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A INTRODUCTION

Several reviews have been written recently on metal §-diketonate complexes. There
has been one general review! along with specific reviews on the stereochemistry? and
ligand exchange reactions® of such compounds The usefulness of nuclear magnetic reso-
nance in the study of very rapid rates and mechanisms of optical inversion and geometr-
cal ssomerization of complexes was first shown by Fay and Piper® The great importance
of NMR in the structural studies of octahedral complexes of §-diketones had already been
estabhished®.

The work on 1somenzation covered herein will be limited to that dealing with geo-
metrical and optical isomenzation The primary purpose of this paper is to show what has
been done and future possibilities in the application of NMR to the study of geometrical
and optical isomerization. Although a review of the resolution of §-diketonate complexes
is not intended, some examples are mentioned to illustrate slower interconversion pro-
cesses and also to indicate some methods to separate 1somers of the more stereochemically
mert complexes

B. MECHANISMS

Before attempting to place in perspective the experimental data thus far determined
it will be useful to examine the proposed mechanisms which might be involved 1n 150me-
rization of octahedral complexes with bidentate ligands This will allow bniefer reference
to them in later sections Some systems of other geometries will be considered 1n a later
section.

(i} Intramolecular processes
fa} Bond rupture mecharisms

The first intramolecular mechanism for the 1somerization of bidentate chelate com-
plexes was proposed by Werner® in 1912 The trigonal-bipyramidal transition state ts pic-
tured in Fig. 1 for the tris{chelate) complexes and i Fig 2 for complexes with two
monodentate igands Another transition state could be pictured as a tetragonal pyramid.
These are depicted in Figs 3 and 4 With a polar solvent 1t is possible that the transition
state 15 solvated The efficacy of these mechanisms in causing optical inversion and/or
geometrical ;somenizatton will be discussed in the section on experimental studies The
possibilrtres vary greatly wath the various combinations of symmetnc and unsymmetric
Iigands. It should be noted that in addition to the obvious translation and reattachment
of the dissoctated group, in every case substantial rearrangements of the rings that do not
become dissociated are required

(B ) Twisting mechanisms (non-bond rupture)

Isomerization without bond breaking can supply a low-energy path for optical and/
or geometrical interconversions at least for some classes of compounds'®. These processes
have come to be known as twist mechanisms and the structure of their transition states
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Fig 1 Optical inversion of a trig bidentate chelate complex by an mtramolecular bond-rupture me-
chamsm mvolving a trigonal-bipyram:dal transition state (a) Axial maode; (b) equatonal mode Note
that the two tranation states are pictured with dealized peometry and should be considered together
statisucally, as the frue transgtion state mn such a mechanssm might well be of some 1intermediate form
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Fig 2 Intramolecuiar bond-ruphure iscomenzation mechantsm mvolving trigonal bipyramidal transition
states for complexes of two bidentate [igands and two monodentate [igands The upper portion depicts
the axral modes which can cause both optical and gegmetrical isomerization The lower portion de-
picts the equatorial mode which can cause 1somerization only if the chelate higand 15 unsy mmetrical.

Coord Chem. Rev., 6 (1971} 331-3175
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Fig. 3. An intramolecular bond-rupture mechanism for optical inversion of a complex with three sym-
metric bidentate ligands through & square-based-pyramidal transition state. Note that the geometry of
the transition states is idealized and a slight amount of distortion of the base of the pyramids would
result in a {rigonal bipyramid.

can be pictured as trigonal prisms. Additional credibility has been lent to such mechanisms
by the discovery of trigonal-prismatic complexes of some other bidentate ligands in the
crystalline state. The volume of activation for the solid state racemization of crystalline
potassium tris{oxalato)cobalt(III} has been used to argue!':12 for such a process. However,
both of these observations are only inferential.

The first mechanism for stereochemical rearrangement of octahedral chelate com-
plexes that does not involve any bond breaking was proposed by Riy and Dutt!? in 1943.
They pictured the mechanism as the simultaneous translation of two of the chelate rings
in their respective planes, one moving up with respect to the plane of the third chelate
ring and the other moving down. This motion is shown in Fig. 5. It should be noted that
three different pairs of rings could be subject to this motion and depending on the relative
symmetry of the rings this could result in transitions between different geometrical andfor

gty
N, g
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A

Fig. 4. Intramolecular bond rupture isomerizatdon mechanisms involving square-based-pyramidal tran-
sition states for complexes of two bidentate ligands and two monadentate ligands.
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Fig 5. The Riy and Dutt twist mechamsm for tntramolecular 1somernzation of complexes of three
bideniate hizands without bond breaking Note that the transition state 15 of Cay, symmetry if all of the
ligands are the same and symmetnc This transition state may somelmes be called a thombic interme-
diate.

optical forms, While during the motions as pictured the 90° angle for the donor—metal—
donor {DMD) intra-ring angles would be maintained, the DMD angles between any two
rings are reduced in the transition state. The transition state 1s seen in Fig_ 5 to be a trigo-
nal prism 1n which the plane of one hgand is perpendicular to the planes of the other two.
This transition state 1s sometimes referred to as the rthombic intermediate.

Bailar’® and others'® pictured a non-bond-rupture mechamsm with slightly different

A(C) A (Cp)

Fig 6. The Bailar twist mechanism for intramolecular 1somernization of complexes of three bidentate
ligands without bond breaking The dached Imes extend below the plane of the paper while the sold
Iines extend above the plane In (a) s depicted a twist about a real or pseudo €5 axis, dependmg on
the symmetry and sameness of the ligpands A twist about one of the imaginary €4 axes is depicted in
(b). Note that if three 1dentical symmetrical ligands are used the transition state in (a) has D3, sym-
metry and the transition state 1 (b) has Oy, symmetry. These transttion states are sometimes called
the trigonal prismatic and the thombic transition states, respectvely

Coord, Chem. Rev., 6 (19713 331375
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Fig. 7. The four octahedral face axes of 2 complex with three bidentate Hpands. Axisgis the real or
pseudo Ca axis depending on the ligands invalved while axes b, ¢ and 4, are imaginary -Cy axes.

mode of twisting a molecule about a real, pseudo, or imaginary Cy axis, as depicted in
Fig. 6. A real C, axis exists only for a tris complex with identical symmetric ligands or
the ¢is isomer of a tris complex with identical unsymmetric ligands. A pseudo Cy axis
is defined* to exist if only the rings are considered while ignoring the substituents on
the rings. For an octahedral complex with three -diketonate ligands only one of the four
octahedral face axes (axis as in Fig. 7) is a real or a pseudo C, axis. A twist about such
an axis is pictured in Fig. 6(a) and is seen to involve a transition state that is a trigonal
prism with the planes of all three ligands intersecting on a common line. This transition
state is sometimes referred to as the trigonal prismatic intermediate. An imaginary Cy
axis has been defined!® as any of the other octahedral face axes, excluding the real or
pseudo C, axis, that would be of C'y symmetry if all rings and differences of donor atoms
are disregarded. The other three axes of Fig. 7 (b, ¢ and d} are therefore imaginary 3
axes and a twist about one of them, as pictured in Fig. 6(b), has a triponal prismatic
transition state with the plane of one-ligand perpendicular to the planes of the other two
ligands. This transition state is often referred to as a rhombic intermediate.

If an octahedral complex with two bidentate ligands and two ¢is monodentate
ligands is considered, all four octahedral face axes are imaginary C, axes (see Fig. 8).

. Instead of leading to transition states of only twao different symmetries, three possibilities
exist and are shown in Fig. 9. Note that a twist like that in Fig. 9(b) results from both
axes b and ¢ of Fig. 8. The twist about 4 of Fig. 8, as depicted in Fig. 9(¢) is unique in
that no chelate ring spans the faces which are rotated. Thus twists after the first step are
possible and in three twists in the same direction one returns to the starting point. Also
notice that this twist axis (8d) is the only one which allows ¢is—frans interconversion.

For the tris chelate complexes the similarities between the three possibie Ray and
Dutt motions (Fig. 5) and the Bailar twists about the three imaginary Cs axes (Fig. 6(b))
have been noted’®. Bailar pictured the twist to occur with all DMD angles going to a
minimum of 81°48’ in the transition state while Ray and Dutt pictured an intermediate



ISOMERIZATION OF gDIKETONATE COMPLEXES : 137

Fig. 8. The four octahedral faces axes of a com-
plex with two bidentate ligands and two mono-
dentate ligands. All four axes are imaginary C,
axes,
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Fig. 9. Bailar twist mechanisms
for intramolecular isomerization
of complexes of two bidentate
and two monodeniate igands. A
twist ahout the imaginary C; axis
a of Fig. 8 is given in (a); for two

L15 A(Cp) identical symmetrical bidentate

RN

ligands with two identical mono-
dentate ligands the iransition
state has C,, symmelry. A twist
about imaginary ¢, axis b ore
of Fig. 8 is depicted in (b); the
’ transition states pictured would

sA f"-‘z‘i have C; symmetry. A twist about

the third imaginary C, axis (axis
d) can be continued full cycle;
with identical symmetric chelates
and identical monodentate Jigands
the transition state between the
two cis isomers would have G,
symmetry while the intermediates
between a cis isomer and a frans
isomer would both have C, sym-
metry,
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Fig 10 The Springer mechanism which is the nigtd ring equivalent to a Bailar twast about a real or
pseudo C3 anss If all three hgands are symmetrical and identical the transition state has D33 symmetry.

state with the DMD ring angles remarmng at 30° while the DMD) angles between rings
_would be reduced. The difference between the two motions is then merely a matter of
whether the rings are fixed or flexed 1n the motion. The compartson 1s completed by pic-
turmg a rolling motion'é of two rings with respect to the third while keeping all intra-ring
DMD angles at 90° (see Fig 10) Thus would be the rigid ring equivalent to the Bailar
twist about the real or pseudo Cs axus {Fig. 6(a)) It has been pornted out'® that the
Bailar twist can occur through either a trigonal prismatic or rhombic intermed:ate (see
Fig 6(a) and (b)) Twists about real or pseudo C5 axes are sometimes referred to as
trigonal twists® irregardless of whether they involve ring-flexing as in a Batlar twist or the
analogous rignd ning mechanism. Likewise Ray and PDutt (nigid rings) twists or Bailar
(flexing rings) twists about imaginary C; axes have been referred to as rhombic twists® .
Models to illustrate differences in the mechanisms have been described'” [t seems unde-
sirable to call a trigonal prismatic transition state a Bailar type transition state and a
rhombic transttion state a Ray and Dutt type as very recently proposed’®'8  since a
Bailar twist can occur through transition states of erther symmetry While a Bailar twist
about an imaginary C; axis and a Ray and Dutt twist give equivalent final resuits there
1s a fundamental energetic difference tn that the ring DMD bond angles are flexed during
twisting 1n the former, whereas the ring DMD angles are fixed during the rigid translation
of the latter. It 1s totally incorrect to state that they are “completely 1dentical™ and
“equivalent at every pownt™ in the motion!®. The true mechanism for any given case may
indeed be, and in fact most probably 15, somewhere between the extremes of the fixed
mtra-ring DMD anples of some deptctions and the substantial flexing of these angles of
the Bailar proposal Unfortunately there 1s no experimental method presently available
to determine the degree of ning-flexang However, the intra-ring DMD angles found for the
trizonal prismatic (or rhombic) geometries 1n the sohd state might hint as to which ex-
treme 15 more nearly correct
Twists about different axes can have different results in terms of geometrical 150-
mernization but a twist about any of the four axes results m optical inversion While one
cannot totally exclude a certamn twist on the basis that the one twist about only one of
the four axes ¢ould not alone effect all the peometrical 1somernzation ohserved by NMR,
it 1s valid in some cases® to rule out a twist about a real or pseudo Cs axis as the lowest
energy path. Recent discussions®*2% have shown how twists about all the possible axes
must be constdered Although twists about some axes may not be necessary and , indeed,
cannot be used solely to explain certain results, one cannot argue that a twist about a
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given axis does not occur at all. A more fundamental question, however, is whether the
intramolecular pathway for gepmetrical and/or optical mversion mnvolves bond breaking
or not. An experiment using NMR spin-—-spin coupiing between the metal and ligand has
recently been proposed'® which might aliow one to detect whether bond rupture occurs
at a rate near or equal to the rate of isomenzation

