands occupy the basal
plane and the other groups are in the axial position [277). The stability constants for the cobalt(Il)
complexes of the ligands 1-thia-4,7-diazacyclononane, 1-thia-4,8-diazacyclodecane and 5-thia-2,8-
diazanonane have been determined [278). Polymeric complexes of cobalt(Il) with the ligands (128)
have been swudied for antifungal activity [279)
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125  Complexes with sulfur-nitrogen donor ligands

The X-ray crystal structure of the complex [CoL]2*, where L is (129) [280] shows that it
has a trigonal prismatic arrangement around the cobalt with bonding through the sulfur atoms and
both the amine and pyriding nitrogen atoms. A low spin Cofll) complex of the N2S3 ligand (130)
has been prepared and characterized [281] as a different approach to the more usual N2Qp-
complexes which bind Q. The ESR spectroscopic data are used to determine a possible ground-
state configuration.

N (CHzﬁ
N
/Co\
ﬂ S—
CHgy

SCHa
L=R%=R'= CHyCsHMN-2 CoNsS; n=2,3
(129) (136)

ot

(131) {132)
126  Complexes with nitrogen-oxygen-sulfur donor ligands

A most unusual complex is forned when solid CoCly is heated with a solution of
L;Ca.2HMPA in toluene, where L- = (131) [282). The X-ray crystal structure shows it to be
[LCa.4HMPA]*[LCo{-L3}CoCi]-. The cation (132) has the two cobalt atoms in two quite
gifferent environments; one is coordinated to hard nitrogen atoms, while the other to soft sulfur
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atoms. The UV-VIS spectrum is characteristic of two Co{H) species rather than a Cofl) and Co(Ii)
arrangement, The anti-tumour behaviour of MatH and EatHy (133) has been investigated [283).

Mono- and dinuclear complexes of Cof(il) and H3L (134) have been synthesized and
characterized [284).

R = OCzHs (EatHy) SCHs H3CS
(133) {134)

1.2.7  Complexes with halide and pseudohalide donor ligands

A crystal structure of the complex [emim]2[CoCls) [285) and the corresponding nickel
complex, where emim is (£35) shows clearly that in the crystal there are there are hydrogen bonds
formed between the cation and the anions such that all the ring protons and all the chloride ions are
involved in a three dimensional network of hydrogen bonds.

In 1,3.propanediammonium tetrachlorocobaltate(ll) the anion is tetrabedral [286] and
arranged throughout the crystal with paraffinic chains bridging the tetrahedra in a zig-zag manner,
The four complexes [Co(dma)snClai(*-"*, n = 1 to 4 have been studied by calorimetry and
spectrophotometry in the solvent N,N-dimethylacetamide, dma [287). From the spectrophotometry
the complex [Co(dma)s)2* is assigned an octahedral structure, while [CoCl(dma)s]*,
{CoClz(dma)z), {CoCla(dma)]-, and [CoClg)2~ have tetrahedral structures over the temperature
range 278 o 318 K. Data are provided for formation constants. The high values of AH') and AS*;
are interpreted as being indicative of extensive desolvation in the formation of the monrochloro
complex indicating the early change in the geometry.

Incvitably the vost majority of complexes described in these reviews are in solution or in the
solid state {288]. Occasionally a gaseous phase study is carried out. Such is the result when
{CoCla(py)zl is heated between 290 and 420°C under a large excess of pyridine. The measurement
of the visible spectrum of the gas shows that both {CoCla(py)a] 2nd [CoCla{py)2) are present
allowing comparisons of the solution and gaseous spectra and the determination of enthalpy and
entropy data.
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X-Ray crystal structure determination of the complexes [Co-(15-crown-
5)2CH3CN][CoCl3.CH3CN].CHaCN, [Co(15-crown-5)2CH3CN}{CoCls}.CH3CN and [Co(15-
crown-5)2CH3CN][Co2Clg] [289] showed them all to be intracavital complexes with the cobalt
being surrounded in a pentagonal bipyramid by donor atoms.

