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A INTRODUCTION

Among the known complexes of six-coordinate metal 1ons, perhaps the greatest
variety of structure and stereochemustry 1s displayed by complexes of cobalt(11l) with
flexible tetradentate ltgands [n this context, flexuble tetradentate ligands tncludes 3,6-
diaza-1,8-octanedtamine (triethylenetetraammne, trien. NH, CH, CH, NHCH, CH, NHCH,
CH;NH;), 3 7-draza-1,9-nonanedrmamine (2,3,2-tet, NH, CH, CH, NHCH, CH, CH. NHCH,
CH. NH. ), 4,7-d1aza-1,10-decanediamne (3 2 3-tet, NH, CH. CH, CH, NHCH, CH. NHCH,
CH,CH, NH, ), N,V -ethanedinitrilodracet:ic acid (ethylenediaminediacetic acid, EDDA,
HOOCCH,; NHCH, CH, NHCH, COOH), 3,6-dith:a-1,8-octanediamine {eee,

NH, CH, CH,5CH, CH, SCH, CH, NH, }, 3,7-d:thia-]1 9-nonanediamine {ete,

NH,CH, CH,SCH; CH: CH»SCH; CHy NH3 ), 4,7-dithra-1,10-decanediamune (tet,
NH,CH. CH, CH, SCH, CH, SCH,; CH; CH, NH, ), and various alkyl-substitutes denvatives
Branched higands, sucl: as nutedotnacetic actd (NTA, N(CH, COOH), ), cy«uc ligands, and
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those ligands which are constrained to a common plane about the central metal 1on are
specifically excluded *.

The significance of the complexes of cobalt{IIf} lies :n the inherent substitution inert-
ness which facilitates the isolation and characterization of the various 1somenc products
¥e believe that the isolation of products containing cobalt(I11) provides evidence for the
stmilar formation of complexes with other metal 1ons which cannot he 1so0lated eastly. Thus
proton magnetic resonance spectra, for example, of carefully characterized cobalt(I1})
compounds serve as useful models for structurally refated, though frequently labile, com-
plexes with other metal 10ns As models for metallo enzymes and/or metal actvated enzy-
mes, the utdity of cobatt{fII} modets lies not in the reactions of these species compared
with the reacuons of the enzyme under consideration, but rather in the ability of the
cobalt(1il) 10n to preserve the coordination sphere for detailed study of steric interactions
whtch mught contribute to metal 10n activation

B. GENERAL CONSIDERATIONS
(1 Geomerrical configuration of the coordinated higand

A lmear flexible tetradentate hgand can occupy four of the six available coordination
sites of the cobalt(1if) 1on to form one or all three of the posstble geometrical 1somers
shown 1n Fig 1 Mixed ligand complexes with unsymimetncal brdentate hgands (e g amino
acids, 1,2-diammopropane) and flexible tetradentate hgands admtt the possibthity of 1s0-
mensm of the unsymmetrical brdentate higand with respect to the flexible tetradentate
ligand 1n the uns-cis configuration. An example of such 1somernsm s shown i Fig 2 for a
typical amino actd Complexes exhibiting each configuration have been characterized, all
of these complexes are optically active, and many have been resoived

£ g
( C
; N L

frans 5 -5 uns - &is

Fig 1 Geometsical somertsm of six<coordinate complenes meluding a Aexable tetradentate ligand **

* Among the higands excluded are the phthalocyanines and potphyrins, for example These ligands
like ethylenediamine-bis-salicylaldimine dersvatives, occupy four coordination sites In a conumMon
plane, the stereochemistry of these complexes 1s, we behieve, best discussed 1n the context of the
chemstry of macrocyclic hgands

** The symmetrical-crs/unsy mmetrical-ces (s-cisfuns-cis} nomenciature has been suggested by Worrelt
and Busch! as an alternatve to the a-cis/g-cis nomenclature cemployed by Sargeson and Searle? or
the transfcis nomenclature of Legg and Cooke?

Coard Chem Rev., 7(1971) 161195
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{n) Conformations of the chelate rmg

The chelate nings formed by flexible tetradentate ligands may be likened to the sa-
turated heterocyclic systems famihar to organic cheinists The stereochemistry of indivi-
dual chelate nings has been discussed in detail by Corey and Bailar® The princtpals of
conformational analysis have been successfully applied te muitidentate ligand systems by
Buckingham et al * and by Gollogly and Hawkins® Though the conformational analysis
of complexes with multidentate ligands 1s currently an area of intense research activity,
the most elegant applications have appeared in support of X-ray strmuicture determinations.
We anticipate that the predictive powers of conformational analysis will be demonstrated
within the next few yearg

{m) Stereochenncally significan? centers of the ligand

Complexes with flexibie tetradentate higands possess intrinsically opiically active
centers at the coordinated secondary donor aioms, as shown in Fig 3 Note that in each
case the denor atom 1s approximately tetrahedral and, upon coordination, possesses ncither
center nor plane of symmetry. For flexible hinear tetraamine higands, to be discussed below,
the contrnbution of the dissymetnic donor atoms to the optical activity of several geome-
tric 1somers has been evaluated. The contribution ot donor dissymmetry to the optical
activity of other systems 1s often indistingumishable from chelate ring conformation con-

tributions

(ﬁ S

| I

o
uns; -cis NS, — €4S
Fig 2 Geometrical 1somernism 1ntroduced 1n a mned unsy mmetncal bidentate —flewible tetradentate

ligand complex of unsces configuration *

* Wc have adapted the nomenciature of Buckingham and co-workers, as applied to mrxed ligand com-
plexes of cobalt(I1I} with trien and amano actds The subscript 1 15 applied te the uns-cis 1somer i
which the amune function of the amino actd ts frans to a primary anune of the tetreamine ligand
The subscript 2 s applied ta the uns-cts 1somer \n which the amine function of the amino acid 1s
trans 1 a secondary amine of the tetraamine ligand This useage 15 mnformal, 1t has not been applhed
to unsymmetneal diamine ligands soch as },2-diaminopropane, and it has not yet becn applied to
flexible dithiadiamine or diammedicarboxylate complexes
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Fig 3 Optically acuve centers at the coordinated secondary donor atoms

Complexes with flexible tetradentate ligands n which alkyl substituents are intro-
duced to generate additional dissymmetric centers on the ligands have been described,
and will be discussed as derivartves of the parent ligands where appropriate.

{1v) Optical actvity and the assignment of electronic states and absoiute configurations

Since the early sixties there has been a rapid growth 1n the use df optical activity m
the form of optical rotatory dispersion {ORD} and later circular dichroism (CD) to analyze
the electromic structure of cobalt(1I1) complexes and tentatwvely to assign absolute confi-
gurations It 1s not the purpose of this discussion to detail the development of this struc-
tural probe, but to point out generally its nses and limitations as applied to the cobait(IIl)
complexes discussed in this review Several surveys have appeared dealing with the apphca-
tion of optical activity to the study of coordination compounds’ More detailed discus-
stons pertinent to specific types of higands will appear later in the review

From the outset 1t should be made clear that 1t 1s not yet possible to assign absolute
configurations to the complexes discussed 1n this review a prior ustng ORD or CD data
The only method availlable for determuning absolute configurations direttly 15 X-ray crys-
tallography through the Byvoet method of anomalous dispersion There are, then, essen-
tially three methods available for assigning absolute configuration of related complexes
(1) through analysis of the mechanism of a reaction which cdnverts a complex of known
absolute configuration o one of unknown absolute configuration, (2} through comparison
of ORD and CD data between complexes of known and unknown absolute configuration,
and (3) through stereochemical analysis of complexes formed from stereospecific ligands
whose absolute configurations have been determmed by X-ray crystallography.

In 1965, Mason and co-workers® proposed a method for relating absolute configura-
tions of Co(en). L™+ (L, = two monodentate ligands or a bidentate {;gand) to Co{en) ™
whose absolute configuration has been determined by X-ray analysis®. This involved trac-
ing the d—4 electronic transitions, as revealed 1n the CD spectira of these complexes with
C; symmetry, to those of Co(en);* ™ (3 ) which Mason had previously assigned from the

* The absolute configurations of the chelate complexes are related to the helix described by any pair
of chelate 1ings of Co(en)_s_3+ as discussaed in the ITUPAC proposa19 The chirality 15 left-handed for
{*)s5q4s1 —Co(en)33+and this 1somer s d[t:s..'jg:ﬂtntd"’8 A The configurations of ail complexes in this work
are designated using the C3 or pseudo-Cy axis to relate the helix to that of Co(en}33 This ts equiva-
lent to the JUPAC nomenclature evcept that n the case of mulhidentates IUPAC supgeests that all skew
hnes parrs be given What has been done tm this report 1s to gwve the “‘net contribution™ obtamned by
summming the contntbution from each paum No problems arise in domg ttus for [inear tetradentates,
but there are cases mn which a “net contribution®™ cannot be determined® It s mmportant to note that
the sense of the helix 1s oppostte 1f one uses the C; or pseudo-C, axis as the reference 2x1s These
relationships are lustrated in Fig 5

Coord Chem Rev, 7 (1971) 161-195
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polanzed CD spectrum of Co{en)s** This relationship 1s llustrated 1n Fig. 4 Mason reco-
gnuzed that the 4 state (C; symmetry} had £, (D3 ) parentage and argued that the A state
should be the domnunant compenent mn the CD spectrum of Co{en), L,”?* Thus, an anti-
mere of Cofen}s L,"* 15 configurationally related to an antimere of Co(en);?” as lustrat-
ed in Fig 5 1f the sign of the 4 component in the former 1s the same as that of the £,
component i the latter The order of the states in the C» complexes is a function of the
relative ligand field strength of the lipands mvolved as shown in Fig 4

In using circelar dichroism spectia to assign, tentatively, the absolute configurations
to resolved complexes of linear tetradentate hgands, this approach or an approach similar
to that outlined by Mason has been frequently employed Fortunately, in a number of -
stances, assignments have been strongly supported by studies of closely related diastereoi-
somers mnvolving stereospecific hgands of known absolute configurations. At present there
15 no sound theoretical model which explains the sign and rotational strength of a given
d—d electronic transition %

The statement that two complexes are “configiirationally related™ has certamn ludden
mmplications Few would argue that the two complexes illustrated 1n Fig 5 are not “confi-
gurationally related” However, the more complex chelates such as those discussed 1n this
review offer some interesting problems Legg and Douglas!® developed a ““ring patring”

* Stricdy speaking, 1t should not be posstble to compare CD spectra in the manner just described to
relate absolute confignrations Consider the s<1s complexes of cobalt(iil) with flewibie tetradentate
tigands The true symmetry of these complenes 1s no higher than Ca, there are, therefore, no degene-
ractes iz any of the electronic states of the cobalt 1on Within the manifold of the d—d octahedral ex-
cited statss, there should appear three components for each T{(QO) state All thiee components are
rately observed, and the spectra arc usually ass'gned assumung that 4 and 8 components arsing from
E, are only separated te a small degree, Fig 4 Furthermore, certain assumptions have to be made
concerning the degree of miwung between states of Uke symmetry, e g the two B states {C,} artsing
from Ea and A {D3) 1t would be nawe 1o assime that the degree of splitting and mmng‘i’vould not
influence both the relative position and mtensity of the A component
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Fig § “Configuration relationship™ hehavior between Co(cn)33+and Co(en);L;"*'

scheme to relate the configurations of multidentate octahedral complexes The method
has been applied to many complexes and thus far has been found to be consistent with
the absolt te configuration assignments made directly by crystallographuc analysis or indi-
rectly by using stereospecific ligands of known absolute configuration The “ring pairmg”
scheme 15 similar to the “octant sign”™ method for relating configurations proposed easlier
by Hawkias and Larsen'! and forins the basis for the recent tentative IUPAC rules for
absolute configurations®.