{c} General remarks on intramolecular mechanisms

For 2ase in considering the possible intramolecular pathways for structural rearran-
gements of octahedral complexes, topology has recently been applied1°:2!+22 The octa-
hedral species are considered as comers of a solid and the various transition states are the
midpoints of lines connecting these points. Pathways for both twistuig and bond rupture
mechanisms with a trigonal bipyramid intermediate are depicted for tris{chelate) com-
plexes involving erther symmetric or unsymmetric igands?! Non-topological?? and
matrix?® representations have also been discussed

Intramolecular processes for isomerization of pentacoordinate structures have been
summangzed in recent papers?*'2% Topological*!**$—2? non-topological®*® and matrix®?
representations of the rearrangements of pentacoordinate and other structures have heen
considered Topological representations for rearrangements of complexes of higher?!:28
and lower®® coordmation numbers have been presented.

{1i} Intermolecular processes

Only a brnief description of some of the more probable possibilities will be given A
number of works3273% give more detatled treatments

{a} Dissocration mechanisms

For chelate complexes which also contain monodentate higands 1t might be expected
that only the monodentate Iigand is exchanged and the process will be much the same as
that for a complex involving only monodentate ligands These ligands exchange processes
can be accompanied by geometrical andfor optical 1somernization depending, first, on
whether the fivecoordinate intermedrate 1s symmetrical or undergoes any rearrangement
and, secondly, on the pont of attack of the incomng ligand Some possible Sy 1 mecha-
nisms for rearrangements of octahedral complexes of two symmetric chelate and two
monodentate [1gands are shown in Fig 11. Unsymmetnc bidentate Iigands would of course
introduce the possibility of more 1somers The five-coordinate (transition state) interme-
diate 1s most hkely to have a trnigonal-bipyramid or tetragonal-pyramid structure®S if 1t is not
solvated Species involving four monodentate and one bidentate ligands will not be con-
sidered since the number of 1somers of such complexes 18 more closely related to the
types of monodentate igands than to the presence of a chelate.

If a bidentate ligand undergoes exchange, geometrical andfor aptical 1somernzation
may accompany the exchange Thomas®® favored such a mechamism for exalato comple-
xes but this mechanism was subsequently proven incorrect by Long?”. The removal of a-
bidentate ligand leaves an intermediate (transition state) which could rearrange to either
tetrahedral or square-planar geometry Such processes are depicted 1n Fig 12 for tns

Coord. Chem. Rev., 6 (1571) 331-375
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Fig. 11. Some possible intermolecular dissociation mechanisms for rearrangements of octahedral com-
plexes of two hidentate and two monodentate ligands through {a) trigonal-bipyramidal transition states,
and {b) teragonal-pyramidal transition states

(chelate) complexes In many solvents the mntermediate would be solvated, thus resulting
in coordination numbers of five or six.

(b ) Displacerment mechanisms

In the exchange of either monodentaie or bidentate groups of octahedral complexes
through an Sp2 process, the tncoming ligand can associate at erther a site on the face ad-
jacent to (cfs attack) or at a site on a face oppostte to (frans attack) that of the leaving
tigand. Some exchange reactions are pictured mn Fig. 13 for exchange of bidentate ligands
of octahedral tris(chelate) complexes. If only symmetrnc bidentate ligands are considered,
cis attack by a bidentate ligand will result n retention of optical configuration, while

‘//'*”h%

\DQ+/"‘HJ//'

Fig. 12. Intermalecular dissacration mechamans for rearrangements of octahedral complexes of three
bidentate ligands involving exther square planar or tetrzhedral intermediates
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Fiz 13. Intermolecular displacement mechanisms for rearrangements of octahedral complexes of
three bidentate Iigands The intermediates are of ideahzed geomeiry as the probable position of attack

15 an octahedral face

f¥ans can cause mversion or retention If unsymmetrnic bidentate higands are involved, both
attacks can cause geometrical 1somernization.

If a chelate complex mvolves monodentate ligands these may be mvolved in the ex-
change rather than the bidentate ligands, as illustrated m Fig 14 for complexes of two
monodentate and two bidentate ligands. The structures of the intermediates are not meant
to umply that exact geometry 1$ involved, a more probable position of attack for the enter-
INg group ts at an octahedral face33 but the net stereochemical consequences are the same.
Agam eis attack to such a eis complex would result in retention of configuration while
frans attack to the same complex would produce some optical inversion and some conver-
sion to the frans isomer. A eis attack to a frans isomer would result in the franssomer,
while frans attack to the frams 1somer would pve a mixture of the two optical forms of
the cis isomer. Both are depicted m Fig. 15,

A very improbable process for the exchange of a bidentate ligand would involve
going through an eight-coordmate intermediate such as a dodecahedron or square ants-
prism formed by the sumultaneous attachment of both ends of the incoming ligand One
might also expect 1somerization mechanisms through dimer or polymer intermediates to
be less likely.

Cpord. Chem. Rev., 6 (1971) 331-375
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Fig 14. Some mtermolecular displacement mechamisms for reatrangements of cis isomers of octahedral
complexes of two brdentate and two monodentate hgands The intermediates are of idealized geometry

{ritj Summary

It can be readily seen that for any system in which ligand exchange is faster than or
equal to sterecisomerization (geometrical and/or optical 1somerization), the 1somerization
may be totally due to the intermolecular exchange On the other hand if rearrangement is
faster than ligand exchange, an intermolecular mechanism cannot be the sole pathway,

Mechanisms of stereochenucal rearrangements of octahedral complexes have been

x#
X X —x
- ——
x@
N

Fig 15. Some intermolecular displacement mechantsms for rearrangements of trans tsomers of octahe-
dral complexzs of two bidentate and two monodentate ligands
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substantiated to some degree or another for a few cases involving chelate ligands®®. The
intramolecular mechanism for stereoisomerization of any S-diketonate complex, however,
has not yet been definitely shown to proceed via a bond rupture or twisting mechanism
The mechanism problem may be summarized as follows.

(1) Fust, one must attempt to establish whether the process 1s predominately mnter-
molecular or intramolecular. Althoungh a number of researchers have found intramolecular
isomerzations, as will be enumerated later, 1t must be kept 1n mind that other processes
such as dissociation, association, solvation and higand’exchange, are occuring at some
fimite rates which may be only two orders of magnitude smaller!® than the rate of the
intramolecular rearrangement.

{2} 1f the reaction is ittramolecular, try to obtain evidence to infer whether a bond
rupture or a twisting mechanism is operafive {g) If the reaction appears to proceed via 2
twisfing mecharusm, 1s one or more axes preferred over the others? (b} If a bond-rupture
mechanism appears to be operatwve, what is the geometry of the transition state and are
cartain bonds broken preferentially over others?

{3) If the reaction is intermolecular, establish whether a dissociative or associative
process 15 the rate-determuning step.

C EXPERIMENTAL STUDIES
(i) Symbolism

The types of §-diketonates studied thus far may be grouped by their ligand consti-
tuenis. For the purposes of classifying and generalizing, the following shorthand nota-
tions will be used M represents a metal 1on, AA™, BB~ and CC~ represent symmetric
[Bdiketonate Iigands such as 2,4-pentanedionate (acetylacetonate), AB~, AC™, BC™,CD™,
etc., represent unsymmetric -diketonate ligands such as 1,1,1-tnifluoro-2,4-pentanedionate;
X~ and Y~ represent monodentate ligands, and xx~ and yy~ represent syinme tnic biden-
tate ligands other than S-diketones (¢ g ethylenediamine)

Abreviations used for specific f-diketonate ligands 1n this work are tabulated 1n
TFable .

{11} Octahedral complexes involving only symmetric -diketonate Higands* M{AA ),
M{AA)(BR) and My AA ¥BB)(CC)

Complexes of this type have only optical :somers and there are but a few reported
classical studies of the rate of inversion of complexes of symmetrnic §-diketones There
have been a number of partial resolutions of such complexes obtained by a varsety of
methods, and these are summarized 1n Table 2.

The earliest report on partially resolved Co{acac}, indicated that racemization of
the zample was almost complete after 12 h in 20% aqueous alcohol®® . More recent ob-
servations of partially resolved samples indicated that there was no detectable racermiza-
tion in petroleum ether—benzene in two days®® at ca. 25°C and chloroform solutions are
stable towards racemization at room temperature for five weeks*"*%>52_ Some other so-

Coord. Chem. Rey., 6 {1971} 331-375
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TABLE 1

Abbreviatrions for g-diketonate ligands

J J.FORTMAN., R E SIEVERS

A. Symmelrric ligands

acac” 2,4-pentanedionato {acetylacetonato) dbm~
hfa~ 1,1,1,5,5,5-hexafluoro-2,
4-pentanedionato (hexafluorcacetyl- triac”
acetonato) dure ™
thd - 2,2,6,6-terramethyl-3,
S-heptanedionato (dipivaloylmethanato,
dpm -~}
B Unsymmetric hgands
tfa” 1,1,1-tnfluoro-2,4-pentanedionato fod~
(trifluoracetylacetonato)
bhzac™ i-phenyl-1,3-buranedionato macac”
{benzoylacetonato)
dhd- 2,2-dimethyl-3,5-hexanedionato prac”
(pvaloylacetonato, pvac™) phd-

C Asymmetric higands

1,3-diphenyl-1,3-propanedionato
{dbenzoylmethanato. bzbz ")

3-acetyl-2 4-pentanedionato

2,6-dimethyl-3,5-heptandionato
{diisobutyrylmethanato)

1,1,1,2,2,3,3-heptafluoro-7,
T-dirnethyl-4,6-octanedionato

I-methoxy-2,4-pentanedionato
fmethoxyacetylacetonato)

2,4-hexanedtonato (propronoylacetonato)

1-phenyi-1,3-hexanedionato

d-hme  3-hydroxymethylene+-camphotato
fhme-  3-hydroxymethylenedcamphorato
d-atc” 3-acetyld-camphorato