The crystal structure of the 2,6-dimorpholino-4-phenyl-1,3,5-oxadiazinium salt of the stable
acetonitrile trichiorocobaltate(III) complex anion has been determined [290].

Once again, further insight into the structures of simple species has been sought in that the
X-ray crystal structure of CoBra.4H»0 has been determined. It was found that around the cobalt
the Br atoms were in the axial positions and the waters in the equatorial positions [291]. The
cobalt(Il) complexes [Co(N2H4)2F2].2H20, [Co(dmpz)F2(H20)2].2H20,
[phenH][CoFa(phen)].8H20 and [(bpy)H}CoFa(bpy)].6H20, where dmpz = 3,5-
dimethylpyrazole have been prepared [292]. It is suggested that the complexes are generally
polymeric with fluorine bridges.

Most of us have used HgCo(SCN)4 as a calibrant in magnetic susceptibility measurements
[293]. It has recently been pointed out that confusion has reigned when the magnetic susceptibility
is considered over the whole of the temperature range 1.7 to 300 K. This work has been carried out
using single crystal measurements over the whole of the temperature range. It is found that in the
temperature range 1.7 to 40K, the Curie-Weiss model does not fit the data well. It is concluded that
the magnetic behaviour over the whole range can only be explained if temperature independent
-pararmnagnetism, zero-field splitting and magnetic exchange are taken into account.

Infrared and fast atom bombardment mass spectrometry have been used to show that in the
reaction of [Co(CN)s]3- with NO, an intermediate was [Co2(CN)16{NO)316- in which the authors
suggest that the NO behaves as a bridge berween the cobalt atoms [294).

13 REACTIONS OF COBALT COMPLEXES INVOLVING DIOXYGEN

Irradiation of an aqueous solution of the orange complex cis-[Co(trien)(NO2)2]C104 while
bubbling oxygen through the solution results in a change in colour to dark green and the product is
pu-superoxo dinuclear complex [295]. This forms part of a study of the oxygenation reactions
which occur in oxygenated solutions of cis-[Co(trien){NQ2)21ClQ4 ana cis-
[Coic aen)(NO2)I[ClO4)2 in water and CH3CN using flash photolysis and steady radiation, The
process involved in the reactions is illustrated below (136). This gives a new route to mononuclear
dioxygen species using a cobalt(I1I) complex.

Cobalt(1l) complexes of the lacunar cyclidene type (137) have been prepared (296], These
complexes were also incorporated into polymer matrices by coordination to pyridine in copolymers
of 4-vinylpyridine with styrene, methyl methacrylate or butyl methacrylate. The reactions of the
free complexes and the polymer-bound species with dioxygen resulted in spectra which indicated a
6-coordinate dioxygen adduct. A feature of the reactions was that the bridged species when free or
polymer-bound react reversibly with the dioxygen. The dioxygen complexes bound to the polymer
in general have half lives much longer than those of the free species.
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In order to investigate the effect of the nature of the cyclidere ring structure on the dioxygen
affinity of metal ion complexes of lacunar cyclidenes, the cobali@I) and nickel(II) complexes of a
14-membered cyclidene (138) have been prepared (207]. The X-ray crystal structure of the
nickel{ll) complex showed that the cavity was wide and low. Molecular mechanics calculations
show very strikingly the differences in the geometry of the cavity in the 14-, 15- and 16- membered
ring complexes. The cobali(ll) complex is shown to bind dioxygen reversibly and at —10°C auto-
oxidation was found to be reasonably slow and the birding equilibrium constant at about 250 K
was (.11 Torr in CH3CN with N-methylimidazole in the axial position. The more open cavity
referred to above results in more rapid auto-oxidation compared with 16-membered ring analogues.