Finally, the Mason scheme for relating absolute configurations would suggest that
the correct theoretical model for optical activity in these complexes should be derived
from a consideration of metal-ligand orbital overlap where the Iigand orbitals are the anti-
bending orbitals on the nonligating atoms® However, two recent studies suggest that this
may not be the case'? A crystallographic study by Wing and Eiss! %2 of (+)sas; —Co(TRI); I3
(TRI = tnbenzo [b, f, 11 [1 5 9] tniazocycloduodecine], a complex which cannot be “confi-
gurauonally related” to Co(en);*” (it has no “rmg pairs”) but yet has a CD spectrun very
stmilar to that of Cofen)s?”, strongly supports the trigonal twist model proposed by Piper
and Kanipides'? and suggests that the “ring pairing”” scheme may be imited to complexes
with constraiming hgands (z e those for which hgand—metal-higand bond angles are less
than 90°) Support for the Piper model also comes from the single crystal CD study of
A—[Co(tn); |*" (tn = [,3-diammopropane) where 1t appears that the £, and 4, transitions
have interchanged leading to a reversal wn the sign ofEaI 2D In this case a crystal structure
study revealed that the N—Co-—N bond angle was greater than 90°, and thus the observa-
tion on the CD spectrum are consistent with Piper’s prediction.

The foregomng discussion serves only to pomnt out the general state of flux whch
currently exusts in the study of optical activity of complexes and 1ts relationship to the
asstgnment of electromie states and absolute configuratioas. Thus, the word “tentative™ 1s
essential when absolute configurations are assigned on the basis of relative optical activity
alone

C COMPLEXES WITH FLEXIBLE TETRAAMINE LIGANDS

Certainly the most extensively studied complexes of cobalt{IH} with flexible tetraden-
tate lipands have been the complexes with linear tetraamines Table 1 summanzes the flex-
tble tetraamine higands discussed in this review.

Coord Chem Rev, 7¢1971) 161--195



168 G R BRUBAKLR, D P. SCHAEFER,JH WORRELL,JI LEGG

TABLE 1
Flexible Imear tetraamme Ligands

Ligand Abbrevianion
3.6-dlaza-1 B-octanedarine trien
3,7-dtaza-1,9-nonanedianine 2,3,2-1et

4, 7-d1aza-1,10-decanediamine 3,2,3-tet
3,6-diaza-2(8), HS)-dumethyl-1,8-actanediamine L, L-2,7-{CHj3}>-tnen
3,6-diza~-4-methyi-1,8-0ctanediamine S5-metrien

3,6-draza-1(8), 8(8)-dmethyl-1,8-actanediamine

3,6~-draza-4(8), 5(Sydimethyl-i,8-octanediamine

N N'-bis (2-amuino-3(S)-phenylpropyl)-trans-1{R}, 2(R}-
cyclohexanediamine

NN -bis (f-amincethyl)-trans-1(8), 2({S)<yclohexanediamine

N AN -bis {2-prcolyD-1{R)}-methy]-1,2-diamimnoethane

NA-bis (2-picolyl)-2{R)}, 3(R)-butanedtamine

NN'-bis (2-ethyl( 2-pynidyi))-1,2-ethanediamine

2.5,8.11-tetraazadodecane

&fR}y-methyl-2,5 8,1 1-tetraazadodecane

4(5), 9(5)-Iimethyl-1,5,8,11-tetraazadodecans

(8}, 10{Sp-dimsthyl-2,5,8,1 | -tetraazadodecane

3,59, 1 2-tetraazaindecane

L, L-1,8-(CH3)s-trien
5(5), 6(8)-dinetrien

LDDL

picpn
bnpic

bpdo

1,10-Megtrien
D-1,5,10-bestren
LL-1,3,8,10-Megtnien
L1-1,2,9,i0-vegqtzien
1,11-Me;-2,3,2-tet

{i) 3.6-drwza-1,8-cctaneduanitize, trien {or 2,2,2-tet)

The tetradentate higand systemn most cormpletely studied to date has been 3,6-d1aza-
1,B-octanediamune {tnethylenetetraamine) A series of complexes prepared by Basolo 1n
1948 included a purple salt, [Co(trien)Cl, ] 7, prepared from the aerial oxidation of cobalt

{I1} saits in the presence of the ligand

Co(1l)} + trien [Co(trien}CL, 1™

0.
(2)HCI

This complex, the dinttro, oxalato, ethylenediamine, and carbonato dervatives were assign-
ed cis geometnes because of the similanty of the color and ultraviolet spectra to those of
the corresponding bis{ethylenediamme)cobalt{III} complexes Though Basolc recogmzed
the possible existence of s<is and uns-rs 1somers for these compounds, he did not cons:-
der the differences sigmificant or the 1gormers separable at the time of his first report

Das Sarma and Bailar '® resolved the purple [Co(trien)Cl, ] " complex with silver
antimonyl tartrate, thereby confirming the postulated cis configuration But these authors,
like Basolo, could not distinguish between the s-cts and uns-cis structures. Das Sarma and
Bailar further reported that some frans-[Co(trien)Cl, } " exasted in equilthrium with the
cis 1somer 1n methanol but they could not 1solate the trans complex

Selbin and Bailar !'® later clatmed the preparation and 1solation of two 1somers of
[Co(trien)Br; | * including a “‘green” compound which was assigned the trans configuration
Buckingham and fones ! 7 have since refuted this claim and have shown that the “green”™
compound was actually a mixture of the s-cis and uns-is isomers
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Pearson et al. *® reported the preparation of a complex of formula efs-
[Co(trien)(NH;3)CH] (C104); Gillard and Wilkinson % prepared a number of other com-
plexes including [Co(tnien)pn] 13 and [Co(trien)ox] I and claimed that frans-
[Co(tnen)Cl, 1Cl could be prepared by heating moist czs-[Co(trien)Cl; ] Cl at 180°C. The
latser result 1s in question since Buckingham, et al *° found the reaction to resuit
chiefly in reduction to cobalt(i)

In a recent senes of artictes 22! 22 Sarpeson and Searle described the preparation
and 1solation of all three possthle geometrical isomers for [Cotrien)Cl, ] as well as that
of several other s-c1s and uns-cis mixed-ligand—cobalt(HI) complexes containing triethyl-
enetetramine The s-¢fs-[Co(trien }{NO, )2 | Cl complex 1s the predominant product formed
from the air-oxidation of CoCl; and trien-HCI in the presence of excess nitrite anmion
Thas complex 15 converted to scis-[Coftrien)Cl; ] Cl by treatment with concentrated HCIL.

0
Co(ll} + tnen+HCI + excess NO4~ —, st1s-[Co(tnien{NO» ), ] Cl

‘\' HCI

s—cis- fCo{inen)Cl, ] CI

Symmetricalres-[Co{trien)CO;3 ] CIO, 1s prepared from the s-cizs-dichloro complex by
treatment with HCO,™ n acidic solution However, treatment of s<is-[Coftrien)Cl, ] Cl
with CO,* ™ 1n basic solution produces uns-crs-[Co(trien)CO; ] Cl

s-cis-[Co(tren)C0O5]"
NaHCOT ™
scis-[Coftrien)Cl; "
L1, CO,
uns-czs-[Co(trien)CO;] "

Thus complex provides acess to other members of the unsymmetrical ¢ts senies through
ample substitution reactions There 18 no known way i which the uns-cis series may be
transformed to the s-is senies frars-[Co{trien)Cl; | €1 may be prepared only from: uns-
c1s-[Co(trien)Cl; ] Cl by treatment with methanolic HCI

HCl/CH, OH

uns-cts-[Co(trien)Cl, | —x > traus- [Co(tnen)Cl,]”

No isomenzation of the s-«¢1s-[Co(tnen)Cl, | Cl occurs under sumilar conditions. The topo-

logies of the cis 1somers was established by careful measurement of the rates of aquation
of the cis-[Co(tnen)Cl, ] * complexes 23

Coord Chem Rev, 7 (1971} 161155
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X + K% =04%X 1073 min~! 2a
scrs-[{Co(trienjCl, | G 01 M ACIO, scis-[Co(trnien)CIH, O]

B =87X 1072 mm"~ <<L>

001 M HCIO,
uns-cis-[Co(trien)Cl, 1*
K5TS14X 1072 mm ! (:[/Ci
G 01 A HCIO, ““HH( <4
<IN
HyO

The two aguatton rates for the uns<s 1somer correspond to the different environments
of the chloride ligands, one trasns to a secondary donor, and the other frans to a pnimary
donor. Praton magnetic resonance specira of the s+is and uns-cis isomers in aqueous acid
conform to these assignments ?* In the region of the NH proton signals, the spectrumn of
the s-cis 1somer 15 simpler than that of the uns-<fs 1somer, as expected from the non-equi-
valence of the donor atoms 1n the latter complexes These assigpnments were later found
to be 1n agreement with the mfrared spectra *7 although recent work casts doubt on the
usefuiness of IR data for such assignments ##**® The kinetics of the aquation reactions
of the {Co(trien)Cl, | " isomers have been studied extensively In addition to the work pre-
viously mentioned, Sargeson *° has studied the nature of the intermediate in the aquation
reaction of the s¢is- and uns-rs-1somers, and Sargeson and Searle 3! have summarnzed
most of the aquation data

Details of the resolutions of the s—is and uns—cis-[Co{tnen}X, 17t (X = C17, NOQ, "
of Ha O). sc1s and uns-—czs-{Co(trien)CI(H, O)] *, and s~is and uns-~is-[Co(trien)CO, 1" 10ns
have bren reported 22 Assignimnents of absolute configurations from optical activity data
relate 1these complexes to the corresponding {Co(en), X, {#* 10ns 2, and are fully consts-
tent w.th chemical and mechanistic evidence These assignments provide the basis for
much of the subsequent work with flexible tetraamine complexes with cobalt(II) The
circular dichroism spectra obtained for these complexes are summarized m Table 2.