TABLE 2

Partial resolution of octahedral complexes of symmetric g-drketones

Compound Techrique Reference
(1) Cofacac)s {2) Column chromatography {with an
optically active stationary phase) 40-43
(b) Preferential cry<tallization {from a
solutron of an opncally active salt) 44
(c) Solvent extraction (with one phase
optically active) 45
(d) Zone Inelting (of a frozen solution also
containing an optically active salt) 46
(2} Cr{acac)y {a} Column chromatography (as 1} 40, 42, 43
{b) Preferential crysialiization {as I} 44
{c) Solvent extraction {as 1) 45
(3) Cr(hfads Gas—sohd chromatography fwrth an optically
active stationary phase) 47, 48
(@) Gdfacac)y Column chromatography {as 1) 49
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TABLE 2 (continued)

(5) Rh{acac)y {a) Solvent extraction (as 1) 45

(b} Column chromatography {as 1} 41,42
()] Sl(a.cach* Precipatated as diastereoisomer 50, 51
{7 Y(acac), Column chromatography {as 1) 49

lutions of this green chelate 1n chloroform decomposed®? to form a pink solid after a few
days but this decomposition was thought to mvolve solvent impurities, oxygen or sunhght
Measurements in glacial acetic acid showed a 60% loss of optical activity 1n 5 weeks, but
there was visual evidence of decomposttion®? The optical activity was not affected by
exposure of the chelate in CCl, to activated charcoal for 12 h

It has been reported®!-*?+52 that slow crystallization of partially resolved Co(acac),
leads to optically inactive crystals while evaporation of solvent with a stream of arr results
in a powder with little or no loss of optical actwity®***%:5% The racemizatior: during
crystallization was attributed to a surface reaction whereby the racemic crystal 1s prefe-
rentially formed and the benzene—hexane solution 1s enriched 1n the excess enantiomorph

Rate constants for optical inversion of partially resolved samples of Co(acac);,
Co(triac-d,); and Co(acac),(trtacds) in chlorobenzene solution at 90°C have recently
been determined tobe 04 X 1074, 47X 107 and 2.1 X 10~ sec™?!, respectively®? 1t
should be noted that the rate of optical inversion 1s the rate of interconversion of optical
isomers and is equal to half the rate of racemization which 1s defired as the rate of loss of
optical activity The rate constants for linkage somerization 1n whach the free deuterated
acety] group replaces one of the acetyl groups bonded to the cobzlt were found to be
30X 1075 and 2.5 X 1075 sec™! for the Co(triac-d;) and Co(acac),(triacdy ), respecti-
vely, under the same conditions Ligand exchange was found to be slow with respect to
the rate of linkapge 1Isomenzatton It was argued that as the inkage 1somerization requires
a Co—0 bond to rupture 1t 1s likely that a five-coordinate intermediate 1s formed Because
optical inversion through a five-coordinate intermediate would not require the rotation
about a C—C bond that the linkage 1somernization does, the faster rate and lower activa-
tion energy report for the optical inversion could be accounted for by postulation of a
five-coordinate mntermediate.

Partially resolved Cr{acac), 1n 20% aqueous alcohol was reported to be more stabie
than Co(acac); while the optical forme of Fe(acac); reportedly** *“had a very fleeting
hife”. Later work®® indicated that racemization of partially resolved Cr{acac), 1n n-hex-
ane—benzene solution was 50% complete at ca. 25°C In ca. & days

Optically active Rh(acac); seems to be remarkably stable as 1t was not racemized
with recrystallizations, chromatography on active alumina or treatment with aluininum
chloride®!.

Collman and coworkers®?+*? subjected some partially resolved f-diketonate com-
plexes of Colll, Crll and Rh!! to electrophilic substitution reactions whereby the sub-
stituents on the ceniral carbon of the chelate rings were replaced. In most instances the
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molar rotation of the products was found to be as large or larger than that of the starting
materal mdicating that there was probably no racemizatton, although partial racemiza-
tion could be occuning As substitution on a five-coordinate intermediate would almost
certainly lead to racermization it was proposed that the substitution occurred without
nng cleavage

Raceimzations of partially resolved Y(acac); and Gd(acac), in benzene—petrolenm
ether have been reported to be slow and first-order®? . The same work indicates that par-
tially resolved Y(acac)s in chlorofonm racemizes rapidly In view of the lability of most
yitrium and lanthanide complexes 1t 1s surprising that any resolution was achieved.
Indeed, this 1s the only known report of the resolution of a Ianthanide coinplex,

Because of ifs obvious importance this interesting work should be expenimentally con-
firmed.

The most thorough investigation by classical means of any § diketonate complex
was performed on the optically active Si{acac); * 1on 1n aqueous solutron®®. The k for
racemization ranged from 1.2 X 107% sec™! at 19 7° t0 2.2 X 1074 sec™! at 24 65°C
This loss of optical activity was shown to be caused by hydrolysis and not inversion,
however, as the rates of hydrolysis were found to be egural to those of racemzation The
results have been independently confirmed®* Additional studies in absolute methanol
and methanol—water systems concur and 1t 1s proposed that the first step 1n the mmecha-
nims of hycrolysis probably involves a seven-coordinate mtermediate>*

The observed coalescence®® of the NMR resonances of the terminal groups of
some symmetric §-diketonate ligands in tns complexes with different ligandsina 2 1
ratio has led to studies of optical inversion of many complexes which racemize too
quickly for partial resolution. By studying complexes of the form A1(AA}BB), 1t has
been shown that NMR can be very useful in determining extremely fast rates of optical
inversion?? . These complexes with the symmetnc [igandsina 2 I or 1 2 ratio are parti-
cularly mteresting in that the only stereoisomerization possible 1s opttcal inverston,
furthermore, the termimal groups of the BB ligand 1n a complex of the form
Al(AA)BB), exhibit two different NMR resonance frequencies due to their structural
non-equivalence. One of the terminal groups of each of the BB ligands is opposite a
terminal group of the other BB ligand, while the remaining BB terminal groups are each
frans to a terminal group of the AA ligand A detailed study?® of the spectra of the com-
plexes Al(acac),; (thd}, Al(acac)(thd),, Al(hfa}(acac), and Al{(hfa}{thd), as a function of
temperature showed that the two proton resonances of the tenminal groups of the bis
Ligands coalesce as the temperature is raised. The coalescence of the r-butyl proton reso-
nances of Al(hfa)(thd), 1s shown in Fig 16. The coalescence 1s attributed to the averag-
ing of the environments of the termuinal groups of the bis ligands such as might accompa-
ny optical inversion
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FEEP

Fig. 16 The coalescence of the #butyl proton resonances of Al{hfa){thd}, in chlorobensene The .
small peak downfield 15 due to Al(hfa),(thd) The spectrum at 35°C has been offset down-field suffi-

crently to allow full presentation

Because of the symmetry of the A1(AAY(BB), complexes, each bidentate BB ligand has
onc terminal group 1n cach magnetic environment; therefore, the two sites are equally
populated Consequently, the rate of environmental averaging can be calculated for intra-
molecular processes at various temperatures in a range below the coalescence from the

expression

P _ 2r
27 2ﬁ
as given by Gutowsky and Holm®?, where § v, is the frequency separation 1n the limit of
slow environmental exchange and & vy is the frequency separation at temperature T, both
expressed in Hertz. The coalescence temperatures and rate constants of environmental

exchange at those temperatures in chlorobenzene were reported as follows??.
Al(acac), (thd), 105°, 12 6 sec™!; Al(acac)}(thd),, 105°, 8 5 sec™!, Al(hfz)(thd), —8°,

k= [8v3 — 82112
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6.9 sec™!, and Al(hfa)(acac)s, —18°, 5 3 sec™! For the last three complexes extrapola-
tion to 25°C gave rates of 0.79, 29 4 and 11.6, respectively. Rates were determined for
other temperatures, allowing the calculation of frequency factors and energies and entro-
ptes of activation. It has been pointed out®® that the somewhat unusual values of these
thermodynamic functions (small E, and large negative AS™*, may be due 10 the falure to
correct for temperature-dependent solvent affects on the chemical shifts of the NMR
resonances and thus their separations; such corrections have been applied in other studies
458 It might be noted, however, that these corrections are large enough to reverse any
mechanistic conclusions. If one assumes that the initial lessening of the frequency separa-
tion is due totally to solvent effects, 1t is surpnsing that for two such similar terminal
groups the effect is either to mcrease the shielding on one and decrease it on the other,
or to shield or deshield the two to greatly different extents Al(acac)(thd). and Al(acac),
{thd) were also studied in carbon tetrachloride?® and brief mention®® was made of solu-
tions of Al(hfa)(acac), in CH,Cl; exhibiting coalescence at about 7°C Fluorine NMR
spectra of Al(hfa);(acac) and Al(hfa),(thd) indicate that the resonances coalesce 1n both
cases??.

Intermolecular ligand exchange was found to be very slow compared to the rates of
environmental averaging?®. The rates of environmental averaging were found to be inde-
pendent of complex concentration indicating that the mechanism was first-order. Fur-
thermore a free-ligand dissociation mechanism of the type proposed by Thomas was
eliminated since uncomplexed ligand added to samples exhibited separate resonances
well above the coalescence temperatures.

It was pownted out that the relationship of the rate of environmental to the rate of
optical inversion will depend upon the mechanism by which the intramolecular rearrange-
ments occur*®>3% The relationships are summanzed in Table 3 While relationships were
calenlated for the trigonal bipyramidal mtermediates both with and without the equatorial
modes (Fig. 1{b)) which can cause coalescence without optical inversion, it seems more
logical to consider both sets of operations together statistically, since the transition state
i such a mechanism might weill be of some intermediate form. The equatoral mode as
sole mechanism of environmental averaging was eliminated The relationships were also
caicuiated considering only the mono or bis iigands rupturing since 1t woulid seem to be a
distinct possibality that the metal—oxygen bond of one type of ligand might be more suc-
ceptible ta rupture than that of thenther type

If very precise measurements of the rate of environmental averaging can be made
for some complex by NMR and the rate of optical inversion can be carefully measured by
another method, the comparison of rates may allow the assignment of a specific mechanism
or at least elimination of some possibilities. Such an independent method mught involve
the use of the Pfeiffer effect. The chelates Al(acac)s, Al{dbm), and Al(hfa),; have already
been observed to exhibit this effect®® Another method®! which might be useful for
obtainmg rates for comparison 1s circular polarization of luminescence emission {CPL)

The methy] resonances of the acac ligands of Ga{acac), (hfa) in dichloromethane
solution were found®® to coalesce at cz. —26.5°C and those of Ga(acac), {dbm) in
benzene at ca. +81°C The environmental averaging was reported as due to an mtramole-
cular mechanism. For Ga(acac); (hfa) in an equilibnum mixture with Ga(acac)y, Ga(hfa),
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TABLE 3

Relationships of rates of optical mversion to rates of environmental averagng of NMR resonances of
the tetminal groups of the bis izands of complexes of the form M(AAWBB)»

Mechanicm Rate of optical inversion

A Bond rupture mechamsms

(1) Tngonal bipyramid intermediates (1gnoring
equatonal mphare modes)

(a) Al six ruptures possible (3
(®) Mono hgand rupmre only (2)r
{c) Bis ligand mupture only (4

{2) Trigonal bipyramid intermedrates (including
equatortal rupure modes)

(2} All s1x rupmres possible 3/ 2

(b) Mono Igand ruptures only (2

{c) Bis lisand rupmres only 4/
(3) Sguare-based pyramid mtermedrates

All, mono, only or bis only ()