A range of complexes involving cobalt(Il) triazine 1-oxide adducts with pyridine, imidazole
and 1,2-dimethylimidazole have been prepared [298] and the crystal structare of bisj3-(4-
chlorophenyl)-1-methyl triazine-1-olatojcobalt{Ii}-pyridine (1/1) has been determined. This is
monoclinic with space group P2/c, a=18.39, 5=12.553, ¢=9.827 A, = 105.65" and Z = 4. ESR
spectroscopy was used to study reversible dioxygen binding. The addition of pyridine to
CH2Cla/pyridine solutions of [Cof{{ORN3CsH4X)2] resvited in the disappearance of the ESR
spectroscopic signal; bubbling dioxygen through the solution at 200 K produced ESR specira
characteristic of superoxo complexes. Subsequently bubbling argon through these solutions
restored ESR sitence. The authors were able to classify the complexes by their ability to take up
dioxygen.

An investigation of the dioxygen uptake of some cobalt(II) tetraazamacrocycles showed that
dioxygen, superoxo anrd peroxo species are produced [299]. The process involves, first the rapid
formation of a superoxo complex and then the formation of the peroxo complex by reaction with
enother Cofl), The reactions of the superoxo complex with a variety of reducing agents is reported.

Against the background of the value of the electrochemical properties of dioxygen-active
complexes, a study of the electrochemically controlled dissociation of dioxygen from the complex
[{CotlIl}{salen){dinso) }302] has been carried out (salen = N, N-cthylenebis(salicylideneiminate))
{3001. Having established that the kinetically inen p-dimer dioxygen adduct released dioxygen
electrochemnically, the system was studied using spectroelectrochemistry and this showed that
during electrolysis, the spectrum changed to that of [Co(lil)(salen)(dmso)2]*- Reduction of this
species produces the cobalt(ll) moiety which may then bind dioxygen. It has been found that
reaction of [Co(salen)] and related complexes with Fe2* resulted in the formation of
heterodinuclear complexes which showed a much higher uptake of dioxide than the [Co(salen)]
alone [301). The enthalpies of reaction for the loss of dioxygen from a number of complexes of the
type [Co(3-X-salen)]03, in which X = H, OCHj3, OC2Hs or NO; [302] have been determined.
The values obtained using DTA vary from 88 kJ moi-! (X =NO2) to 120 kJ mol-! (X = OCH3).
The kinetics of the reactions may be described in terms of a first order process.

The complex [Co(l)2].2A, where L = 1,2,6,7-tetracysqo-? 5-dihydro-3,5-
diiminopyrrolizinide and A = 1,2-dimethoxyethane (139) has been prepar.u and characterized
[303). The X-ray crysial structure shows the square planar arrangement around the metal ion and
two compiex molecules lie axially to the plane to produce a tetragonaily distorted tetrahedral
arrangement about the cobalt. Magnetic data show that the complex is high spin with
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antiferromagnetic superexchange interactions. Polymeric superoxo adducts are produced when
dioxygen is bubbled through a solution in MeCN. A centrosymmetrically dioxygen bridged
structure is proposed for this polymer.

CN CN
NC NH HN Ny CN
\- - \ / S
N Colll} N
WA YR
NG\ NH HN CN
CN CN

139

The ligand 2,4-dithicuracil (Hzdtuc) (140) presents some intriguing possibilities for the
formation of linkage isomers. A series of such com;lexes has been prepared [304]. The X-ray
crystal structure of one of these, [Co(dtuci(en)2]Cl04 showed it to contain cation {(141) and the
structures of others were inferred from UV-VIS and NMR spectroscopies.

Hadtue
(149) (141)

Earlier work by Araki and coworkers ({305]) has been extended to examine the dioxygea
affinity and the properties of dioxygen complexes of cobalt(Il) complexes of the ligand systems
involving 6,6™-bis(p-substituted benzoylamino)-2,2'-bipyridines (142) {306). Appreciable uptake of
dioxygen was observed in the presence of a base such as 4-dimethylaminopyridine in dimethyl
formamide. The affinity for dioxygen was particularly affected by the presence of m-substituted
electron-donating substituents. The dioxygen affinity and the reactivity of the dioxygen adducts is
related to the ability to oxidize 2,6-di-tert-butylphencl to the corresponding quinone.