The synthesis and resolution of s-cis- and uns—crs-[Co(trien}en} ** has recently been
described 2¢, providing an example of QRD—CD curves for the geometrical 1somers of the
CaNy chiromophore. That these spectra, Table 3, are more similar to the spectra of other
tnien complexes (e g. s-crs- and uns-cis-[Co(trien)ox] ™) than to the spectra of other CoNg
chromophores (e g [Co{en)s]>") supggests that the topology of the tetraamine ligand and
the concomutant stramn in the chelate rings significantly influences the optical acavity of
these species

Due to the presence of the two asymmetric coordinated secondary nitrogen atoms
(Fig 3), the rrans complex exists in optically active and meso forms. The preparation,
stereochemustry, and aquation of the optically active trans-[Co(trien)Cl.]" 1on has been
reported *° The compound was prepared by treatment of optically active uns-ers-
[Co(trien)Ci; | Ct with methanolic HCl The uns-ers- {Co(trien)Cla | C1 complex can be
assigned an absolute configuration by companson of the Cotton effects which 1t pives to
those given by the corresponding e1s-{Cofen), Cl, | Cl complex
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TABLE 2

Circubar dichroism data for s<is-Co(trienyL "t

Compound Amax E~€ddman Compound Amar 1= max
{nm} ynm)
(+)sa9-Coftrien)Ch, 595 -16 (+)sg9-Coltiem¥COs” 520 +45
525 +19 390 +08
420 +04 60 =01
380 -09 330 +072
320 -16 (H)sagColtneny(H20)27" 560 -1t
{Hspe-Coltien)CIH,0" 590 -1 1 490 +19
510 +22 80 +487
400 +04 350 -005
376 -03 325 +005
(H)s45-Co(trien}(NO2}p~ 460 +12
385 —02 .
340 32
CH;OH/HCI

A-uns-s-SS-[Co(trien)Cla ] *

\ 001 M HCIO,

)
A-uns-c1s-SS-[Co(trien)CH{H, 03] 27

{(+)-trans-SS-[Co(trien)Cla 1 *

Likewsse active srans-[Co{trien)Cls ] Cl aquates stereospecifically to the corresponding ac-
tive uns-crs-[Co(trnienYCI{H, 0)] * 10n whose configuration can be assigned from CD data
The known configuration of these two uns<is complexes allows assignment of configura-

TABLE 3

.
Crrenlar dechroism data for c:s-Co(tr.xcnlz.3.2-tcz)(amme)3

Compound b — (e~ €adman Ref
{ram}
{+}s~is-[Co(tnen)en) 3 492 217 26
434 =046
354 0 50
{+}-uns«15-{Co(trien)en] ar 478 150 26
335 -0 07
306G 002
{+}uns-~cis-[Coltrenytn] @ 479 145 60 )
3440 -017
(+)-]Co(2,3,2-tet)en] ** 500 1 40 60 -
448 -0 76
340 019

Coord Chem Rey, 7(1971) .61-195
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tion to the active frans-[Co(tnien)Cl, | Cl. This assignment was later confirmed by compa-
rison of the CD spectrum of (+)-frans-88-[Co(tren)Cl, 1 C1 * with those of (+)-trans-
-[Co(3(S), 8(S)<(+)-dimetnien)Cl, ] Ct and (+)s44-trans- [Co{S-pn); Cl, ] C1 7. The detec-
tion of the two internal drasterecisomers (1 e. racemic, RR, 88, and meso, RS) for the
uns-zs-[Co(trien)(H, 0); 17 ton was also reported *°

Kuroda and Goto 32 have reported the preparation of the trans-his{acetato)- and
his(propionato)triencobal t{IIT) complexes from [Co(trien)CO;] " and acetic acid at high
temperatures Fater a senes of ¢is- and trans-bis-(halogenoacetato)triencobalt(I11) com-
plexes were also reported 33

Kyuno and Bailar ** ™7 studied the base hydrolysis of some opucally active
dihalotnethylenetetraaminecobalt(IIl) 10ns [t was found that the base hydrolysis of the
A-sus 1somer proceeded with isomenzation whereas that of the A-uns<is 1somer proceed-
ed wath retention of configuration The basts for this conclusion was that any stereoche-
mucal change dunng a reaction of A-scis-[Co(trien)Cl, ] ¥ to A-unscis or A-scIs requires
movement of two chelate rings and 1s assumed to be less hikely than a change involving
the movement of one chelate nng such as A-svis or A-uns+s From this consideration
and relationships deduced from ORD curves, 1somernization was found to be accompanted
by a change 1n the sign of the dominant Cotton effect 1n the 400—700 nm region during
the course of the reaction Thus it was observed that A-s-cis-[Co(tnen)Cl, | Cl reacts with
aqueous or anhydrous ethylenediamune to produce *7 A-uns<is-[Co(trien)en] Cly, and with
aqueous propylenediamine to produce *>* A-uns-is- [Co(trien)pn} Cls through the pro-
posed formation of A-uns<ts-[Co(trien)(OH). ] " as an 1somenzed intermediate.

— X ~1 Ohn 1 om
(\lﬂ/ 2 OH~ {rapid) . (\J:O/’ 2 Hy0t \1/ ?
— o
{HOH NCHg CHaNHAGH)
A, i (== (K
2

en (rate deterrmning )

Co

L\
1

" (<| /

The base hydrolysis of opticaily active uns-cis-[Co(trien)X; 1*, however, was found to
proceed with retention of configuration *® An associattve mechamsm has been proposed
for the 1somenzationfinversion step 1n these reactions 27-31234

The [Co{tnen)X;]”* moiety has been used to promote the hydrolysis of amino acid
esters and peptides The unscrs-[Co(trien)OH(H, 0)] 2* 10n was found to react with ammo

* The R—S5 nomenclature for absolute configuratrons of tetrahedral carbon and mitrogen atoms 1s that
of Catin et al *B a5 described by Raoberts and Caserro 2°
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¢ “SNHGH,GO3GpHg
Fie & Intermediate 1n peptide hydrolysis by Co(II} complex
acids, amno acid esters, amino acid amudes, and peptides to form 3%:49 3 chelated com-
plex uns-cis-[Co(trien)aa] ? *. The rate 1s a function of pH and temperature The hydrol-
ysis of the esters and glycinamide give a rate law first-order m uns-cis- [Co{trien}OH(H, O]
and in the free base form of the amino acid derivative *® An intermediate complex,
uns;-cis-[Co(trien)(glyplyoet)* "] has been 1solated from the reaction with glyclyglycine
ethyl ester *1-*? Fig 6 The stereochemistry of the product which contains the chelated
amino acid has been charactenized for uns,-cts- and uns,-czs-[Co(trien)gly} 2™ 1ons by means
of electronie, infrared, and PMR spectra, the CD and ORD data for the resolved isomers,
and the stereospecific syntheses > Lin and Dougias ** have since prepared the confor-
mational 1somers of the uns,-cis-[Co(trien)aa] 2* complexes for several amino acids The
CD spectra of these and related complexes are summarized 1n Table 4.

4

() Subsofured dervastves of 3,5-duaza-1,8-octanediamine

Tetraamine ligands have been prepared which are related to trien, but which have
one or more protons selectively replaced by alkyl groups One such ligand 1s 2,9-djamino-
4,7-diazadecane NH, CH{CH; YCH, NHCH, CH, NHCH, CH(CH3 NH, , 8,5-1,8"-dimetrien
This ligand has two asymmetric carbon atoms but was prepared from S-alanine so that the
configuration of both carbon atoms 1s known Asperger and Liu #%:*% have 1solated the
three posstble dichloro cobalt{l1l) isomers of this ligand Structural assignments were
made on the basis of electronic and PMR spectra A sinple methyl dou_let 1s seen 1n the
PMR spectra of the s+is and frarns somers due to the equivalence of the two methyl
groups of the tetradentate ligand in these 1somers The PMR spectrunt of the uns-cis
1somer shows no less than seven resonance signals from the non-equivalent methyl groups
Asperger and Liz *® claim that unpublished ORD curves show that the optically active
ligand coordinates stereospecifically in the ¢zs complexes forming only the A-s-cis and
A-~uns-i§ 1somers

Mixed ligand amino acid complexes with the general forimuta [Cof(S,S-1,8-dtmetrien)
aa] ?" have been reported The A-s-cts complexes are prepared by the direct action of the
amino acid on the dichloro complex *7 at pH 7 2 The A-uns-cts complexes are prepared
by first aquating the A-s-cis-[Co{S,S-1,8-dimetrien)Cl; }2~ complex to A-s-cis-
[Co(S,5-1,8-dimetrien)CI{H, 0)] 7, followed by treatment with the ammo acid at pH 7 2.
The uns-czs 1womer 15 distinginshed from the s¢is 1somer by means of the methyl group
PMR signals *# , absolute configurations have been assigned from ORD data

Coord Chem. Rev 7 (1971) 161195
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TABLE 4
Crreular dichrotsm data for cfs-Co(tr;en)(Ja}2+ and related complexes

Compound Amax € —€dmay Ref
fnmt}
(+)-[Cofendagly] ** 505 + 210 44
370 + 0088
. 328 + 0128
(+)-]Co(tn)agly] ? 510 + 100 44
436 - 0.06
340 — 005
A-{t)-uns,-cis-55-[Coltrien)gly] }; -H,O 512 + 230 44
382 + 0620
342 - 013
A-(+}-ursy c1s-8S-[Co(trien)aly } 15 -H2 O 488 + 213 44
339 - 015
A-{+)un.pcis-SR-[Co{trien)gly | Ix ~H2 O 488 + 1.92 44
339 - 013
A{+)-un . -c15-88-[Coltrten¥S-ata) ]| 14+ H, 0 501 + 2032 44
379 + 008
341 - 018
A-{—Yurs,-cis-RR-[Co(trien¥(S-ala)] I3 -H. O 517 - 207 44
383 - 018
341 - 013
unsgy-cis-'SS RRY-{Coftrien)(S-ata)jl, *H4O 524 — 025 44
482 + 018
433 - 005
333 - 008
A-{+}-unsyy-cis-SS5-[Coftrien}S-alajl 12 -H,: O 491 + 238 44
370 + 003
337 - Q05
A-(=}unsa-cis-RR-[Coftrien}{S-ala}] 12 -H; O 476 ~ 237 44
348 + 030
unsy-cis-+ 35, RR)-[Co¢tnen){S-ala)] I» «H70 539 - 005 44
493 + 035
450 - 060
343 + 005
A{¥)-unt;-c15-88-{Co{trien}{R-alay} I3 «H2 O 457 + 237 44
348 — 030
a-(=yunsz~<i-RR-[Co{trienH{R-ala)] I3 - H2 0 491 - 237 44
370 — 005
unsy-cis-i S5, RR)}-[Coltrien}{R-ala)} 15 -H, 0 539 + 005 44
493 - D35
450 + 060
345 — 005
AA{+}unsy-crs-SR-[Coftrien)({S-ala)} [ ~H2 O 488 183 44
338 — 008
A —)unsy-cts-RS-[Cof{tren{S-ala)] 13 ~H20O 488 - 204 44
339 + 010
ungp-cis-{ RS, SR}-[Co(trien)(S-ala)} 14 +H20 488 - 010 44
A{+}unsa -SRI Coftrieny R-alay[ [ +H: O 488 + 204 44