B. Twisting mechanisms
{1) Bariar twast (all 4 axes conudered) (43

(2) Riy and Dutt modes only
(the mottons through rhombohedral

transitions states) 3/
(3) Springer mode only

(the one motion through a trigonal pnsmatic

tfransition state) (1)

and Ga(acac)(hfa); a line shape analysis was made using lime widths observed for
Ga(acac), to estimate T . Rates were determinedS® over a range from —39.1 to —15 6°C
and the value of the rate constant for methyl group environmental exchange to 25% was
9.8 X 10% sec™' For Ga(acac),{dbm) a stmilar analysis was not done due to the unfavo-
rable overlap of the Ga(acac); and Ga(acac)}dbm), Imes with those of Ga(acac), (dbm}.
Rates were determined®® using the simplified Gutowsky-—Holm equation and the frequen-
cy separation using corrections for temperature dependent solvation effects found by ex-
trapolation from temperatures of slow exchange. The corrections were justified on the
basice of a constant ratio of the line widths of the methyl resonances of Ga{acac),(dbm)
to those of Ga(acac), over the temperature range of slow environment exchange Kinetic
data are given®® between 62 5 and 78 0°C wath the value extrapolated to 25°C found to
be 8 8 X 1072 sec™ . The difference of four orders of magnitude found between rates at
25°¢ for Ga(acac), (dbm) and Ga(acac), (hfa) 1s indeed interesting. With ihe solvation
correction the activation parameters were found to be in better agreement with those ex-
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pected for a bond rupture process but, as the size of the corrections 1s very large, there
may be some questions as to the degree of mechanistic significance of those parameters.
The studies of aluminum complexes have been extended to systems with three diffe-
rent symmetric f-diketonate igands®? . Solutions of Al(hfa)(acac)(thd) in chlorobenzene
were studied at various temperainres by NMR The two termmal groups of each of the
three ligands in the complex exhihit different resonances due to their structural non-
equivalence The two peaks for each ligand were found to coalesce as the temperature was
raised. The envitonmental averagings were attributed to optical inversion of the complex.

Experiments were cited which proved the process to be intramolecular, and the
rates of environmental averaging for the termmal groups of each ligand were reported over
a range of temperatures The coalescence temperatures and rate constants of environ-
mental averaging of the terminal groups of the ligands of Al(hfa)(acac)(tnd) are ¢2-hfa,
57°C, 15 5sec™', acac, 17°, 19 5 sec™ !, and thd, 8°, 8.7 sec™!. The three rate constants
were found to be different at the same temperature with k(—CH;) > k[-C(CH;)3] =
k{—CF3) At 25°C the three rates were found by extrapoiation to be. acac, 23 2 sec™*,
thd, 12.3 sec™?, and hfa, 9.2 sec™! . These rates were uncorrected for solvent effects but
application of corrections did not make all three rates equal. Thus some modes of rear-
rangements, such as the Baldar twist about only the pseudo-C; axes can be eliminated as
the sole pathways Various combinations of twists andfor bond ruptures are required to
account for the different rates

The relationships of the three rates of environmental averaging to the rate of optical
inversion of a M{AA)(BBYCC) complex were calculated for a general combination of
twist mechanisms and for a general combination of bond ruptures through trigonal bi-
pyramidal intermediates. Assuming only twisting modes to be operative the rate constant
of optical inversion of [Al(hfa¥acac)(thd)] was shown to be less than or equal to
1/2[k(—CF1) * k(—CH;) + k(—C(CH,4)3)] but greater than or eqnal to the combination of
the fastest two, in this case 1/2[k(—CH;3) + k(—C(CH;);3}]. Using the rates extrapolated
to 25°C this would make Kas (optical inversion) be somewhere between 17 8 to 26 9
sec™t.

Considering only bond rupture modes going through trigonal bipyramidal inter-
mediates (but a compiletely general case where any mode might contribute anywhere
from everything to nothing to the rate) the rate constant for optical imnversion must be
less than or equal to [K(—CF3) + k(—CHa) + k{(—C(CH;)3)] . At 25°C, \heretore, the rate
constant could range as hugh as 53 7 sec™! These rates are calculated from rates of envi-
ronmental averaging for which there was no attempt to correct for solvent effects

The first umquivocal direct measurements by NMR coalescence techniques of the
rate of inversion of a tnis (8-diketonate) complex has been very recently completed®? .
The methyl doublet of the alummnum complex of diisobutyryimethane, Al(dim)a, 1s split
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into a quartet of four equal tines by the asymmetric center at the aluminum The quartet
coalesces into a doublet with fncreasinpg temperature. This 1s undoubtedly caused by the
increasing rate of inversion of the complex. Results of the detailed kinetic studies wall

be forthcoming®? .

{iit} Octahedral complexes involving unsymmetric f-diketonate higands- M{CD);,
M{AA)CD); and M{AA).{CD)

While the M{(CD)(AA), complexes possess only optical 1somers, geometrical isome-
rization is possible for complexes of the form M(CD); and M{CD),{AA) The M(DC);
complexes have a ¢is 1somer in which ali three Iipand terminal groups of the same type
are at the same octahedral face of the complex, and a frans 1somer 1n which two of the
same terminal groups are across the metal from one another; each geometrical 1somer has
two optical forms due to the pitch of the chelate rings. It has also been proposed to call
these geametncal forms facial (fac) and meridional {mer) 1somers, respectively®® These
are shown mn Fig 17. The fac isomer with the three hke terminal groups on the same octa-
hedral face, has a €5 symmetry axis causing all three terminal groups to have equivalent
environments The mer isomer, with each set of three like terminal groups around an oc-
tahedral mendan, has no symmetry save an identity element; therefore, each of the three
Itke groups are in nonequivalent environments.

In Fip. 18 are depicted the three different geometrical forms possible with a
M(CD),(AA) complex The notation is based on the locations of the ternunal groups
of the unsymmetric ligand and follows that used for M(tfa),(acac) 4¢ The first prefix
refers to the relative orientation of the groups of the unsymmeitric ligand which are most
different from that of the symmetrnic ligand, and the second prefix to the relative orien-
tation of the groups of the unsymmetrical ligand most like that of the symmetrical ligand.
For example, the trans—cis 1somer of M(tfa), (acac) is that which has the trifluoro-
acetyl proups opposite (trans) one another and the acetyi groups of the tnfluoroacetyl-
acetonate ligands cis to one another Each of the three geometrical forms have optical
isomers based on the pitch of the chelate nngs The cis—cis 1somer has no axis or plane of
symmetry leading to non-equivalent environments for each A group, each C group and
each I group. Both the cis—trans and rrans—cis 1somers have . symmetry axes and

(o3 =]

resonance 3 D resonances
3c

rasonance resonances

Fig. 17. The two geometrical 1somers of an M{(CD)3 complex dlustrating the number of different reso-
nances possible for each terminal group
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(c)
frans —gls

1 B resonance
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Fig 18 The three geametrical 1somers of an M{CD}2{AA) complex Hlustrating the number of duferent
1esonances possible for each terminal group

there 15 only one environment apiece for A, C and D groups of each 1somer,

Column chromatography using acid washed alumrna aillowed the separation of cis
and frans isomers of the tris {(benzoylacetonates)’ of cobalt, chrommum and rhodum and
of tris {tnfluoroacetylacetonates) of these same metals Attempts to separate the geome-
trical isomers of the tris {(benzoylacetonates) of alummum, mangapese and 1ron were un-
successful 7, This was attributed to the greater “labiliiy™ (faster rearrangement) of the
geometrical forms. The occurence of the ¢is 1somers of the tris (benzoylacetonato) com-
plexes i less than statistical amounts at room temperature equilibrium and the observa-
tion that ¢is to trans isomerization occurs at hugher temperatures mdicates that the frans
1somers are more stable as mught be predicted in terms of their lower dipole moments 7
Only the trans form of the tns (tnfluoroacetylacetonates) of alummum, galliwtm, indium,
manganese and 1won were found in the sohd state 8.

Co(tfa); m chloroform solutions was slow to establish ets—trans equilibrium while
the Group I1I1A metal complexes did so rapidly . Heats of 1somenzation of Al(tfa)s,
Ga(tfa); and Co(tfa); were obtamed rom log K vs 1/7 plots and free energies and entro-
pres were calcutated from the straight hne plots &.

Gas chromatography has been applied to the separation of the cis and frams 1somers*®
of Cr(1fa);. The fac and mer 1somers of Co(dhd); were separated by thin layer chro-
matography®* using Silica Get D-5 and carbon tetrachlornde as the solvent, the plates
were developed using CH, Cl,

The NMR spectra of a ers-M(tfa); tsomer should exhubit only one fluorine resonance
due to the equivalence of the three CF; groups while the frans isomer would be expected
to have three distinct fluorine resonances tn 1ts 13 F NMR spectra barring any accidental
degeneracy of the —CF, resonances or kinetic averaging of the environments of the three
—CFj groups These differences have been observed ® and have allowed the determnation
of the rate of geometrical isomenzation of ¢fs-Co(itfa)y in chloroform selution # at 66 1,
79.1, 90.4 and 99.2°C. The amount of eis and zrans 1somer cbserved after various lengths
of time along with the equihbrium constant for that temperature allowed the calculation
of the rate constants for the cis to frans and frans to cis rearrangements The 1somerization
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Fig 15. The coalescence of the fluorine resonances of Al(tfa)y {Ref 4, courtesy of Inorganic Chenmstry)

follows first-order kinetics with k{cis — frans) ranging ® from 0 247 X 107 sec™! at
66 1°C to 14.5 X 107 at 99 2°. The k(trans — cis) was calculated * as 0 059 X 1074
sec™? at 66 1° to 37 X 107% at 99 2° The energies and entropies of activation were
reported *.

cfs-Cr{bzac); was partially resolved by passing 1ts solution 1n 1 I benzene—hexane
through a column of lactose powder * Attempts to resolve czs-Co(tfa)y were unsuccessful
In chloroform solutions, cfs-Cr(bzac)s was found to be optically stable at temperatures
below 51.4°C. In 1,1,2,2-tetrachloroethane the rate constant of optical inversion was
measured ¥ as 0 0023 min~! at 95 5° and 0.009 min~! at 105 0°C At both of these
temperatures racemization was found to be accompanied by cis—frans 1somerization
Evaluation of relative amounts of the geometrical isomers by microscopic observation
mdicates that the rate of 1somenzation 18 approximately cqual to the ratc of racemization

The three ' F NMR resonances due to the frans form and the one °F resonance
due to the cis form were found to coalesce at 103°C for Al(tfa), and at 61.5°C for
Ga(tfa); mn deuterochloroform. The **F spectra of Al(tfa), at several temperatures near
the coalescence region are shown in Fig. 19, After correction for solvent effects by extra-
polation and averaging the splhitings, the rate constants for environmental averaging were
found to be 34 and 38 sec™! for Al(tfa)s and Ga(tfa), at their respective ¢oalescence
temperatures 4 by the method of Gutowsky and Holm*?. In(tfa), exhibited only one
I9F magnetic tesonance * even at —57°C mdicating a k of greater than 36 sec™! at that
temnperature. (The NMR spectrum of a mixture of ¢fs- and frans-Co(ifa)s i chlorobenzene
showed a strong temperature dependence * similar to that of aluminum and gallium com-
pounds, but the resonance lines were very much broader, at 94°C the four lines had
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coalesced into a single broad peak but this peak did not sharpen even at 182°)) The rases
measured nay be considered as approximate measures of the rates of geometrical isome-
rization. A more exact treatment would involve the treatment of six exchange equilibria
and six coalescences individually 3°. This rigor would be impractical *? as it would
require {I) assigning the four peaks to the four environrents, (2) correction for tempe-
rature dependence not due to environmental averaging (solvent effects), and (3) the as-
sumption of a mechanism. Furthermore there is considerable overlap of peaks and the
method is an approximation in any case. From the rate constants, activation energies and
free energies were calculated. The observation of eis—mrans equilibrium allows the elimina-
tion of the twist about the real C, axis as the sole methad of isomerization for eis-
Cr(bzac),, and the tris (trifluoroacetylacetonates) of the Group 1A elements 4. It has
been pointed out that combinations of twists about various axes cannot be eliminated,
however 4.