When the cobalt(If) porphyrin complexes shown in (143), are reacted with penta-
ammineruthenium(Il) complexes and adsorbed on pyrolytic graphite electrodes [307), it is found
that complexes containing one or two Ru centres reduce dioxygen in a two-electror process (o
H202. However when there are three or four Ru centres present there occurs a four electron
reduction of dioxygen to water. In related work, cobalt meso-tetrakis(4-pyridyl)porphyrin has been
desorbed onto pyrolytic graphite electrodes and then reacted for scveral hours [308] with a solution
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of [Ru(NH3)5(H20)}(PFg)2 to produce a complex system in which Ru(NHa)s groups are attached
to the pyridine sites. This electrode was found to act as an efficiznt catalyst for the four-electron
reduction of O3 to Hz0,

X X
X = H, Cl, Me, Bu'
(142)
R R o R
8
4py| Ph Ph Ph
4-py 4-py Fh Ph
R" ] 4-py Ph 4-py Ph
4-py 4-py 4.CFaCgH, | 4-CF3CH,
4py § 4py| 4py Ph
R" 4py | 4py| 4py 4-py
(143)

When the complex (meso-terrapheny} porphyrinato)cobale(Il) is sublimed onto a sodium
chloride plate it retains its structure [309} and may be reacted with Meim by passing the latter
mixed with Ar over the thin layer of the CoTPP. This system then reversibly absorbed Oz at room
temperature. Similar behaviour is found when CoTPP plasma films are used. It has also been
found that this complex, when sublimed onto a substrate at -8 K, coordinates dioxygen, though
the ability to do this depends crucially on the preparation of the film [310). At temperatures below
200 K thin films of meso-(tetra-3-pyridylporphyrinato)cobalt(Il) take up melecular Oz {311]. The
spectra of the films have been examined and the O3 has a vibrational frequency of 1162 cm-1, UV-
Visible absorption spectra indicate that there is intermolecular interaction between the layers viathe
cobalt and the nitrogen atom ol a neighbouring pyridyl. The Cofll) complex of the ligand 5-[p-{4-
m-pyridyloxy)-butoxyl]-phenyll-10,15,20-triphenylporphyrin (PyBPTPP) absorbs dioxygen
reversibly in benzene solution at room temperature [312]. Infrared spectral data indicated that the
O3 was coordinated end-on to the cobalt. Synthesis of complexes of the type shown in (144) (with
representative R groups shown) allows the effects of a wide range of subtle changes in the structure
on behaviour such as the reduction of dioxygen to be investigated (313]. The structures were
investigated using 2-D NMR speciroscopy and compared with the results of molecular modelling
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calculations for the {3-pyridyl]4 dimer. For the cobalt(Il) complexes, the ability to cataiyse the 4-
electron reduction of dioxygen to water was found to be more effective in the case of the 4+
complexes than the neutral complexes. A furcher factor was the aumber of bridges between the
porphyrins, where it was found that there was a significant diminution in catalytic activity as the
number of bridges decreased.

Ligand R Ligand R Ligand k
iV -mothyl 3. N’M. (3- pyridylig N imothyllq Mo
ﬁ.
e <)
{N-isopropyl Aoz | 1) naphinylig lisopropylla  CHMez

N
3- pyridylls _O

(144)

When cobalt(Il) crowned phthalocyanine (145) is adsorbed on highly orientated pyrolytic
electrodes, it is found to be an efficient catalyst of the cathodic reduction of oxygen and hydrogen
peroxide [314]. Cobalt(Il) phthalocyanine may be intercalated into a MgsAly s-layered donble
hydroxide {315] and this species has been shown to be a very efficient catalyst for the auto-
oxidation of 2,6-di-tert-butylphenol, a process which has considerable importance in the treatment
of contaminated groundwaters, After more than 3200 turnovers, the catalyst was still fully active
and readily recoverable in contrast to other catalysts and the homogeneous process.
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The reduction of Oz by [Co(tim)])2*, (146) catalysed by Fe2* involves a four-electron
process in which water is the product and does not involve the formation of Hy07 as an