339 — Q10
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TARLE 4 {conntinued}
Compound ?;’,’,fj‘ (€1~ ¢ddmax Ref
A~ —Yuns;-cr15-R5-{Co{trien{ R-ala) 1 I -H; O 488 - 183 44

339 + (.08
uns,-c5-{RS.SR)-[Co{trien}{R-ata}] i, *H1 O 488 + 010 44
A-{(+)-uns; €15-3S-[Co(tren}(S-meth}[ I3 ~H, 0 500 + 195 a4

385 + (08

341 — 024
A-(—-)yunsy-cis-RR-[Cotrren)(S-meth) [ {2 «<H,0 510 — 205 44

385 — 018

348 — 0.08
unsy-cis-{(RR,SS{Co(trien)S-meth}{1;+H,; 0 524 - C25 44

483 + 015

385 - 01D

345 - 010
A-{(+)uns,-15-8S8-{Co(inenHS-mesh}] 1; +H; O 484 + 238 44

339 — Q15
AL —)-unsy<1s-RR-f Co{trien}{S-meth)} iz -H, 0 473 — 22D a4

347 + 026
uns;cis-{RR,S8)-fCo{trnen){S-meth}} [, -H, 0 543 - 008 44

495 + 028

444 — 068

51 + 007
A~{(+)unsy-cis-SR-{Co(tricn{S-meth}j i, ~H, O 480 + 190 44

345 - Q015
A-{ ~}-uns,-c1s-RS-[Coftrien¥S-meth)} 13 2 HAO 480 - 203 44

345 + 015
unsq-c2¢-(RS,SR)-[Co(trien}{S-meth)] 15+ H, O 488 - 010 44
A-(HYy-unsp-cis-SS5-[Cotren)(S-prol}] 1 -H; O 539 - 0323 44

488 + 180

348 - 08
A-(—}uns)-cis-RR-{Co(trien{S-prot}] {5 «H1 O 522 — 194 44

438 -~ 0408

376 - 023
uns;-cis-(RR,SS)-[Co(trien)(S-proi)] [, - H, O 529 — 088

482 + 064

365 — 025
A(+}uns;-15.558-[ColtrienMS-pro) [ 1> - H,O 554 - 027 34

493 + 245

346 - 036
A~—)uns,-cis-RR-]Co{tsien}{S-prob} 12 - H, O 493 ~ 143 44

467 - 153

351 + 018
uns;-ces-{RR 88)-{Coltrien¥S-prob)] 1, - H, O 538 + 036 44

495 + 050

444 — 043

- 008

(+)-uns,c1e-{Cof2.3.21engly| 27 522 + 132 60

460 - 040

161 - 010

328 + 0034
{(+)-unsq-czs-{Co(2,3.2-tet){S-ata)] 2~ 515 + 1135 50

455 — 043

360 - 014

Coord Chem, Rev . 7 (1971) 161195
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TABLE 4 (contmued)

Compound ;‘;\-’;’a)x (e1—¢admax Ref
{(+)-uns,-¢15-[Co(2,3,2-te)(Sval)} =" 517 + 086 60
458 - 027
358 - po7
. 325 + 0.04
(~)-unsz-cis-[Cof2 3,2-1et}Sval)] ? 523 — 153 60
470 + D12
373 - 016
340 — 018
unss-c1s-[Co(2,3,2-teN)(Svaly [ 2* 530 ~ 031 60
490 + pol
450 - 013
350 - o1t
(+)-unsg-cs-[Co(2,3,2,-tet}sar] 2* 535 + 077 50
477 - 033
414 + 003
361 - 006
- 330 + 004
{(+}-sags~cis-[Co(3,2 3-tet)ely | 350 — 0435 60
4%0 + 132
350 - 016

A-scrs-[Co(8,8-1.8-dimetnen)Cl, } *

A partial asymnietnic synthesis of alanine Lias been: attained *® by prepanng the complex

A-svis-{Co(S,5-1 .8-dimetrien)aal®”
o
aa,pH 7 2

"XO

A-s<is-[Co(S,8-1,8-dimetrien)CI{H, 0)] >

laa, pH72

A-uns-cis-{Co(8,$-1,8-dimetnen)aa] **

10n a-amino-w-methylmalonato 8,5-1,8-dimethyitriethylenetetraaminecobalt(} which
was then decarbovylated to yield A-uns—cis-[Co(S,S-1,8-dimetrien}(S-ala)] 2*

+ CO,
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Iichloro complexes with cobalt{lll)} and the ligands {(+)-3(S).8(S)-dimethyltcie-
thylenetetrzamine and racemic 5-methylinethylenetetraamine have been prepared “?. The
[Co(5-metrden)Cl; ] Cl formed a purple compound of eis configuration which was assigned
the uns-cis configuration from the infrared spectrum The [Co(3(5),8(S)dimetrien)Cl; 1 Cl
forms a green trans complex The configurations of the asymmetric carbon atoms of the
latter lsgand are known because the ligand was prepared from S-alanme. From this knowl-
edge and other stereochemical considerations, along with the circular dichroism spectrum
of (+)-trans-[Co(3(8),8(8)-dimetnen)Cl; | Cl, 1t 15 possible to show that the (+)-rrams-
-[Co(3(S),8(S)-dimetrien)Cl, 1 Cl complex 1s formed stereospecifically and that this com-
plex has the same configuration as (+)-frans-SS-[Co(trten)Cl, | Cl. Goto and co-workers *°502
have recently reported the results of a detailed spectroscopic analysis of chelate ning con-
formations and the absolute configurations of the zrars dichloro and trans dinitro cobalt
(1II) complexes wtth 2,5,8,1 I-tetraazadodecane, 6(R)-methyl-2,5,8,1 1-tetrazzadodecane,
4(8).9(8)-dimethyl-2,5,8,1 1-tetraazadodecane. 3{S),1Q(S)-dimethyl-2,5,8,1 I-fetraazadode-
cane, and the extended chain derivative 2,59, 12-tefraazatridecane

Other cobalt(I1I) complexes contamning triethylenetetraamine derivatives C-substi-
tuted at the central ethylene bridge have been reported by Goto et al *' These included
the dimutro and dichloro cobalt{II1) complexes with the ligands S(R)-methyltriethylenete-
traarmune, 5(S),6(8)-dimethyltnethylenetetraamine, and frans-NV.N'-bis(B-aminoethyl}»
cyclohexane-1{8),2(S)-diarmune. It was found that for all of these complexes the uns-cis
isomer was formed. Moreover, the chirality of the Iigand, controlled stereospecifically
the absolute configuration of the complex so that for the ligand of S-configuration the
comuplex was of A-uns-cis configuration, and for that of R-configuration the complex
formed was A-uns-cts All the dichloro complexes rearranged in methanol to form the
corresponding optically active trans 1somers

Bosnich *2 has reported that M, -bis(2-picolyl)-1-methyl-1,2-dianunoethane produ-
ces the s-cis-[Colptcpn)X, ] " 1somer stereospecifically, tn contrast with the topologtcal
preference of 5-methyltriethylenetetraamine A recent report by Bosnich and Kneen 53
cites proton magnetic resonance, CD and electronic spectral evidence for the exclusive
formation of A-S,S-uns-is- [Co-(bnpic)X, ] 1ons (X = CI~, NO, ™), wherem bnpic 1s the
tetraanune (+)-V.N'-b1s(2-picolyl}-2(R),3(R)-butanediamine Though molecular models
do not readily demonstrate the observed geometric specificaty, the reported CD curves
support the authors’ assigned topologies Philip et al *% has recently described the syn-
thesis of a binuclear complex of cobalt(III} with N, N'-bis(2-ethyl{2-pynidyl})-1,2-ethane-
diarmine.

Finally, Asperger ** has reported that the trans configuration 1s most stable for
complexes with N,N'-bis-(R-2-amino-3-phenylpropyl}-trans-S-1,2-cyclohexanediamtne
Thus result 1s surpnsing, since molecular models suggest that the A-s-¢rs isomer should be
preferred.

(in} Complexes with other flexible tetrammine ligands
{a}) 3. 7-diaza-1, 9-nonanediarnine, 2,3,2-tet

Complexes with ligands related to triethylenetetraamine, but with lengthened alkyl
chains, have been prepared. The complex [Co{2,3,2-tet)Cl, ] was described independently by

Coord. Chem, Rev , 7{1971) 161--195
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Hamulton and Alexander 3¢ and by Bosruch et al *7 The trans isomer predomtnates, but
under controlled conditions a cis 1somer may be prepared Hamiton and Alexander %
showed that trans-meso-[Co(2,3,2-tet)Cl> | * 1s produced 1n the standard aerial oxidation
synthesis 3857 while treatment of uns-cis-[Co(2,3,2-tet)-CO5 | * with HC1 produces the
racemic frans complex The aquation of uns-<¢is- and frans-[Co(2,3,2-tet)Ci; ] * has been
studied Aquation of the meso (RS}

trans-RS-[Co(2,3 2-tet)CHH, 0)] **

H,O"
. 1) 0, T .
Co®" + 2.3 2:tel ;s> Hrans-R8-[Co(2.3,2-tet)Cl, ]

{2y HCI
l Nag C03

uns<rs-RR,$S-{Co(2,3,2-tet)CO, ] *
l RCl
trans-RR,8S-[Co(2,3,2-ete)Cla | ”
H;O"
uns-c1s-RR,SS-{Co(2,3,2-tet)CI{H, O)] 2"

trans complex produces trans-[Co(2,3,2-tet)CI{H, 0)] 2, while the aquation of racemic
(RR,SS) frans complex produces *%:3% uns-cis-[Co(2,3,2-tet)CI{H,0)]*" The cis dichloro
1somer has been assigned 2**? the unsymmetnical configuration hut no other crs-diacido
{2,3,2-tet}cobalt(}{f) coniplexes have been characterized

Numerous mixed ligand complexes of cobalt{lI[) with 2,3,2-tet have been prepared %°.
Of these, the diacido complexes [Co(2,3,2-tet)Bra] ", [Co(2,3,2-tet}{Cac), ] ",
[Co(2 3,2-tet){Ogly). ] 37, [Co(2,3,2-tet}(Oala), | ** have been shown from their electronic
spectra and chemical properties to exist in the trans forms Optically active samples of the
trans dichloro and dibromo complexes have been prepared from the resolved oxalate(2,3,
2-tet}cobait{1II) cation by treatment with the appropriate acid under anhydrous condi-
trons *! Comparison of the PMR spectra and of the signs of the Cotton effects observed
for the oxalato and dervative trans diacid» species with those of the known trien com-
plexes mdicates that only the uns-is-oxalato(2,3,2-tet}cobalt(Ill) ton s isolated The CD
spectra of these complexes are given in Tables 5 and 6