The environmental averaging of the —CF; resonances of Al(tfa), has been measured®
in solvents with dielectric constants which vary from benzene to tetramethylene sulfone
and the free energy of activation (at the coalescence temperature) for the exchange was
shown to generally decrease with increasing dielectric constant of the solvent. This seemns
most compatible with a bond rupture mechanism. A bond rupture mechanism would also
be in keebing with the activation parameters reported 4,

Both cis- and trans-Rh{tfa); showed extreme stability with respect to isomerization
and the rate constant for geometrical isomerization was estimated 4 as less than
9.2 X 1077 sec™! at 163°C.

Al{fod), was examined in chlorobenzene solution and the r-butyl NMR resonances
coalesced 5% at ~ 112°C. Using the average separation between peaks a rate constant for
environmental averaging of either 14 or 6.3 sec™! is obtained depending on whether a
smalil peak at highest field is included or not. This peak may be due to the cis isomer or
there may be an unresolved peak with the three more intense signals downfield. It is
pointed out ¥® that if isomerization is through a bond-rupture mechanism with a trigonal
bipyramidal transition state and if all metal donor bonds are equally likely to rupture,
the first.order rate constant of environmental averaging is 4/3 the value of the rate cons-
tant for optical inversion. The same relationship holds if all metal donor bonds at one end
of the ligand are broken to the exclusion of those at the other end. If the mechanism is
considered to be a twist with all possible twisting axes equally probable, then k is equal
to the k of optical inversion. Springer *2 also points out that through use of an optically
active solvent the chemical shifts of one optical form may be altered by prefered associa-
tion with the solvent. Although many attempis to observe this phenomenon with these
chelates have met with faflure % if such a case could be found it might allow separate
measurements of the rates of geometrical and optical isomerization and some conclusions
as to the mechanism.

The separation of mrans—cis Co(tfa),{acac) from the ¢is—trans and cis—cls isomers
has been accomplished by column chromatography 4%. The four !'® ¥ resonances due to
the isomers of the Al(tfa),{acac) (two from the cis—cis and one each from the trans—cis
and eis—trans isomers) were found to coalesce at 87°C and the rate of environmental
averaging calculated ®® to be 43 sec™! by the same method used for Al(tfa);. An inter-
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molecular mechanism for environmental averaging was excluded, as the resonances for
free trifluoroacetylacetone hgand as well as those for Al(tfa); and Al(tfa)(acac), were
all distinct at the coalescence %% The coalescence of all four '°F resonances of Al(tfa),
(acac) allows the exclusion of twisting ahout any one axis as a mechanism ®® but a com-
bination of twists about various axes can account for the coalescence 14,

While the system does not involve S-diketonate [igands 1t is of interest that NMR
studies 67 of tris (c-1sopropyltropolonato)}-alummum(TII) indicate that the methyl environ-
ments in the ¢is form and 1 the trans form are eqmli’brated before the cis—trans equilib-
rum 1s fast enough to average the resonances of the c1s and trans 1somers. This would
make it appear that racemization 1s faster than cis—trams 1somenzation but the rates are
too stmilar for meaningful mechanistic arguments.

f-Diketonate hgands which are asymmetric (optically active) as well as unsymmetric
have provided the source of some interest %7 The tris complexes of 3-hydroxymethylene-
d-camphorate (d-hmc, Fig. 20, R=H) with several metals, including Co™ (Refs 68, 70),
RhE (Ref. 70),Crll (Ref. 70) and VII (Ref. 68), have been mvestigated. Complexes
with -hme have been reported for Co™ and VI (Ref 68) The complexes of 3-acetyl-
d-camphorate (d-atc, Fig. 20, R=CH,) with Co™ (Refs 68, 69) and VI (Ref 68) have
also been studied. With one form of the hgand, only four diastereomeric species are
possible; A-trans, A-cis, A-tmans and A-cis. All four 1somers have been 1solated for the
Co(d-atc)y complex 2. While the A 1somers are somewhat more stable than the A
1somers, the statistically expected 3 1, frans—cis ratios are found for both chrralities

As the chemical shuft differences for nucleit in similar environments 1n chelate com-
plexes have been found to be amplified in paramagnetic molecules 7', the NMR of the
tris complexes of VI with d-atc have been examined *®. For each kind of proton in
V(d-atc)s one resonance s expected for the cis 1somer and th-ee for each frans 1somer
due to the lack of symmetry, but as diastereomers are possiblc with the asymmetnc
lipands, as many as eight signals may be observed for each kind of proton. Four intense
acetyl methyl sipnals were found for the cis and frans forms of A-V{d-atc), with the
c¢is and trans species n approximately statistical 1:3 distnbution Three weaker signals
are atirthuted to A-trans-V{d-atc); but a fourth signal for the A-cis diastereomer could
not be found, indicating that either this form 1s absent or the resonance hes under one aof
the stronger signals For the A-frans == A-trans equilibrium in chloroform at 29°C, K was
found to be 0,31. Attempts to observe the temperature dependence of the equilibrium
have failed thus far due to poor signal resolution at higher temperatures

The NMR spectra of V(d-hme)s and V(I-hme), are identical 98, indicating that the
solutions are enantiomeric. The spectrum of V(d-hme)s has overlapping of several signals
but it appears that all four diastereomers are present.

HaC ey

W2

\ SOz
=
{ o=
. R

Fig 20 An diustration of asymmetnc d~amphorato ligands- 3-hydroxymethylene-d<amphorato of
R=H, 3-acewl-d-campharato of R=CH4
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Assuming a random disttbution of ligands for V(dI-hmc); prepared from racemic
ligand, eight enantiomeric pairs of complexesare possible, Twenty resonance signals are
possible for each kind of proten in a solution of all geometrical and optical isomers as
only two pairs of these complexes could have €3 symmetry axes. Although not analyzed
because the chemical shift differences were too small, the spectrum of V(dl-hmc); was
identical °® to that of a 1:1 mixture of V(d-hmc), and V({-hmc); in chleroform, indicat-
ing that free exchange of higands occurred before the spectrum could be recorded

While a M(AA);(BB) complex should exhihit two NMR peaks for the —A groups
and a M{AA),(BC) complex should exhibit four —A group resonances, a M{AA): (BC*)
complex should show eight —A group resonances since two d/ pairs are possible. The ' F NMR
of Al(hfa),(d-atc) does show seven peaks "2, one of double degeneracy. As there are no
geometrical 1somers for complexes of this form, a direct means of showing that the cause
of environmental averaging 1s optical inversion 1s possible if these peaks are found to
coalesce at higher temperatures

Studies of the paramagnetic V(tfac)y complex have shown that the NMR resonances
of the terminal groups of the ligands of the cis and frans 1somers are considerably different
by virtue of their greatly different contact shifts 71, It 1s hoped that coalescence techmques
may be extended to paramagnetic molecuies of this type Indeed the greater difference 1n
contact mteractions may allow more accurate measurement due to increased separations
of resonances,

(iv} Octahedral complexes involving other bidentate ligands in addition to fFdiketonates:
M{dik ), fxx )}t and M{dik}{xx )5

The resolution of the optical 1somers of Co(acac)en)s ?” (en = ethylenedtamine)
has been achieved using (+)—arsenyl tartrate as a resolving agent”® Proton NMR spectra
of [Cofacac)(en), ] 2", [Co(hfa)en).]2* and [Co(tfa)(en),] 2", have been recorded 4.
There is only one posstble environment for each different terminal group of a g-diketonate
ligand in complexes of the form M(dik)(xx); and, therefore, only one NMR resonance It
15 of interest to note, however, that the ethylenediamme —CH, —CH, — protons show
only a singlet for [Co(acac)(en), ]2 " while [Co(hfa}(en), ] " extubits some fine structure’?
Confirmational interchange of these ethylenediamine protons can be rapid even while
the compound maintains optical stability as these cobalt compounds are very stable with
respect to optical inversion In other words the ethylenediamine rings are free to flex
without the molecule twisting

Bis(acetylacetonato)oxalatocobalt(IIT} amons have been resolved 75_ Resolution of
the optical 1somers of [Co(acac), en] I by formation of diastereoisomeric salts has been
reported more recently 7. Aqueous soluttons of (+)s44 [Co(acac),en]I were found to be
optically stable at ~100°C for many hours 7 An 1nitial report 77 indicated that
[Co(acac),{en)] * in D, 0 produced only one methyl peak even though there are two
methyl groups which are non-equivalent hy symmetry. This could not be caused by
coalescence due to rapid optical inversion as the optically active compound 15 stable mn
solution for days 4t room temperature. Studies with more sensitive spectrometers &4
found a splitting of 0.003—0.010 ppm 1n D, O and only slightly larger separations in
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CH3 0D, CD; 0D and (CD3);SO. Splitting of methyl resonances of bis(acetylacetonato}
diaminecobalt(iil) complexes (diamine = ethylenediamine, N N.N', N'-tetramethyl-
ethylene-diamine, 2,2"-bipyridine, or 1,10-phenanthroline) were also reported in a vartety
of solvents 4_ The splitting increases in the order en < tmed < bipy < o-phen, indicative
of a ring current diamagnetic anisotropy coupled with a smaller solvent and ion-pair effects
From molecular models ®* it is predicted that the solvation and 10n-parr differences of the
meihyl groups should be in the order tmed > ¢-phen ~ bipy > en. The order o-phen >
bipy >>> tmed ~ en would be expected due to the ring anisotropy effect * since the
heteracyclic igands would shield the acac methyl groups trans to one another 4and above
the 7 cloud of the nitrogen heterocycle and deshield the other methyl groups lying in the
plane of the diarmine ligand The small variation in the separations 4 found for the same
complex in different solvents suggests that solvent and jon-pair effects on both types of
methyls are similar.