PR

intermediate [316]. It is proposed that the process involves the formation of {(:im)CoOOFe]4+
followed by [(tim)CoOOH]=+,

2

.
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|
s

[Cottim)I**
(146) (147)

The cobalt(Il}) complex, [CoL][PFgly where L is new macrobicyclic ligand (147) was
prepared using the usual method for such complexes but reacting in methanol distitled into the
Schienk tube at room temperature. Reaction at higher temperawres resulted in other products, The
complex was investigated by ESR spectroscopy and this shows that it consists of a mixture of 4-
and 3-coordinated species, the latter being formed by intermolecular interaction of the cobalt(Il)
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with the secondary amine group. A reasonably stable dioxygen complex is formed reversibly with
dioxygen {317]. By examining the uptake of dioxygen by various concentration ratios in mixtures
of Co(NO3)2 and 1,4,7,10,13,16,19,22,25 28-decaazacyclotriacontaine in aqueous solution [318] in
the presence of various different anions it has been possible to demonstrate the formation of the
dinuclear species, [CosL{O2XOH)] and the mononuclear complex, [Co(HmL)(O2)]. The kinctics
of uptake of dioxygen under a wide variety of conditions led to a series of equations (148) for the
reactions involved. Phosphate (Y) ions wake an active part in the reactions, being incorporated as
[Coal{02)Y] and [Col(D2)Y].

{L}{Co] low
pH8to 9

2C0%* + Hel* +50H" ——»= [COL(ONOHN® + 4H0

pH 1:
202" + HL*+20H' —— [COAONOHI® + Hx0

[L)[Co] » 11
pH75108.1:

0% + H\L™ Op + 30H === [COHMLHO™ " + 3H:0
(148)

The kinelics of dioxygen uptake by the complex [Co(hmc)(H20)21%* to form
{Co(hmelOH)O2}* (himk = cmes0-5,7,7,12,14,14-hexamethyl-1,4,8,1 1 -tetraazacyclotetradecane)
have been shown 10 be substantially the same above pH 6, and also below until the reacting
complex deprotonates {pK, = 11.68). Then, the rate significantly decreases, while the rate of
dissociation of dioxygen decreases by a factor 105 [319].

Mono and dinuclear Co(Il) complexes of the ligand [30]aneNg (1,4,7,10,13,16,19,-
22,25,28-decaazacyclotriacontane) have been found to bind phosphate in a cascade fashion affecting
dioxygen uptake by the species [320]. A large number of complexes of Co(1il), Rh(IIh) and Ix(III)
of the form {(triphos)M(Cat)}*, (cat = 9,10-phenanthrenecatecholate, 1,2-naplthalenecatecholate, 5-
di-ter-butylenccetecholate, 4-methyl catecholate, 4-carboxycatecholate-ethy 1 ester and tetrachinro-
catecholate} have been prepared and the reaction with dioxygen was swdied {321].

The nature of the dioxygen which has been reversibly added to [Co{L)(L)(H20))2+, where
HL = amino acid and L = bpy or phen has been investigated using already available literature
results and from polarographic data [322]. It is concluded that if the O3 is present in the peroxo
fonn, then the reduction staye corresponding to peroxide will be at about 800mV.
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The adducts formed by [N1,MV4-bis(salicylidene)-5-alkyl-isothiosemicarbazoneato]cobalt(Il)
complexes (148) with a wide range of species having N-, P-, As-, O- and §- donor bases show that
in most cases the ESR spectra indicaie 5-coordinate low-spin complexes [323].