Among the mixed bidentate-2,3,2-tet complexes, ene geometrical 1somer, beheved
to be uns-ers, of [Co(2,3,2-tet)(en)] >~ and [Co(2,2,2-tet}{ox)] " has been resolved Bruba-
ker et ai report that mixed ligand amino acid chelates appear to form the uns, -cis 1Isomers
exclustvely, though four rsomers of uns-<cs-[Co(2,3,2-tet)(8-pn)] 3 * have been separated
chromatographically using microcrystalline ceflulose >* That the amino acid chelates
contamn only the uns+s 1somer s convincingly demonstrated by the ready conversion of
the amino acid chelates to the active rrans-[Co(2,3 2-tet)-Cl, | by the action of anhydrous
hydrogen chlonde %2,
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TABLE 5

Circular dichroism data for Co(tetyL 5’ (&

179

Compound Amax (El"ed)mat Ref
)}
{—)}-trans-S8-[Co{2 3,2-tct}Ci,] * 6350 4 045 60
583 -~ 024
455 + 027
. 3s5a — 028
{(~)-trans-RR-[Co{3,2,3-tet)Ci, ] 652 + 028 60
570 - 00t
491 + 009
426 + 008
(o )-trans-SS-[Co(2,3,2-tet)Bra ] 694 + 043 60
621 - 017
4635 + 021
(+)-trans-RR-[Co(3,2,3-tet)Br, | 630 - 010 60
450 + 022
{—)-uns-cis-[Co{2.3,2-te )CI(H, 03] 2* 580 — 056 60
500 048
369 — 013

TABLE 6

Circular dichroism data for some oxzlatotetreamme complexes of cobalt{IH)

Compaournd

{(+)-[Co{en}zox] *
¢)>ICottnyzox)”
{+)-sc1s-[Co(trien)ax] *
(+}-unscrepCoftsien}ox |
(F)sgs-5-¢15-{Co(3,2,3-tet}ox] *

(+)unses-[Co(2,3,2-tet)ox]

Coord Chem Rev, 7{1971) 161-195

M tep—€ghmax RS
fnm}

531 26

385 012

360 — 003

3as 021

508 121 60
355 — 014

515 293 &0
331 057

338 032

515 209 60
388 0is

355 - 008

5585 - 076 60
493 i1 88

353 - 0322

535 {47 60
475 — 048

370 — 006

340 als
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(b} 4, 7-diaza-1, 1 1-decanedimmnine, 3,2,3-tet

Hamilton and Atcxander prepared rrans-dichloro(3,2,3-tetycobalt(I1{} chlonde, pre-
sumably as the racermic RR, S8 mixture which aquates to produce the frans-chloroaquo
complex 2%-63 Treatment of c1s-fCo(3,2 3-tet)CO5 " with HC! produces only trans-
dichlaro(3,2,3-tet)}cobal t{III) chlonde, in contrast with the 2,3,2-tet system. The trans-
diactdo complexes, [Co(3,2,3-tet)Cl, | ¥, [Co{3,2,3-tet)Bry ] ", [Co(3,2,3-tet}(Oac), ] ",
[Co(3,2,3-tet)}{Ogly). } 27, [Co(3,2,3-tet)}(Oaia), ] **. and [Co(3,2,3-tetOval), ] ** have
been prepared {and optical 1somers have been separated 1n some cases) and characternized
through the electronic spectra and chemical properties ¥ There 1s no evidence for the
formation of cis-diacido(3,2,3-tet)cobal t(I1{} complexes

In addition to the carbonato complex described by Hamilton and Alexander, mixed-
ligand complexes with oxalato, ethylenediamine and vanious cheiated amino acids have
been prepared ®*° For example, [Co(3,2,3-tet)ox] * has been prepared and resolved AH of
the spectroscopic properties of this complex conform most closely with those of the relat-
ed s-c1s-[Co(trien)ox] * 1on

An interesting series of reactions has been observed which attests not only to the
reproducibibity of the cis—rrans interconverston of 3,2 3-tet complexes, but also to the
steric influence of the chelated dissymetric secondary donor atoms The compiex
(+)sc1s-[Co(3,2,3-tet)(ox}] " 1s converted to (+)-trans-8S-[Co(3,2.3-tet)Cl | * by the ac-
tion of dry HCI, the reverse reaction occurs in molar oxalic acid with greater than 90%
retention of optical activity for the complete cycle %°

Ass-cis-RR-[Co(3,2 3-tet)(ox)] " % frans-RR-[Co(3,2,3-tet)Cl, | "
H,C; 0,4
[M]52; = 5,000° [M]p =+ 350°

The configuration of each complex was determined by companson with the corresponding
trien comnplex.

The only evidence to date for the formation of uns-czs 1somers in rmxed Iigand com-
plexes with 3,2,3-tet comes from the chromatograms of [Co{3,2,3-tet}(S-pn}] > " on micro-
crystalline cellulese Four components have been observed, indicating that the uns-cis
1somer may be formed under some conditions **

{r:} Conclusions based on studies of flexible tetraamme ligand complexes of cobalt(iif)

The study of the complexes of the homologous senies of flexible tetraamine ligands
and some substituted denvatives, described above, leads to some generalizations about the
steric influence of chelate ring size and chelate ring dissymmetry. The effects of changes
in donor atoms will be discussed in subsequent sections

Chain length has a profound effect on the distnibution of geometrical 1somers in the
synthests of various cobalt(Ill} complexes Thus, all three geometrical 1somers are found
1n complexes with triethylenetetraamine, the formation of the s-¢is and uns—is 1501ners
depending inore on the remaming higand{s) than on the properttes of trethylenetetraamine,
and the formation of the frans isomer strongly inhibited by straum in the chelate rings
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Complexes with 3,2,3-tet m the trans and s-<2s configurations have been characterized,
and there 15 some evidence for the formation of uns-css somers. No cis-diacido(3,2,3-tet)
cobalt(HI} complexes are known, 1n contrast with the trien and 2,3,2-tet systems. The
ligand 2,3,2-tet forms complexes only n the frans and uns-is configurations, 1n contrast
with the trien system.

The effects of chain length have been rationalized in terms of two effects- {(J) nng
strain; and {2) steric hindrance. The first effect 1s apparently manifested only in the frans
complexes with tnen, wherein the tetrahedral secondary amine groups are significantly
distorted by the formation of three coplanar five-membered chelate rings. For the longer-
chain tetraamine ligands, this effect seems of minor importance, as evidenced by the pre-
ponderance of srans 1somers. As the chelate rings 1ncrease 1n s1ze, however, the complexity
of the nng conformations mcreases, and the magnttude of the interactions between adja-
cent chelate rings increases accordingly as described by Corey and Bailar 4, Buckingham
etal. ¥, and Gollogly and Hawkins ® It 1s this nteraction between adjacent chelate rings
which may account for the distribution of s<cis and uns-—cis 1somers for the complexes of
2,3.2-tet and 3,2,3-tet.

The effect of ligand asymmetry on the stereochemistry of mixed-ligand complexes
with cobalt(III} 1s seen to be vastly greater than the effect of chain length The presence
of asymmetric centers an the ligand, etther at a donor atom or on remote carbdn atoms,
not only determines the geometrical configuration of the product complex and the con-
formations of the chelatc rings, but also frequently controls the absolute configuration of
the complex as a whole Moreover, complexes with dissymmetric tetraamine lrgands are
relatively resistant to configurational and conformational chaage, a feature which has
profound effects on the chemical properties of these complexes

D COMPLEXES WITH FLEXIBLE DITHIADIAMINE LIGANDS

Recently the preparation and stereochermstry for a number of complexes of the
type [Co(NSSN)X,]"* were reported by Worrell et al *¢%:¢7 and iater by Bosnich et al
€8:5% The tetradentate ligand NSSN refers to a donor atom sequence, flitrogen—sulfur—
sulfur—nitrogen. A number of ligands of this type have heen prepared and are listed n
Table 7.

TABLE 7
Flexible linear dithiadiamane ltzands ' .

Ligand Abbreviation
3,6-dithia-1,8-cctanediamine eee

3,7-dithia-t,9-nonanediamine ete

4,7-dtthia-1,{0-decanediamine tet

4-methyl-3,6-dithia- ,8-octanediamme epe -
4 7-dithia-2 9-diaminodecane pep

Coord Chem. Rev, T{1971)161-195



182 G R BRUBAKER, D.P SCHAEFER,JTH WORRELL fI LEGG

The preparative chemistry 18 very similar to that for the tnethylenetetraammne com-
plexes The ligand monohydrohalide and a cobalt{I) salt are oxidized by air in the presen-
ce of sodium nitnte. The physical properties and tmitial yield of [Co(NSSNYNO, )21
made 1t the fundamental compeound from which the dichloro derivatives are most easily
prepared Octahedral complexes of the general type [Co(NSSN}X, 7" where monodentate
X1sCl°, Bt~,NO,™, SCN™,N;3~, or lidentate X, 1s CO32~, C; 042 7, en, 1,10-phen, bipy,
or NH, CH,; COQ", are prepared by metathetical mteraction of [Co(NSSNICL, | " with the
appropriate salt Na; X or NaX

Like tnethylenetetraamine, the NSSN nioiety was expected 7% to form three octa-
hedral geometric 1somers. s<rs, uns<is and frans, (Fig 1) with cobalt(II1} The structures
of several 1solated complexes have been deduced from high resolution nuclear magnetic
resonarnce specira, visible electronic absorption and infrared vibrational spectra ' In ad-
dition, Worrell and Busch ¢ have employed circular dichroism and optical rotatory dis-
perston measurements in conjunction with chemical mterconversions, to deduce structure.