Chloroform solutions of Co(acac),(aa), where aa represents a whole series of amino
acids, show no racemization after seven weeks at room temperature in diffuse light, after
refluxang for 5 h; or after passing through an alumma column 78 [t is interesting to note
that because of induced asymmetry at the cobalt metal from an asymmetri¢c amino acid
diastereoisomers will not rotate polarized light to the same extent and thus a racemic
mixture has a resultant optical activity ™ Amino acids of the same configuration give
rise to Cotton effects of the same sign 78,

The NMR spectra of Ti(acac), (OCH, CMe, CH,0) in CS, has been studied 7280
and 1t was found that the two methyl resonances of the acac ligands were coalesced
above —42.0°C. The a-proton of the necpentyl gycollate ligand also broadened at low
temperatures and split into an AR pattern showing that a particular conformation of the
titanium—neopentyl glycollate ring was stabilized 3°

The lower limit of the very rapid rate of optical inversion of (4,8-dimethyl-1,10-
phenanthroline)bis{acetylacetonato)cobalt(Il} has been found B! by analysis of NMR line
widths to have a k = 5 X 10* at 25°C The spectrum of this paramagnetic cobalt (S = 3/2)
complex exhibits one resonance peak for the acetylacetone methyls at room temperature
but this splits into two equal peaks at lower temperature. The rate of signal collapse 15
concentration independent. The chemical shuft difference between the two acac methyl
groups 1s ~ 40 ppm at —33°C, whuch 1s about three orders of magnitude larger than sepa-
rations for diamagnetic complexes, thus allowmg the researchers to monttor the more
raptd kinetic process

The complexes [Co(macac),en] “and [Co(prac),en]” can exist as any of three
possible geometrical forms each having optical antipodes, just as the M(AAYCD), species
(see Fig. 18). Two of these isomers would each have two sets of equivalent terminat groups
while the third 1somer has two sets of non-equivalent termunal groups The NMR could
then show as many as four resgnances for each terminal group in a mixture of isomers
The NMR of {Co(macac),en]” exhibits two resonances each for ihe methyl, methoxy and
methylene protons, each pair of lines having an intensity ratio 32 of approximately 3 2.
The [Co(prac),en] * spectrum 82 has at least two superimposed ethyl patterns and three
methyl resonances. It 13 proposed that the systems are mixtures of the three possible
isomers 82, It is noted that only a single unresolved methylene proton resonance occurs

Coord. Chem Rev, 6 (1971)331-375
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Fig. 21. The two geometrical 1somers of an M(4A)3 X, complex illustrating the numher of different
resonances posabie for the terminal groups of the AA Lizands.

for the ethylenediamine suggesting that confirmational interchange of the ethylenedi-
amine ting 1s rapid 2.

{v} Octahedral complexes involving symmetric f-diketonates and monodentate ligands:
M{AA) X, and M{4A), XY

Complexes of the form M(AA). X, or M(AA), XY can have both cis and frans
forms (see Fig. 21) with the ¢fs form having optical antipodes. The terminal groups of the
symmetric 8-diketonates in the frans-M(AA), X, complexes have only one environment
and thus only one NMR resonance due to these groups. The cis form can exhubit two re-
sonances due to non-equivalent environments for the terminal groups bewng trans to one
another or #rans to the monodentate ligands.

The trans-M({AA); XY complexes will also show only o:ae terminal group resonance
but the eis-M(AA), XY 1somer has four non-equivalent environments for the terminal
groups and, therefore may exhubit as many as four NMR resonances for these terminal
groups. The complexes are pictured in Fig. 22. While the groups frans to the two different
monadentate ligands are of course structurally different, the two termunal groups tramns
to one another are also in non-equivalent environments This can be easily seen if one
considers what is frans to the other end of the ligand.

The NMR specita of M{AA), X, compiexes can often be used as a probe to deter-
mine whether the efs or frans configuration 1s obtained. For example the ¢is configurafion
has been found 7°:89,83,84,93,104 pr (itanjum(IV), germamum(IV) and tin {IV) com-
plexes of the type M{acac}. Cl,. The existence of an equilibrium between the eis and
trans forms for Ge(acac), Cl, and Ge(thd), Cl, has been noted more recently ®5.

x A
A A % Al
A A y o
Y A
&13

trans

i A rasonance 4 A resgnances
Fig. 22 The two geometrical 1somers of an M{AAY, XY complex ustrabng the number of different
resonances possible for the termimal groups of the AA ligands
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Since the frequency separations between groups in different environments may be
too small for resolution, due to either small or coutnteracting structural and solvation
effects, the assignment of a frans configuration on the basis of observimg only one reso-
nance will always be equivocal

Two terminal group resonances observed for Sn(acac)s Xz, where X=CI, Bror [,
were first attributed 25 to a frans configuration with distorted acetylacetone ring struc-
tures “containing somewhat localized double bonds™ [t was obscrved, however, that these
terminal proup resonances for Sn(acac), Cl, coalesced ‘o a single signal 2t higher tempera-
tures which would indicate that erther the postulated distorted frans form undergoes a
rapid configurational interconversion or the two resonances are due to the c1s configura-
tion which undergoes optical mnversion at a rate fast on the NMR time scale, thereby, ave-
raging environments at the higher temperatures 7 Dipole moment studies #2:22 of
Sn(acac), Cl; give strong evidence for a cis configuration with rapid optical inversion [t
is pointed out 87 that thus rapid mverston could also account for difficulties found m
attempts ®? to resolve optical anttpodes of [Sn(acac),(CsHs):] and [Sn(dbm),(CsHs ), ]
rather than indicating that they need be of the frans form Furthermore,
[Sn(acac).(CsH;s)Cl] was reported 2 to have two CH signals and four CH, signals {ex-
pected for a efs arrangement) while a frans configuration would be expected to show enly
one CH and one CHj, resonance for the acetylacetonato ligand In Iike fashion it has been
pomted out 7 that optical mverston of the cis form of {Sn{acac),(CH,)CI] fits better
with the reported coalescence than does the imtially proposed ®! cis—frans 1somenzation

Coalescence temperatures for the methyl resonances of Sn(acac), Cl; in six different
solvents have been noted and frequency differences given 2 for bromoform solutions in
the temperature range of 40 — 63°C Thxn coalescence can also be explained by optical
inversion of the cis form, rather than the proposed improbable “exchange between two
distorted octahedrons” of the #rans form

Considering all four posstble twist axes '® it should be noted that footnote B of
Ref. 87 ts not correct insofar as combinations of twists can average all four environments
The persistence of the tin coupling to the protons of the acetylacetonate ligands above
the coalescence temperature 57 for [Sn{acac), Cl,] requires an mtramolecular process
for the environmental averaging

Since coalescence as well as accidental degeneracy can cause only one signal to be
observed for the chelate terrminal groups of the s isomers, the absence of splitting cannot
be used to argue conclusively for a frans configuration. With supporting evidence from
IR and Raman spectroscopy some frans assignments have been suggested which are con-
sistent with the NMR for such #-diketonate complexes as [Cr{acac);(NO; )]~ and
Co(acac),(NO; A where A represents NHj , any of ten different substituted pyndmes,
quinoline, 1soquinoline, imidazole and benzimidazole 94

The Raman and IR spectra of {Sn(acac);(CHa),] ®5+°¢,[Sn(acac)s(CsHs)2] °°,
and [Pb(acac),(CHjy)2] ?%7°%, have been used to support a frans configuration for these
complexes, but the existence of non-zero dipole moments for the first two complexes *?
indicate a ¢is configuration If was further stated ®7 that the IR and Raman data are not
definiuve in these cases and that the NMR spectra does not show two acac methyl reso-
nances because of rapid mtermolecular ligand exchanges or because of rapid inversion

93
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A rapid intermolecular f-diketonate ligand exchange process is favored ®7 in this case
since the NMR spectra of a chloroform solution of a mixture of (CHj ), Sn(acac); and
(CHa)),Sn(hfa), at 25°C shows only one Sn—CH; peak approximetaly midway between
the resonances for Sn—CHj; groups in the two starting complexes and methyl groups
bound to tin do not exchange rapidly at 25°C.

Resolution of the ¢is and trans isomers of some complexes of the form [M(AA)X: ]
have been reported Thus cis-[Co(acac);(NO2 }, ] ~ has been prepared and scparated from
the trans form *8_ The same workers also separated cis- and frans-[Co(acac), (NH,), 1" by
extraction 77, The optical isomers of cis-[Co(acac),(NH, ), ]I have been resolved by for-
mation of diastereoisomeric salts 7. Aqueous solutions of the resolved complex lose op-
tical activity with decomposttron of the complex 78 . The isomerization of Co(acac), NO,
(amine), the amine bewng pyndine or 4-#-butylpyndine, both from the frans form to an
equilibriym mixture and from the cfs form to an equilibrivm mixture, is slow at room tem-
perature, but at about 60°C the equilibnum was established in a few hours *%.

The coalescence temperatures of the acac methyl resonances of the complexes
cis-Ti(acac); X; where X = OMe, OEt, OCH, CF;, O-i-Pr, O-n-Bu or Cl, have been repor-
ted 789 Intermolecular exchange processes ° were eliminated as possible mechanisms
since addition of either monodentate or acetylacetonate hgand gave separate signals and
had no effect on the spectra of the complexes. Furthermore, the lifetimes showed no con-
centration dependence, also indicating an mtramolecular process Rates of intramolecular
exchange were deterrnined ®° at various temperatures using a peak height to peak mini-
mum ratio method 1%, Results were found 2° to conform to Arrhenius plots from which
activation parameters were deduced. The peak height to peak mintmum method, using
approximate line-shape functions and neglecting the natural line-width, may cause syste-
matic errors '®? producing low values of activation energies and values of the entropies
of actvation which are too negative

The effect of increasing steric hindrance in Ti(acac), (OR), for R = Me, Et, i-Pr,
#-Bu, 1s to raise the coalescence temperature ®?, indicating the rate of intramolecular re-
arrangement 15 “slowed down™ if the splitting is assumed constant The trend towards
increased activation energy with increase m size of the substituent is noted. Steric hin-
drance opposes mtramolecular exchange and this does not support a partial dissociation
mechamism in whuch relref of steric strain would occur in the five-coordinated transition
state, It is suggested ° that the activated complex 1n the optical inversion of Ti(acac), X,
in the symmetnical trigonal prism which may be obtained by a twisting motion. The
greater symmetry in the transition state than in the ¢is octahedral confipuration of the
ground state could explain in part the negative entropies of activation, which 1mply in-
creased order in the transitson state. Solvation effects may also be important in explaining
these negative entropies It was also noted 8° that increased electronegativity of X causes
faster rearrangement, whuch 1s just the opposite of what 1s expected if bond rupture of
one end of an acac group is involved.

NMR spectra of cis-Zr(acac); X, and Hf(acac), X, (X = Cl or Br) indicated that
the chelate rings undergo rapid siereochemical rearrangements because no splitting of the
time-averaged acac methy! resonances was observed 192:103 even at temperatures as low
as — 130°C.
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A very thorough study of the environmental averaging of the acac methyl resonances
of ¢is-Ti(acac), X, (X = F, Cl or Br) has been done 93:'9% Rates were calculated by com-
puter fitting of the spectra. First-order rate constants extrapolated to 25°C were found to
be 1.6 X 10* sec™! (X =F),6 7 X 10% sec™! (X=Cand 23 X 10* sec™* (X =Br).
Energies and entropes of activation were reported and kimetic data tabulated over the
temperature ranges observed. The rates were found to be independent of complex concen-
tration, Halide dissociation was eliminated as an attractive mechanism for environmental
averaging as the activation energies were independent of the halogen, and rates of halide
Ligand exchange are slow compared to those of the methyl groups. Also complete disso-
ciation of an acetylacetone ligand via the Thomas mechanism was eliminated because ex-
change with excess acetylacetonate ligands 1s not observed under the conditions of acac
methy! averaging Whale the authors favor mechamisms going through a five-coordinate
intermediate, twisting modes cannot be ehmmated

It has been shown 2 that various twisting mechanisms or combinations thereof can
account for the observed environmental averaging although the authors favor a bond-
rupture Figure 23 shows twists about two of the four octahedral face C; axes Both
twists inferconvert the opfical enantiomers while exchanging environments on the termi-
nal groups. Note that the twist about the second C; axis can be carried through a fuil

1, ﬂR I'bR

{a}

Fig. 23. Twist mechamsms for a ¢ S-M{AA}>X; complex. (a) Depicts a twist about imaginary C3 axis
a of Fig R, (b) depicts twists abe._t imaginary Cy axisd of Fig 8 Numbers label terminal groups, let-
ters label environments (Ref. 93, courtesy of Inorganic Chemistry).