The exceptions are the complexes with adducts containing N-bases where 6-coordinate
adducts are formed. The activity of the complexes towards dioxygen is also a feature of this work.
The L-phenylalanyl-L-alanine dipeptide cobalt(I) complex has been shown to take up dioxygen in
a highly reversible fashion, though other dipeptides having phenylanlanine as the N-terminal or C-
terminal amino acid also showed a propensity to take up dioxygen [324]. The same group have
also found that the Co(ll) complex involving H-Gly-L-His-OH is as efficient dioxygen absorber
[325].

14 COBALT(I) COMPLEXES

The complex N-rac-Co(I)L-CQ9, where L = 5,7,7,12,14,14-hexamethyl-1,4,8,11-
tetraazacyclotetradeca-4,11-diene, in acetonimile exhibits thermochromism in that the soluton is
purpie at room temperature and yellow at Jow temperatures [326]. By following the variation of the
FTIR and 'H NMR spectra of such a solution it is shown that the reaction involves the conversion
of the purple five-coordinate complex to a yellow six-coordinate acetonitrite adduct. The situation is
complex and there are in fact four types of COz adduct involving hydrogen bonded and non
hydrogen bonded 5- and 6-coordinate species.

The protonation of cobalt tetraneopentoxyphthalocyanine as a function of oxidation state has
been studied [327)] for Co(I), Co(II) and Co(IIl) as well as the cobalt(III) cation radical species in
dichlorobenzene using electronic spectroscopy and yielding stability constants. The basicity was
found 1o decrease moving from Co(l) to the Co(Il) radical species.

When membranes made from copolymers of 2-hydroxyethyl methacrylate and 4-methyl-
4'-vinyl-2,2'-bipyridine are complexed with cobalt(II) and dipped into an agueous solution of
NaBHj, H; is evolved and the membrane becomes an intense blue colour due to the formation of
cobalt(l) [328]. This is fairly stable, having a half life in oxygenated water of about 47 min,
Dehydration of this extends the life of the cobali(I) to several days.

The crystal structure of the complex{Co(NO)z2(py)2]* shows that the Co atom has a
distorted tetrahedral environment [329]. The stability of the complex was affected greatly by the
nature of the counter ion, so that for example in CH2Cl» solution with BF4~ as anion the complex
was inert whereas with BPhy~ the complex rapidly decomposed. Infrared spectroscopy reveated
that this reaction involved a transient intermediate.

Reaction of [Co(PPh3)3Cl) with HSCH,CH(OH)CH20R' (RSH) (R' = H, CH3, C2Hs) in
tetrahydrofuran yields [Co{PPh3)aRS]2 [330]

The complexes (149) readily undergo reduction to the corresponding Co(i) complexes and
these behave as Lewis acids in acetonitrile solution [331]. The results of a study of the equilibrium
constants for the formation of adducts between the Co(I) complexes and py, N-methylimidazole,
triphenylphosphine and Br- show that even in dmf which is not a t-acceptor ligand {CoL* is still a
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good Lewis acid. This is interpreted as acknowledging that it is the nature of the macrocyclic ligand
which governs the Lewis acidity of the species.

O R
TR
$

R =MeaorPh
(149

15 REACTIONS INVOLVING VITAMIN Bp2

The notion that the microeavironment in physiological situations in which vitamin B2
frequently operates is not always aqueous, but may sometimes be hydrophebic in character has
motivated a study of the thermodynamics and kinetics of the reaction of iodide ion with
aquacobalamin in solution in mixtures of methanol and water. The rates and equilibrium constants
of the reaction were studied over a range of solvent compositions [332]. The results show that the
reaction of iodide proceeds with the initial formation of an outer-sphere complex and that this
species is more stable in methanol solution than in water.