{1} Proton magnetic resonance and stereochemistry

The most conclusive evidence presented for the symmetrical 2Is geometry was the
100 Hz PMR spectrum of s¢is-[Cofeee}(NG;)a ]~ winch exhibited an AA'BB’ pattem
representative of a backbone chelate ring having two equivalently positioned sets of axial
and equatornal protons. A very similar AA'BB’ pattern was ob.erved by Walliams 7* for
the backbone ethylene hinkage in {Co(EDTA-da)] ~ tn which all the protons of EDTA,
except those for the ethylene linkage, were replaced by deutertum atoms Legg and Cocke
3 also observed this distinctive intense quartet with several weaker side resonances in a
scrs-[Co(EDDA)en] * coinplexes where 1t was unequivocally assigned to the ethylene lin-
kage protons The center for the backbone ethylene linkage PMR patterns for [Co(EDTA)] -,
[Co(EDDA)en]". and [Co(eee}(NO; )] " are at 3.10, 3 61, and 3.77 p p m. from TMS res-
pectively This latter value reflects the pronounced de-shielding nfluence of the adjacent
sulfur donior atoms for the eece complex

(1} Electronte specira and sterecchenustry

Absorption spectra have been used to distmguish between the three isomars The
expected sphttings for the ' Ay, ~ ' Ty, transition were calculated semienspineally by
Bosnich *® 1n terms of the spectrochemical effects of the donor atarrs which are arranged
differently 1n the three 1somers. In each case, the ‘T,g manifold should give rise to two
transittons with the energy difference between components sufficient to enable one to
assign geometry, Fig 4. Experimentally, the s-cis-dichloro isomers show an absorption
envelope which ts shifted significantly to low energy (red shift) and exhibii a less intense
shoulder on the high-energy side of the envelope. Unsymmetnical crs -somers show a single
symmetnc envelope having a center at higher energy than observed for the s<is Trans
geometrtes are distinguished on the basis of molar extinction coefficients about 50100,
in contrast to 200—375 for cis topologes. In addition, electronic absorption spectra for
complexes derived from NSSN ligands show a characteristically intense change transfer
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band at about 350—400 nm, which 1n most cases completely obscures the second d—d
band normally observed with compounds of cobalt{lII)

Bosnich et al. 82 have employed these empirical spectral characteristics n assigning
the geometrnes for several (Co(ete)}Cl2] " 1somers It 1s interesting to note that such data
alone supgest that the ligand ete adopts frans and uns-cts topologies, whereas tet produces
exclusively scis and uns<is geametric arrangements. That eee and epe give only s-is topo-
logtes has been discussed at length by Worrell et al 1666772

{iti} Infrared spectra and stereocherstry

The use of infrared spectroscopy 1n assigning geometric arrangements has been fairly
successful for diacido complexes of cabalt(Ill} containing the ligand trien Buckingham
and Jones ' 7 have pomnted out the special infrared charactesistics uniquely associated with
the s-cis, uns-¢is, and ¢ra#s 1somers of [Cofiren)X, 17

Infared spectra of complexes of the type [Co(NSSN)X,; ] present a distinct con-
trast to the analogous complexes of trien For example, the number of N—H stretch bands
n the range 2900—3500 cm™*, the N—H deformation bands at 1500—1600 cm™? as well
as selective skeletal C—H vibrational bands have been shown to be a strong function of
the anion and alkyl substitutient on the chelate nngs '-7? Thus, the mfrared spectra of
scis-[Cofeee)Cl; ] and sts-[Co(epe)Cl, | * are sufficiently different, as are the spectra
for scis-[Coleee)(NO, )2 |7 and scis-[Co(epe}{NO>), ", to obscure a correct topological
assipnment based only on infrared data Fundamentally more umportant is the fact that
different diactdo complexes of the same topology and same NSSN ligand give very differ-
ent vibrational spectra in the wavelenpth regions routinely used to empirically distiguish
structure for the analogous trien complexes

{1v} Optical activiry and absolute configuration

A number of [Ce{NSSN}X, ]"* ions have been separzied into optically pure 1somers
and their absolute configurations assessed relative to A-(Cs }-{(+)szo-[Co(en)s ] " using cir-
cular dichrotsm and optical rotatory dispersion data 73 The [Co(eee)Cly ] " 1on was expe-
ditiously resolved using the antinony d-tartrate anton, which afforded the 1solation of
above average yelds of both {+} and {—) 1somers having equal and opposite maximum ro-
tattons {[e] sas =+ 2313) The [Co{eee}NO,), 1" ton was separated 7@ 1nto 1ts enantio-
morphs, {[a] sas =+ 602), by aptically pure 1somers of Na[Co{en)ox,] A very clean,
high-yield resolution resulted

Optically active [Co(eee)Cla ] 10ns undergo 2 number of transformation reactions
with retention of configuration,

H+

A-(+)scis-[Cofeee)Cla ] " ——  A-(+)}scis-[Coleee)CI(H, O] **
+ l Li> CO; or NahHCO;
NaNO, || 12mua A{(—)s-cis-[Co{eee)CO4 T

¥ L, CO; H'
A-{—=)scis-[CofeeeXNO; }a |7 +— A-(+)scis-[Cofeee}(Hy 0), >~

Coord Chem Rey, 7 (1971} 161-195
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The surpnising ngidity of the s<is moiety when the higand 1s eee, is apparent especially 1n
the reversihle conversion reactions between the optically active dichlore and dinitro com-
pounds, When (+)sqs s-cis-[Co(eee)Cl; | * 15 treated with NaNO, 1n water, substitution of
NO, "~ occurs at a rate which is extremely rapid relative to normal aquation. Rate stuches
suggest that mtrite substitution s preceeded by =lectron transfer ** Under such conditions,
one would expect labilization possibly followed by somerization to the uns«zs topology
Had isomerization occurred at any step in the transformation sequence, an immediate
change in the shape and intensity of the circular dichroism curves would have resulted,
since as Hiustrated below, 1somenzation requires a change in the absolute configuration of
the product molecule 1on

A B =
!
i ! x- ! ;
WY Loty SR /] & /! ———=  A-{Cjl-uns-gs i Ca
i i I—“ !
rr_,,__ _."' L 4
5 L S b
SN L

Both ORD and CD measurements using {Co{eee)X, [ ?* 1ons demonstrate that 1someriza-
tion does not occur nder the conditions which produce 1somernc changes for the corres-
ponding trien compounds

A number of [Co(NSSN}X, ]/** 1ons had their absolute configurations assigned by
Worrell and are summanzed in Table 8 Data for the structurally related tetraamines are
given in Table 2. Examination of the data wn Tables 2 and 8 suggests that [Co(NSSN)X, [#*
10ons are unique in several respects The intensities of the CD bands are consistently greater
than reported for any complexes Since the (€,—¢,) intensity generating parameters are, as
yet, not understoed, complexes of this type may well provide a basis for both experimen-
tal and theoretical work 1n this rapidly expanding area Further, a umque contrast 1n ax:al
and n-plane electric fields exists for scis-[Co(trien)(NO; )> 17 and s<is- [CoMNSSNYNO, ), [*
1ons Substitution of nitrite ton tito the coordination sphere of scis-[Co(trien)(NO; }2 1™,
causes the in-plane electrostatic field to become considerably greater than the axial field
As a result, the electronic levels derived from the T, manifold are inverted, the jowest
energy transtiton being 4, > A(E,)} + B(E,). Fig 4 The electnic field caused by the in-
plane thioether groups of s<is-[Co(NSSN)(NQ; ), |7 is so weak that even witk the presence
of in-plane nitrite ions, the axial field remains preater than the in-plane field. The energy
levels are thus not inverted for this complex The negative low-energy CD cownponent is
assigned the 4; - B(A,) transttton and the positive mgher energy compenent 15 assigned
the composite transition 4 > A(E,) + B(E,). The above considerations are unigue and
pertinent to the assignment of absolute configurations for the dinitro denvatives using
CD data.

Bosmuch and Phillip *® noted this charactenstic inversion of CD peaks in their study
of the simias Co(pep}NO,), " ion. They reasoned that the assignment of CD bands for
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TABLE B
Circular dichroism data faor s-c:s—Co(eee)Lg"+ and s-c:s-Co(epe)LG"' {refs 66 and 72 respectively)

Compotind Mpay € pae Compound Mpae Er€Dmax
{nm} fam)
(F)sag-Colece)ly" 623 - 485 +)sa6-[Colepe)Clz]” 620 — 470
539 + 730 538 + 715
192 — 520 393 — 505
(+)s46-Coleee)ClH,0%" 602 — 420 (+)sa6-1ColepelCIH,0}%" 602 - 4.15
526 + 515 525 + 565
378 — 405 378 - 4135
(+)sa6-Crteea)(H2 003" 575 - 498 (V)sas-[Colepe)(H20)217" 598 — 520
504 + 315 508 + 367
471 + 070 415 + 025
0 — 275 363 - 300
(+)545Coleee)(OH), " 594 -~ 2.80 (+)s46-[ColepeOH,)] 596 - 268
514 + 220 516 + 258
R 376 - 275 -, 376 — 265
(~)s46-Caleee)CO3 532 + 365 +F)sq6-[Calepe) O3] 535 + 410
471 — 075 470 — 040
421 + 040 425 + 020
380 — 290 , 380 - 310
(—)s45-Cofece)(NO3 )}y " 504 — 199 (~)sa6-[Colepe)(NO2 )2 495 — 075
448 + 230 44z + 177

this 10n 1s complicated by the fact that the sulfur donoss displace the CI components to

lower energy, whereas the nttro ligands displace the components to higher 2nergies

Because the positive CD component occurs at 23,000 cm™ !, a hugher energy than the

'A 1y > ' Ty, transition sn Co(en);>”, they conclude the negative CD absorptiot. at

20,400 cm'% for the Co{pep)(NO- ). " 1on corresponds to the transition '4 -+ '4 + '8 and

that the other absorption must anse from the '4 — 18 transition, diagnostic of absolute

confliguration The eee, epe and pep higand systems demonsitrate ihat intensity and parental

arguments should be approached with caution in the assignment of absolute configurations.
The basic chemistry and stereochemistries of the eee and epe complexes of cobalt(ILI)

are siular 1n that optical 1somers can be separated, they undergo substitution reactions

with retention of geometry and absolute configuration, and each exists 1n a single stable

topology, the symmetrical c1s arrangement.

{v) Stereospecificity of [Cofepe)Cly ] ™

The ligand epe presents an additional stereochemical feature in that it contains an
optically active center and coordinates stereospecifically. The scis geometry establishes
the possibthty of four optically unique scis-[Co{epa)Cl, ] * 1somers. Extensive efforts tg
separate four 1Isomers were unsuccessful, 1nstead, only two optically pure forms were
isolated, namely (+)sgs -5<¢is- [Co(+epe)Cla ] * and (—)sgo-s-cis-[Cof—epe)Cl, | Worrell et

Coord Chem Rev, 7 (1971) 161195
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al %7+7 have demonstrated by decomposing both enantiomers of [Cofepe)Cla ] * with
cyanide 10m, that {(+)sag -s<cis-[Co(epe)Cl; ] * contains only (+)sas -epe Bosnich and
Phuilip 7° assigned the absolute configuration of (+)sss-¢pe as R relative to R-alanine or
R-propylenediamine 7*?7 (see footnote, p 172), and from circular dichroism spectra
coupled with detailed ring conformation arguments the absclute confizurations of
(+)szg-scis-[Co(Fepe)XCl: 17 and (—)sas-s<is-[Co(—epe)Cl, | * were deternuned 72

{vt) Aquation reactions for { CofNSSN}CIL,] " wons

The rates of aquation for scis- [Cc:(eee)(llz]+ have been measured by Worrell and
Fortune ’® under vanous concentrations of complex, hydrogen 1on, and mercury{II}1on
as well as 1onic strength and temperature Aquation occurs in two stages as 1thustrzted by
reactrons {1) and (2) below At 25°C the first CI™ in [Cofe=e)Cl, ] * 15 replaced by H.Q at
a measurable rate, however, reaction (2) at 25°C 15 extremely slow and 1s ncomplzte even
after six months n 0 10 M HCIO,

k
sc1s-[Co(eee)Cl, 1"+ Ha O H—jr s-cis-[Co(eee)ClH, 0] 2" + CI- )
. %E .
s<1s5-[Cofeee}CIH, O] *° + Hy O —— s-cs-[Co(eee)(H, 0)z ] >™ + Ci~ (2)
H