Coord Chem Rev., 6 (1971) 331 --375
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rotation since there are no bidentate ligands spanning the twisted faces. This second twast
also provides a path for ¢is—trans 1somernization. The two twists both give transition states
of C;, symmetry but they differ in the orientation of the chelate rings about the trigonal
prism

The cis-Ti(dbm). X, (X =F, Cl or Br) complexes have also been examined °*-1°3 by
proton and fluorine NMR The spectrum of the phenyl protons exhibits too much spin—
spin splitting to allow any precise measurements, but the line broadening observed 15
atinbuted to the exchange of phenyl groups between the two non-equivalent environ-
ments of the cis isomer.

The cis-Ge(acac), Cla and efs-Sn(acac), X, (X = Cl, Br or ) complexes exhibit 8°
non-equivalent methyl groups at room temperature indicating that these camplexes under-
go configurational changes more slowly than the corresponding complexes of titamum

Si(acac).(C,H30,), 1n CHCl, and CH, Cl, undergoes cis—trans 1somenzation 192
at a measurable rate Samples of the predominately trans solid form begin somerization
upon dissolution and equilibrium 1s reached at room temperature 1n approxmmately one
half hour or less

Two NMR signals are discernable 1?8 for the acac methyl groups of Al(acac),
(DMF), " 1n DMF solution (DMF = ¥,¥-dimethylformamde) below 5°C. These were
assigned '9° to the eis and trans 1somers, but since there are two possible environments
for the acac methyls of the cis 1somer, these two resonances might better be assigned to
the cis complex alone. From the separation of the acac methy! signals at —20°C a first-order
rate constant for the configuration rearrangement (be 1t optical inversion of the ¢is form or
cis—trans 1somerization) at the coalescence temperature of 5° was estimated 1°% to be
18 sec™!. Using a computer lne shape program and the known populations of the ex-
changing sites and the separations between the N-methyl resonances of the free and coor-
dinated DMF, the rate constant for exchange of DMF with the Al(acac),(DMF)," com-
plex was estimated to be 30 sec™! at the coalescence temperature of the acac resonances,
5°C It was proposed that the rate-determining step for rearrangement of Al(acac),
(DMF); " 1s the dissociation of DMF from the complex

Ga(acac); (DMF),; * has been studied 17 1n like fashion and below —20°C the
methyl resonance due to acac™ in this complex broadens and splits into two peaks of
nearly equal intensity. Due to viscosity breadening, accurate signal widths and relative
areas could not be obtained and rates of environmental averaging were not estrmated.
While the authors again favor 1°7 the assignment of the two peaks to ¢is and trans 1so-
mers the splitiing can be more simply explained 1n terms of the ¢is 1somer alone This
cis assignment would also be more consistent with substantrated assignments for other
M(acac). X; complexes quoted earlier 1n this section. The DMF resonances of Ga(acac),
(DMF), * could not be detected at low temperatures due to the viscosity of the DMF
solutron.

Topolomeal representations of rearrangements of complexes of the form M(AA), XY
have been presented 19:%2

The complex (7-CsHg)Zr(acac), Cl has been found '°® to be sufficiently stereo-
chemically rigid at room temperature 1n benzene solution to observe four non-equrvalent
environments for the methy! protons in its NMR spectrum. These resonances cannot be
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mterpreted in terms of an equilibrium mixture of compounds of different stoichiome-
tries as would arise from disproportionation, The existence of a single, sharp cyclopen-
tadienyl resonance has been atinbuted to rapid rotation of the ring about the metal-ring
axis *°%, The cis 1somer of an octahedral structure could account for the four different
methyl resonances but supporting evidence is quoted which favors an eight-coordinate
dodocahedral arrangement with the cyclopentadieny! ring assumed to occupy a tnangular
face in forming three 7 bonds to zirconiurn %%, A number of potentially detectable
isomers are possible based on the higher coordination number but no isomerization was
detected '98:19%  That the (n-Cs Hs)Zr(acac), Cl is sufficiently stereochemcally ngid at
room temperature to observe non-equivalence environments for the methyl protons i1s
surprising in contrast to the single methyl resonances observed °* for Zr(acac), Cl, and
Zr(acac); Cl at temperatures as low as —130°C For (-Cs Hs )Zr(bzac), Cl at least four
isomers were observed '®® but due to the unsymmetric igands these could result from
an octahedral geometry as well as a dodecahedral geometry.

The '?F NMR spectrum of (7-Cs Hg YTi(hfa), Cl has been found 192 to exhibit two
sets of four equal-intensity lines, with one set relatively weak Each set was assigned to a
different 1somer. The existence of 1somers with each having all -CF, groups non-equiva-
lent rules out octahedral coordination since a frars 1somer wonld have all four —CF,
groups equivalent. The above two species were nevertheless covered 1n this section due
ta their stoichiometry.

(vi} Octahedral complexes involving unsymmetrical g-diketonates and monodentate
ligands : M{AB)» X, and M{AB), XY

Complexes of the form M(AB}; X, have five possible geometrical 1somers (see
Fig. 24) three with the two X ligands ¢is to one another, and two with the two X lipands
trans to each other, The cis-X 1somets each have optical antipodes but the frans-X
1somers do not.

The NMR spectra of Co(macac), NO, py and Co{prac)s NO,py 1n D,0O have been
found consistent with those expected for a mixture of the frans{X—Y)-cis(A)-cis(B)
and trans{(X—Y)-trans (A)-trans(R) 1somers 32 No geometrical isomerization is noted at
room temperature

Vanable temperature proton and fluorine spectra of Ti(bzac), F; in dichlorome-
thane have been reported *2. These spectra are shown in Figs 25 and 26 respectively
Lines 1, 2, 5 and 6 of the fluorme spectra are assigned to an AB pattern due to the non-
equrvalent fluorines in the efis(F)-cis(bz)-cis(Me) isomer. Lines 3 and 4 were assigned to
the other two 1somers with cis fluorines on the basis that the Ti(acac), X, exists exclu-
sively in the cis fluorine configuration mn dichloromethane. The variable temperature
proton NMR spectra at low temperatures exhibits four limes assigned to the four non-
equivalent methy] groups of the three isomers which have fluorine atoms in cis positions
The line broademng and coalesceuces are in both cases attnbuted *? to 1somerization
among the three cis{F) isomers which averages both the four non-equivalent fluorine
sites and the four non-equivalent methyl environments Varnable temperature proton
spectra of Ti(bzac), Cly and Ti(bzac), Br; can be interpreted #* in the same manner as

Coord Chem, Rev., 6 (19717 331-375
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Fig 24 The hive peomeincal isomers of an M{AB); X, complex illustrating the number of different
resonances possible for each terminal group of the AB higands and for X.

the Ti(bzac), F,. The implied simultaneous exchange of protons between all four environ-
ments of the three cis-dihalo 1somers would demand six independent, first-order rate
constants to describe the four-site exchange process The relaxation times of the methyl
protons of the Ti(bzac), X, complexes also appear to be temperature dependent #* Es-
timates of the rate constants of environmental averaging at the temperatures of coales-
cence were made 93 by approximatig the four-site exchange process by a two site pro-
cess using the frequency separation between the centers of gravity of the higher and lower
field doublets of the proton spectra The coalescence temperatures and estimated first-
order rate constants for the exchange of methyl groups i Tybzac), Fy, Ti(bzac), Cl,
and Ti(bzac), Bry are 3, respectively, —37°C, 20 sec™ !, —24°C, 25 sec™!;and —31.5°C,
30 sec™!. By use of the activation energies of the corresponding Ti(acac), X, complexes,
the rates were extrapolated to —31.5°C for comparison of the effect of the halogen on
the rate, giving 35, 12 and 30 sec™!, respectively.

While twists about any of the four axes reverse the chirality of the chelate rings,
a twist about only one axis cannot exchange the methyl groups between all four environ-
ments. Twists about a single Cy axis, therefore, cannot be used mechamistically to explain
the coalescence of the four methyl resonances. Furthermore, this could not account for
the collapse of all six Iines in the fluorine spectra of Tiy(bzac), F,, which demand the
exchange of fluorine between all four non-equivalent sites of the three ris-diflnoro isomers.
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Fig 25. The coalescence of the methyl proton resonances of Ti(bzac)}; F3 in dichlozomethane (Ref 93,
courtesy of Inorganic Chemistry}

The possibility of a combination of twists about different axes can account for the observ-
ed coalescences, however, and therefore, a definite choice between twisting mechamsms
and mtramolecular bond - rupture processes 1s impossible. Fig 27 shows a combination
of twists about two of the four posstble €, axes which can account for the abserved re-
sults The 180° ripid rotations of the entire molecule are given to orient the two C; axes
perpendicular to the plane of the paper before each step

The NMR spectrum of Ge(Bzac); Cl; shows non-equivalent methyl groups at room
temperature 8* and has been mterpreted in terms of a mixture of the three cis-dichloro
somers. The chelate rings of the germanmum complex must, therefore, undergo configura-
tional changes more slowly than those in the corresponding titammm complex The room

temperature spectrum of Ge(dhd); Cl; exhibits resonances assignabie to a mixture of the
three cis-dichloro and two frans-dichloro 1somers 35
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Fig. 26. The coalescence of the {Iuotme tesonances of Ti(bzac)s Fy 1n dichloromethane (Ref 93,
courtesy of Inorganmic Chemistry).

(vii) Other coordination numbers

{a) Fourrcoordingte complexes

Complexes with four points of attachment io the central metal would be expected
to assume either tetrahedral or square planar geometrtes Compounds of the form
M(AA);, M(AAXBB), M(AAXBC), M(AAYX,;, M(AAYXY or M(AB)X;, do not have any
optical or geometncal isomers,

Tetrahedral complexes of the form M(AB); . M(ABYCD), and M{AB)XY will have
optical antipodes but no geometrical 1somers. Square planar complexes of these same
structures have two geometrical isomers but nerther geometrical form has optical activity.