An EXAFS study of aquacobalamin and cyanocobalamin has shown that the Co-(5,6-
dimethylbenzimidazole) distance is rather long (2.14-2.15 A) and markediy affected by steric
factors (333}, Reaction of the hydrolytic agent [CoL.)(H20)213+ |L = tris-(3-aminopropyl)amine)]
with cyano- and aquo-cobalamin {334] in the hope of hydrolytically cleaving the 5,6-
dimethylbenzimidazole group in the axial position has resulted in decomposition of
[Co(L)(H20)213* and the replacement of the water in the aquacobalamin by L. A similar reaction
did not occur in the cyanocobalamin,

The technique of heteronuclear multiple-quantum coherence applied to cyanocobalamin
[335] has allowed the abservation of the B1 and B3 15N resonances at natural abundance providing
a definitive assignment which is based on variation of the trans axial ligand. By using 'H-13C 2.D
NMR spectroscopy a complete assignment has been carried out for the important By derivatives,
hydroxocobalamin, azidocobalamin and cyanocobalamin [336). The NMR spectroscopic
techniques have also been used in this work to assess trans effects in alkylcobalamin species. The
ability of neutron diffraction te locate hydrogen and deuterium atoms has allowed a preliminary
investigation of the arrangement of water molecules in crystals of vitamin By coenzyme at 15K
and 279K {337). The unit cell was dereased in volume by some 2% on increasing the temperature
and the coenzyme molecule itself was observed to have rotated by about 2°. The reaction between
aquacobalamin and glutathione produced the complex glutathionecobalamin (GSCbl) by
replacement of the axial water molecule {338]. The position of coordination of the glutathione has
been in doubt. A complete unambiguous assignment of the proton and 13C NMR spectra of GSCbl
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has been completed using a variety of two-dimensional NMR spectroscopic techniques. As a result
of this and comparison with NMR spectroscopic data from free glutathione, it has proved possible
to show that the glutathione is coordinated to the cobalt via the cysteine sulfur atom. There are now
a number of complete NMR spectroscopic assignments for cobalamins and the authors have
compared their specwra with these and concluded that corrin ring conformation varies considerably
between the various base-on complexes.

The H-N connectivities of the peripheral amide groups in five 5'-decxyadenosylcobalt
corrinoids including coenzyme B2 [339] have been investigated using inverse detected 'H and 15N
HMOQC spectroscopy. All of these are related to vitamin B2 in that different groups occupy the
axial positions. The application of NOESY spectra in dmso-dg allows the assignment of the 1H
and the SN NMR resonances for the side-chain amides.

Vitamin B2 and related complexes may exist in a base-on or a base-off configuration in
which the benzimidazole nucleotide becomes detached from the cobalt [340). Brown and Evans
have arranged things so that the lower axial position () is occupied by an alkyl group, so thai the
PKa of the uncoordinated nucleotide could be determined as being about 5.5. Th: study covers a
range of temperatures and thermodynamic data are thersby obtrined: The deprotonated
benzimidazole species is believed to exist in the so-called "tuck-in" position.

In a kinetic study of the effect of pressure on Co-C bond fission reactions of methyl-,
isopropyl-, neopentyl-, and adenosylcobalamin and adenosylcobinamide in water and 1-
propanocl/water mixtures, the reactions were found 1o occur in the temperature range 370-390 K
with very little cage efficiency and with a laige volume of activation {341]. Lowering the
temperature caused the cage efficiency to increase. The volume of activation was not significantly
affected by the narure of the R group.

EXAFS has revealed the first four-coordinate cobalt(II) corrinoid in the corrinoidfiron-
sulfur protein from Clostridium thermoaceticum. [342). This state is believed by the authors to be
such that it has just the right stereochemisiry for facile reduction to Co(I} which is required for the
snzyme 1o carry out its task of transferring a methyl group from methyltetrahydrofolate to carbon
monoxide dehydrogenase. The same group have also used EXAFS to show that cob{I)alamin has
a distorted square-planar structure [343]. Data from this work and reference [103) are used to
contribute to the debate about homolytic versus heterolytic bond cleavage. A low-spin cob(Il)amide
species has been detected from coenzyme B2 isolated from Clostridium cochlearium and is
suggested as an intermediate in the coenzyme B-dependent glutamate mutase reaction [136].
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