Both reactions are acid independent in the range 1 0 M > H' > 001 Af and can occur
with complete retention of geometry Under the conditions [H'] =0 10 M, [complex] =
60X 107% Af and temperature = 50°C, the observed pseudo first-crder rate constants
k1 =177+008X%X 1079 sec™ (0 120X 107% at 25°C) whereas k, =1 09 + 0 02 X
X 107% sec™! Temperature-dependence studies for reaction {1) gave AH* = 20 4 kcalfmole
and AST = —1{2 6 e u The aquechlere complex 1s thermally unstabie and slowly decom-
poses at elevated temperatures Imtiated at 50°C decomposition 1s undetectable but be-
comes proncunced after 140 h of reaction At acid concent:ations 0 009 Af = H* > 00014
and 50°C, thermal decompostiton of the aquochloro compourd 1s much more rapid, n-
creasing with a dgcrease in {H+} . This suggests the possibility of a base-catalyzed aquation
path or an isomerization reaction. lon exchange and spectrophotometric analysis demons-
trated that the products are Co{I1} and uncoordinated ligand, not the anticipated 1somer1-
zation products uns—cis- [Co(eee)CIH, O] 2" or unscis- [Coleee}(H. 0); 137

Reactions (1} and (2) are also catalyzed by mercury(Il) 1on. Aquation of
[Co(eee)Ci, ] n the presence of Hg(II) 1s so rapid that a detailed study involvmg the
Hg(iT) and temperature dependence has not been possible using normal spectrephotome-
tric techniques. At 18°C and 1.0 X 107* M complex, 0.10 M [H"] and 0.10 M Hg(Il), the
first aquation step 1s complete within two minutes with a second-order catalyzed rate
constant of 0.95+* 0 09 M~! scc™? Unlike the mrtral stage, aquation of the s<is-[Co(eee)-
CIH, 0] 2" 10n was examimned m detail over a wade range of Hg(II) concentration and tem-
perature The second-order catalyzed rate constant for reaction (2) at 50°C, 0.10 M H',
and 6 0 X 107 M complex, 15 8.41 X 1072 M~ ! scc™! (3.84 X 1072 M~ sec™? at 25°C)
with the thermodynamic functions AHT = 23 2 kcalfmole end AST = —023 e.u
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{vir) Contrasts between the [ CofNSSN)X f ™ and [ Co(NNNN)X>[*" systems

In comparing the stereochemustries of cobalt(III} having ligands with a2 donor atom
sequence of NNNN with ligands of the type NSSN, several unique and important contrasts
become appaent The s<rs-[Cofeee)X, ] 7% and s<is-[Colepe)X; ] rons do not 1somerize
to the uns-cis or fraxs geometnes in basic solutton or m the presence of basic Li, COj5 solu-
tion as do th2 correspondimg complexes dentved from triethylenetetraamine In addition,
numerous mterconversion reactions proceed without 1someric change 1n the eee and epe
compounds The relative stabilities of the geometric isomers are determined by somewhat
different effects. Goto et al recently studied a2 number of methyl substituted tnethylene-
tetraamine ligands and demonstrated that substitution of a methyl group on one of the
carbon atoms of the central chelate ring causes the exclusive production of the unsym-
metrical cfs 1somers ' The chelate nng size. as controlled by varying the number of CH,
groups between adjacent mitrogens, greatly effects the relattve stabilities of the geometric
1semeis As nng size increases, frans isomers appear to increase in stability for flexibie
tetraamine ligands.

Bosnich and Phillip’s work with pep, tet and ete suggest that ning size 18 nat the cr-
tical factor governing the most stable geometries for NSSN complexes Size and stereo-
chemustry of the tndvidual thioether donor groups, presents the untque situation m which
c1s geometries must predominate, with ete the only ligand reportedly complexing with
cobalt{l1l) in the trans topology.

Available mechanistic and rate data demonstrate a distinct contrast between the
reactvity of trien and eee complexes The first aquation step for scis-[Cofeee)Cla] " 1s
very slow, having a half-ife of 966 min relative to the replacement of the firs1 Ci™
s-c1s-[Co(trten)Cl, ] * which has a half-life of 76 min at 25°C and 0 10 M H® Under these
conditions, both complexes aquate with complete retention of configuration Examination
of the activation parameters for the eee and trien cornplexes suggests that the differences
n reaction rates restde predomunantly m the entropy term (AST . = —126 e.u,

ASY . =—58eu) The enthalpy of actvation for both s-cis-dichlero complexes were
found to be qurte simmlar (AH?T,, = 20 4 kecal/mole, AHT . =21 5 kcal/mole)

The exceptionally low entropy value for s<is-[Co(eee)Cl; ] * reflects the ngidity
tmposed by the eee ligand once 1t 1s coordinated. Molecular models show that scus-
-[Co{eee)Cl, 1" and s~is-[Co(trien)Cl, | * are encapsulated tn sirmilar solvation spheres so
that arguments relative to a transttion state in which [Co{trien)Cl, 1" 1s more readily sol-
vated 1n the vicinity of the coordminated Cl1™ ions cannot be justifiably invoked to explain
the approximately thirteen-fold greater primary aguation rate for scs-{Co(trien)Cl, ] *
Other factors which deserve consideration are the Co—Cl bond strengths frans to either
N—H and R—S—R donor groups as well as electronic-charge distribution features which
are unique to the thioether donor

That sc1s-[Cofeee)Cl; ]* does not possess secondary nitrogen donor atoms on the
back side of the chelate ring system, make it an interesting candidate for contrasting the
role of the NH group in 1somerization processes which mvolve the SN, CB mechanism
Such studies are now 1 progress m these laboratornes.

Coord Chem Rev, 7(1971)161-195
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TABLE 9
Flexible linear diaminedicarbovylaie and related ligands

Ligand Abbreviation
Ethylenahamine-¥, M -diaceratc EDDA

NN -Dimeshylethylenediamine-V, N - diacetate DMEDDA
NN -Diethylethylened:amine-V N -diacetate DEEDDA
Ethylenedtamine-V A '-di-L a-propronate LL-EDDP
1-Diethylenetruimineacetate DTMA
4-Diethylenetriamineacetate -DTMA
g-Amncethy iminodiacetate AEIDA

E COMPLEXLS WITH FLEXIRLE DIAMINEDICARBOXYLATE LIGANDS

The study of cobalt(111) chelates of eshylenediamine-V, V' -diacetate (EDDA, NN'-
ethanedmtrilodiacetate) and related tetradentate ligands during the last five years has
yielded a wealth of stereochermical information Table 9 sununanzes the ligands based on
or related to EDDA which have been investigated Although the last three ligands listed
are not linear and, therefore, do not strictly fall into the confines of this review, they are
mcluded because of their close relationship to the lmear ligands

The presence of the glycine untt 1n these ligands offers a unique probe mto chelate
stereochemistry ot found 1n the tetraamine and dithiadiamsne complexes. This rigid
chelate ring yields an AB PMR spectrum which 1s usually easily identifiable compared to
the complex second-order spectra commonly encountered for the chelated tetraamines
Furthermore, the methylene protons of the chelated glycme nng are selectively labrlized
to 1sotopic deuterium exchange 1n D, O solutions 78183 thus enhancing the PMR probe
Since most of the reported studies are related to EDDA, to which much of the work with
the other ligands 1s directly or indsrectly related, the following discussion will use the che-
mastry of EDDA as its central theme

Unt recently 8%-#3 studies of Co(II)—-EDDA complexes had been mostly limited
to EDDA 1n the s-c1s configuration, Fig. 1. Most of the complexes investigated had ethyl-
enediammne, some N- or C-substituted analogue, or an ammo acid occupying the rematning
two coordtnation sites. It was postulated 3 that non-bonding interactions between the
sterzcally restricted amine protons and EDDA prevented the formation of substantial
amounts of the uns-cis-1isomers However, when these steric mnteractions were eliminated
by employing bidentate ligands (carbonate, oxalate, malonate) or monodentate igands
(H> O, CI™) substantial quantitres of the uns-cis somers were obtained 52-%3 As of yet,
no cobalt{Ill) complexes having EDDA or any of the other linear diaminedicarboxylate
ligands m the planar (requires monodentate ligands) configuration (frans isomer in Fig 1)
have been reported It 15 of interest to note, though, that by using Cl; m an oxidative
addition, L ®* appears to have obtamed srens-[P4EDDA)CI, | ~ {a low-spin 4° complex,
Iike the cobalt{ITl) complexes) from planar Pt(EDDA)

The investigation of EDDA and related chelates has focused on fwo main areas



COMPLEXES OF Coll WITH FLEXIBLE TETRADENTATE LIGANDS 189

(z) PMR and stereochemustry and (i) optical actvity (cireular dichrotsm) and absolute
configuratton. Although the studies under {17) have been strongly supported by PMR 1n-
vestigations, 1t 1s logical to review this work usmng the above division.

{f) Proton magnetic resonance and stereochemistry

Mor et al 35 were the first to report the systhesis of a cobalt(IHI) complex of
EDDA They prepared the carbonato, dit qquo, and dimitro complexes. They offered no
concrete evidence to identify the somer(s) prepared but postulated the s-c1s configuration
from a comparative analysis of absorption spectra Van Saun and Douglas 4 have recently
prepared and identified scis-[Co(EDDA}CO3)] ~ as well as the oxalate and malonate
analogues on the basis of therr PMR spectra A preluninary report on the synthesis and
PMR identification of both the s¢i1s and uns-cis isomess of the diaquo and carbonato
complex has recently appeared 82

Legg and Cooke prepared [Co(EDDA)(am)], {am = en, 2NH3), and the N-alkyl sub-
stituted analogues (DMEDDA and DEEDDA, see Tahle 9} with ethylenediamine They ob-
tained the s-cts and unsis 1somers for the EDDA complexes, although the latter tsomers
were obtamed in trace quanfities only They reported a comprehensive study of the stereo-
chemustry of these complexes based on PMR and absorption spectra A comparison of the
PMR spectra obtained for the s-cis 1somer of EDDA and the N-substituted analogues
enabled these mvestigators tentatively to assign the individual methylene proten resonan-
ces, Fig. 7, on the basis of bond amusotropics

In a carefully concewed study, Sudmeier and Qccupat: ®! demonstrated that the
less sterically hindered proton m swis-[Co(EDDA)en} , H, m Fig 7, exchansed with
deutertum 1in D, O approximately ten fimes more raptdly than Hg {ca 40 h as compared
to 400 h). The reaction was acid- or base-catalyzed and, when the ethylenediamine was
replaced by the bulkier ligands ¥,V -dimethyl- or N,N'-diethylethylenediamine, the rate
of 1sotopic exchange was found to micrease They were also able to assign Hy and Hy by
applying the Karplus relationship to the observed H-N—C-H, ,; g proton—proton
coupling {the amine protons are slow to exchange n acidic D2 Q) Thesz two studies con-
firmed the assignments previously made by Legg and Cooke on the basis of bond anisotro-
pies

Fig 7 Stereochemstry of s¢is-[Co{EDDAYen}] *

Coord Chermt Rev, 7 (1971} 181155
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Of importance to these stereochemical observations on the EDDA chelate system
is the work of Terril and Reilley ®° They exanuned the selective deuteration of the out-
of-plane glycinates of CoCyDTA (CyDTA = trans-1,2.cyclohexanediamine-N,N¥, N N -
tetraacetate) where Hp 1s even more sterically blocked by the cyclohexane “backbone™
than the analogous Hy 1n EDDA, Fig 7 They discovered that the chenucal shifts of Hy
and Hy for the out-of-plane glycinates were interchanged relative to H, and Hg 1n
s<ts-[Co(EDDA)Yen]* Thus more than bond antisotropic shielding snust be invoked to
explain the chermcal shufts Ternll and Reilley postulated an electron orbital interaction
as an explanation Later Sudmeter and Occupati ' suggested that steric compression
{a situation where atoms are brought nto close proximity by the formation of the mole-
cule concerned and which 1s predicted to cause a down-field shuft of the nuclear resonance
signals) between Hy and a cyclohexane proton caused this interchange. Recently,
Dabrowiak and Cooke #7 have used steric compresston to assign absolute configurations
effectively to several new amino acid complexes as well as to confirm the absolute confi-
guration assigned by other means to related cobalt(l1II) diastereorsomers It should be
pointed out, thouglh, that certain assumptions concerning chelate conformations have to
be made.

Iege and Cooke 3 also assigned the PMR spectrum to uns-cis-[Co(EDDA)-en]*
They supported their assignment by showing that the chemical shift differences (attribut-
ed to bond amisotropy differences) between s-cts-[Co(EDDA)en] * and its N-alkylated
analogues (DMEDDA and DEEDDA, table 9) were comparable to those between uns-cis-
[Co(EDDA)en]” and Co{EDTA)" where chelated EDTA can be thought of as an “N-
alkylated” uns—cis-EDDA 1t was later demonstrated by Legg and coworkers 82, using
selective deuterium exchange on 4 series of uns-czs-EDDA complexcs, that the ornginal
assignment of Hp by Legg and Cooke was incorrect The new assignment was significan-
tly different from the original assignment, tlius casting some doubt on the explanation of
chemical shaf’t differences based only on bond amsotropies

Deuterium exchange techniques 77863 H-N—C—H spin—spin coupling
and ansotropy arguments > 8% have been used subsequently to assign the PMR spectra
and consequently the stereochemustries to 2 large number of cobalt(I1l) complexes related
to the EDDA chelates first investipated s<1s-Co(EDDA)(L), (L = S-pn, S-ala, gly) 8%, and
(L = dmen, deen) ®°, s<1s and uns-cis- [Co(LL-EDDP)L] ", (L. = en, S-pn) ** , 1somers of
[Co(AEIDA)en]* °2; s<is- [Co(EDDA)L] *, (L = CO5, ox, mal) 8386 uns<cis-[Co(EDDA)L] 5
(L. = ox, mal) 2, and s—is- and unsis-[Co(EDPDA)L], (L = [H,0],.Cl;,C0,3)°%? Lege
and co-workers ®? have compiled PMR data for a senes of s-cts and uns-cis-EDDA chelate
systems and compared these to data obtaned for related tetra-, penta-, and hexadentate
higands They have classified the chemical shifts observed for the various types of glycinate
nngs 1n a manner which should be helpful to stereochemists working with multidentate
aminecarboxylate chelates

31,88
1

{1} Optical actrvity and absolute configuranon

Legg et al. ®° first reported the resolution of a Co{II)EDDA complex when they
resolved s-c1s-[Co(EDDA)L] , (L = en, S-pn, S-ala, gly) The ethylenediamine complex was
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resolved using the hydrogen tartrate amon to form diastereoisomers The two complexes
with the opiically active ligands werte resolved directly by {ractional crystalhization of the
diastereoisomers, and the glycine complex was partially resolved chromatographically on
starch.

Later, Legg ** demonstrated the high sensitivity of 10n-exchange < hromatography
by completely separating the four tsomers of uns-ces-[Ca(EDDAYS-pn}] *. These consist
of two sets of diasterecisomers where the two sets of 1somers result from the two possible
ortentations {with respect to the methyl group) of S-pn 1n the uns-cis somer, Fig 2 Legg
and Douglas ®° also demonstrated the utility of 1on-exchange celluiose to achteve rapid
partial resointion of tonic complexes by partially resolving s¢is-Co¢L)am} where L =
EDDA, DMEDDA, and am = en, men, een, dmen, and deen i varlous combinanons, as
well as Co(EDTA)™ and related anionic complexes. Brubaker et al ?% had previously
achieved total resclution of a irnuclear cobait(111) conplex using the same techmque

The sesofution of s<is- [Co(EDDA)(en)] " and related complexes led to some mterest-
ing develapments concerning absolute configurations As pointed out earlier, Mason and
coworkers ® devised a method by which complexes with C; symmetry could be tentatively
assizned an absolute configuration using the CD spectra of the complexes Although com-
piexes of the type {Co(en), X2 1" could be configurationally related to [Cofen);}*”
(Fig 5), mn the case of s<is-{Co(EDDA)en)] *, the relationship was not obvious 1t was
tempting to relate this complex to Ca(EDTA)Y™ which i1s of known absolute configuration
through the common “backbone™ as hownin Fig 8, A and 8. That this was not the
correct relationship was demonstratec by the tmagimative work of Cooke and cowarkers®!
They designed an asyemmetric hgand . nalogue of EDDA, ethylenedianitne-V, iV -di-L-a-
propionate { LL-EDDP) which, when oordmated with cobalt(il{), resulted in znown
posttions (see H, and Hy wn Fig 7) t 51 the methyl group in the alamnate chel ite cang for
a given diastereoisomer Thas assignni:nt was possible because the asynimetnic carbons of
the higand were of known absolute ¢. nfigurations From an analysis of the PMR spectra,
absolute configurations were assigned to the diasterearsomers Companson of CD and
ORD data of the LL-EDDP and EDDA analogues provided a check on the assignment of
absolute configuration to the EDDA complexes. The results required that configurations
Band C, Fiz 8, of Co(EDTA)Y and scts-[Co{EDDAXen)] " be related contrary to what
had been onginally proposed This s consistent with the “ring pairing”™ scheme proposed
by Legg and Dauglas *°

T N-"““o““‘“o N\T N
(a ) (Nz* (£<‘<~)

0 Q

A a Gc
Fig 8.  Confizurational compaiison between s-ci5-]Co{LDBDA){en}} *and [Co{EDTAY] ~

Coord Chem Rev, T(1971) 161195
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Legg et al 2% found an additional check on the assignment of absolute configuration
to the s-cis-Co{EDDA) complexes by companng the PMR spectra obtained for the two
diaster=oismers of [Co(EDDA)(S-pn)] " where S-pn 1s of known absolute configuratton.
They found that in one of the isomers the “outside™ proton, H, (Fig. 8), was split into a
doublet. This could be explained in terms of the close non-bonding proton—protan inter-
actions between H, and the S-pn ammne protons in one of the 1somers Dabrowiak and
Cooke 87 have used steric compression to explain the chemical shifts and assign absolute
configurations m this and related complexes as previously discussed

Recently Van Saun and Douglas ®® reported the resolution of s-czs-[Co(EDDAYL)] -,
{L = CO;, mal, and ox), using optically active [Cofen),0x] " as a resolving agent They
tentatively assigned absolute configurations on the basis of CD spectra using the previously
discussed methods and noted that the ring size of the hidentate chelate had little effect on
the rotational strengths of the 4- 4 transitions

fti1} Conclusions based on studies of flexible dimninecarboxylate ligands

The study of cobalt(III} chelates of EDDA and related higands has led to significant
advances n several areas These include the development of several previously available
experimental techmques. The vanous chromatographic techniques developed, particularly
in 1on-exchange chromatography, have proven invaluable in the separation .nd 1dentifica-
t:on of pure 1someric forms of these complexes The use of 1on-exchange cellulose to
achieve rapid partral resolution of optical antimeres should also be noted. Thin-layer
chromatography, a rap:d diagnostic tool for the most part ignored by marganic chemists,
has been applied successfully to the separation of some of these complexes #¢. We are
currently finding this technique to be of great value 1n our studies of peptide hydrolysis
by metal 1on comnplexes

Detailed structural analyses have resulted from PMR studies of these chelates which
contain as part of the ligand structure glycine and alanime units Isatopic deutertum ex-
change studies have been 1nstrumental in this work Analysis of the PMR spectra of dias-
terecisomers containing ligands of known absolute configuration has helped to establish
the absolute configurations of these complexes These investigations have also led to some
mnteresting observations concerning the relationship between absolute configuration The
tentative IUPAC rules for absolute configurations ? arose from the consideration of the
“nng-patring” scheme

Althougl 1somerism with respect to the asymmetric nitrogen n tetraamine chelate
systems has been extensively mvestigated as previously discussed, such 1somerism has not
yet been observed for the analogous EDDA chelates 82  Although configurational isomerism
studies are 1n progress 22:%2 no such studies for EDDA systems have been yet reported
Such studies as well as substitution reactions have bean extensively mvestigated for the
flexable tetraamine and dithiodiarmine cobalt(1IT} chelates and have played an important
part 1n understanding their stereochemistries

The work of Schneider and Collman *7 with the two EDDA related tetradentate
ligands DTM A and 1-DTMA (see Table 9) 1s of imnterest since these researchers using ron-ex-
change chromatography found only two of several possible isomers for [Co(DTMA)(aa)]”
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TABLE 10
Compiexes of EDDA with mctal tons other than cobalt{I1I}

Metal 1on Type of study Ref.

Pi(Il}, Pr(IV) Synthesis and stereochemistry by IR B4

(1} Isomerism, N—H proton exchange and
mversion at asymmetric coordinated mitrogens 98
hy PMR, pH, and temperature dependence

P11} Kinetics of C1™ exchange tn EDDA-C1
complexes by UV spectroscopy, pH and 99
temperature dependence

PA(ID Stereochemisicy of EDDA—Cl complexes 100
by PMR, pH and temperature dependence

Cr(II1} Synthests of EDDA-(acac) coniplexes 101
Halogenation of acac

Ni{1l} Stabilsty constant 102

These two ligands together with nitmlotriacetic actd complete the permutations possible
for the simple aminecarboxylic acid tetradentate ligands Some related studies have been
reported for EDDA complexes of other metal tons, both wnert (of the d°, d*, and @°
strong-fiel 1 type) and labile Although these complexes do not fall within the scope of
this review, they are listed for reference in Table 10 Information gamed and techmques
developed from the study of these “model’” systems has been invaluable m our current
studtes of the interaction of cobalt(I1I) with the meore complex amno acids and related

peptides
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