Tetrahedral structures have been confirmed for such complexes as Be(bzac); by
partial resolution of diasterecisomers by preferential absorption on optically active
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Fig 27. Combimatons of twists about axes b and ¢ of Fig 81illustrating the exchange of nucler between
all non-equivalent environments for Ti{bzac), X, Numbers label methyl groups and halogen atoms,
letters indicate non-vequivalent environments {Ref 93, courtesy of Inorganic Chemistry)

quartz ''° or sodiurn chlorate crystals **! Certarn bis (-diketonate) complexes as those

of won(Il) *** have been found to be polymeric, however While application of NMR to
studies of rearrangements of tetrahedral complexes 1s not possible, 1t might be possible to
observe cis—trans isomerization of coplanar square complexes of the form M(AB), by
NMR if a system was found that rearranged fast enough to average environments of

the terminal groups or, If much slower, by following intensity changes of peaks assigned
to different 1somers over a pernod of time

{b) Five-coordinate complexes

The bis (8-diketonato)oxovanaditm(IV) complexes have heen shown !'2 to have
structures which are nearly square pyramidal in the crystalline state Complexes with
symmetric chelate ligands cannot have geometnecal or optical 1somers but with unsym-
metric hgands, complexes of the forrn VO(AB), have both cis and #rans forms with the
trans form having optical antipodes. Attempts to resolve VO(bzac), and VO(tfa), have

Coord. Chem. Rev, 6 (1971) 331-375
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Fig. 28 The pentagonal-bipyramidal structure of & (z-CsHs}M{AA); complex illustrating the four
different enviranments of the termnal groups of the chelate igands

+ a0 ‘
+ 50
_259

_100

=

_200

—30°

Fig. 29 The coalescence of the fluonne resonances of (a-Cs Hs)Zr(hfa)y m methylcyclohexane at
50 — 90°C and acetone at the lower temperatuzes The spectra of the complex have been aligned ver-
trcally although the chemical shifts differ apprecrably in the two solvents (Ref 109, courtesy of the
Journal of the Amencar Chemical Society}

not been successful, however 11 _ For some five-coordinate systems NMR may he of great
use in identifying the cis and frans forms and m some cases 1t might allow estimation of
rates.

{c) Seven—coordinate complexes

Zirconium(IV) and hafnium(IV) complexes of the form M{acac), X (X = Cl, Br, or
when M = Zr, I} have been prepared and characterized '®? All reasonable seven-coordmate
M(acac); X structures have two or more non-equivalent methyl groups, but only one time-
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averaged peak was observed even at iemperatures as low as —130°C. This would indicate
that the complexes undergo rapid configurational rearrangements of some type.

NMR and X-ray studies on (#-C5 Hs)Zr(hfa); have led to formulation of pentagonal-
bipyramidal geometry '9%_1t is noted that while the ncyclopentadtenyl group may be
considered tndentate, 1t 1s convenent to regard 1t in this case as occupying a single coor-
dination position. The 7-CsHs group does occupy a larger share of the coordination
sphere than typical hgands *°? as it ts found to displace the equatorial ligands 10° below
the plane of pentacoordination From pentagonal-bipyremidal geometry (see Fig 28) one
can predict four lines of intensity ratio 2 2 1.1 in the fleonne spectra The two lines of
double intensity would be due to the terminal groups indicated by double prime and
triple prime in Fig. 28 and the single intensity ines to the fifth equatonal group (single
prime) and the axial group The four lines with the proper intensities are observed '°?
at —30°C 1n acetone, With increasing temperature the more intense pair due to totally
equatorial ligands is averaged first (see Fig 29) Only above this coalescence temperature
of +50°C does the less intense pair of bands become mvolved Those spectra at +50 and
+90°C in Fig 29 are of the complex in methylcyclohexane with the spectra aligned ver-
ucally, although there 1s an appreciable chemical shift difference i the two solvents The
apparently slower averaging of the fluorines on the chelate ring bridging the axial position
is noteworthy

Both the proton and '? F NMR spectra of (#-Cs Hs )Zr{tfa), at room temperature
show that two isomers are present 9% 1n a ratio of ca. 3 2 These 1somers differ 1n the
orientation of the tfa higand bndging the axial and equatorial positrons, 1 & , the —CF,
can be equatorial or axial, leading to two '®F resonances. The environmental averaging
of both the methyls and the tnnfluomethyls of the totally equatorial ligands is rapid at
room temperature 1 e , each 1somer shows one '°F resonance for the totally equatoral
ligands with twice the intensity of the CF4 resonance of the unique ligands. Each of the
two 1somers is thus characterized by two peaks in a 1 2 mtensity ratio for both the CH,
and CF groups %

fd} Eight-coordinated complexes

For a square antiprismatic structure, a number of structural isomers can be imagr-
ned 115116 Eyen for complexes with four identrcal, symmetrical, bidentate hgands there
are three 1somers as pictured m Fig 30. For the less symmetrical dodecahedror there
would be twice as many stereoisomers *!%, With combinations of different ligands and
unsymmetrical ligands many more posstbilities exast. In the solid state there are examples
of both square antiprismatic geometry, such as Zr(acac)y '!?, and dodecahedrons, such as
Cs[Y(hfa),] 8.

Fluonine NMR studies !'® of benzene solutions of eight-coordinate zircomum(IV),
hafrnium{IVY}, cermum(IVY} and thormum(IV) S-diketonates which are equiltbrium mixtures
of M(tfa)y(acac)s_x (x = 0 — 4) show only one !°F resonance each for M(tfa), , M(tf2),
(acac), M(tfa),(acac), and M(tfa)(acac),. If the eight-coordinate structures were stereo-
chemically rigid, one would expect a larger number of ines due to geometrical isomers
and non-equivalent —CF4 environments for at least the first three of these stoichiometri-
cally different complexes. Even at temperatures as low as —105°C 1n acetone, attempts

Coord. Chem. Rev., 6 {1971} 331--375
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D 5 Da G

]

Fig 30 Structural isomers of an M(AA)s complex having a square antiprismatic structure

to detect geometnical isomers of M(tfa}, complexes by NMR have been unsuccessful. This
would mdicate that Group IVb B-diketonate complexes undergo very rapid mtramolecular
rearrangements. Accidental degeneracies of resonances or existence of only one 1somer

of each complex are not likely explanations. At higher temperatures the ' F NMR lines
due to the Th(tfa)(acac)._x (x = 1 — 4} species coalesce due to intermolecular higand
exchange between the various stoichiometnically different species '1%.

Proton NMR spectra 120 of benzene solutions of equilibrium concentrations of
these same muxed ligand complexes (where M = Zr or Hf) exhibited only one acac methyl
resonance and one tfa methyl resonance for each stoichiometrically different molecule
contaimng those ligands. This also suggests rapid mtramolecular rearrangements for each
molecule. At higher temperatures all acac methyl peaks coalesce (see Fig 31) as do all
tfa methyl resonances indicating rapid intermolecular ligand exchange The rates of ex-
change of tfa and acac were found ta be of the same order of magnitude.

00

=

fond

S0

o

1"}

-85 -180 -175 ~i70 ~-I65 -~1&D

CHEMICAL SHIFT {ppm)

Fig 31. The coalescence of the methy!l proton resonances for a Zr({tfa},(acac)q_yx {x = 0 — 4) mixture
1n benzene. (Ref. 120, couriesy of Inorgantc Chemistry).
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The proton NMR spectra of Th(dbm),; and U(dbm), in chloroform both indicate
that either all of the phenyl rings are equivalent or undergo rapid environmental averag-
in.g 121

Y(hfa),(tfa);_, ions (x = 0 — 4) 1n equilibrium concentrations as formed from the
parent tetrakis complexes in CDCl, were found %2 to extubit eight methylene resonances
at -- 40°C, one for the —CH = proton(s) of hfa in each of the ions in which it occurs and
one for the —CH = proton(s) of acac 1n each of the ions in which 1t occurs. The presence
of only eight absorptions, none of which show any splitting or assymmetry in shape, would
indicate again that the rate if intramolecular interconversion of the i1somers of each 1on is
fast enough to average the environments. With increasing temperature the resonances of
the stoichiometncally different ions merge until at +40°C only one hfa and one tfa methyl-
ene peak are observed. This again indicates a rapid intermolecular ligand exchange process
Inasmuch as the methylene peaks appear to coalesce equaily rapidly for both hfa and tfa,
the two different ligands are apparently exchanging at approximately the same rate.

While twisting mechamisms can account for rapid intramolecular rearrangements,
it seeins more likely that bond rupture processes produce the rearrangements in view of
the extreme lability of the bonds evidenced by the rapid intermolecular exchange. Since
intramolecular isomerization 1s faster than mtermolecular 1t 15 not possible definitely to
eliminate twisting modes altogether as they could well contribute to the faster rearrange-
ments.

D, SUMMARY

While kinetic studies of rapid geometrical and optical isomerzation of octahedral
complexes of f-diketonates by NMR have proven feasible, data thus obtained, combined
with other rate information available, are only sufficient to indicate some very general
trends. Compansons are of necessity based on studies involving different conditions such
as solvent and temperature

In terms of the effect of the f-diketonate ligands on the rate of intramolecular
1somerization, systems involving the following ligands undergo 1isomenzation in the decreas-
ing arder of rates : hfa > tfa >> acac > thd > bzac > dbm One might expect dim and dhd
to fall between acac and thd.

For octahedral systems having three bidentate ligands the rates of rearrangement
decrease in the following order: Coll > fnlll > Galll > A1 > Colll > ¢ > REIM For
octahedral systems which also involve monodentate ligands the rates decrease as follows
ZAV = gfIV >3 TilV > snlV == GelV. Ligand exchange competing with the rearrangs-
ment may affect the order in some cases

The rates of rearrangement of complexes of g-diketones which also involve mono-
dentate ligands have been found to be affected by the nature of the monodentate ligand
The rate of rearrangement of complexes involving halides decreases in the order F > Br >
(1. Studies made on chelate complexes containing various organcoxy hgands suggest that
the rate of rearrangement decreases with increased size of the oxyanion and increases
with increased electronegativity of these monodentate hgands.

As yet there has been no completely defimtive experiments which completely rule

Coord. Chem. Rev, 6 (1971} 331-375
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out a bond rupture or twist mechanism for rearrangements of 8-diketonates In all likli-
hood no single mode of either a twist or bond rupture mechanism 1s operative to the ex-
¢lusion of all other modes in a given stereochemical rearrangement

There are certain to be future extentions of NMR methods discussed here to other
than octahedral geometries. Paramagnetic systems are also expected to be more thoroughly
examined. Magnetic resonance of the central metal atoms might also prove to be of me-

chanistic interest
It 15 hoped that this review will point out that the potential of NMR 1n dynamre
studies of complexes may well be as vast as 1ts structural applications have proven to be
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ADDENDUM

In the time since this review was submitted a number of significant papers have
appeared and a number of additional preprints have been recewved. In an attempt to make
this review as current as possible the followmng are called to the reader’s attention

R.C. Fay, A.Y. Girmms and UL Klabunde, Stecreochemical rearmangements of metal tnsg-diketonates.
L. Partral resolution and racemization of some tris-acetylacetonates, J. Amer Chem Soc, 92 {1970}
7056.

D.A. Case and T.). Pinnavaia, Kimetics of stereochemical rearrangements for mixed g-diketonates com-

plexes of alummum{I), fnorg Chem , 10 {1971) 482.
T.J. Pinnavasa, W.T. Colling and I I. Howe, Tnorganosilicon acetylacetonates. Cnaol ether isomerism

and stereochemical lability, 7 Amer. Chem. Soc, 92 {1970} 4544

L H Pgnolet and R H. Holm, Complexes containing the Fe—54 core with unusual magnetic, electro-
¢nemnical and stereochemical propersties, 7 Amer Chem Soc, 92 {1970) 1791

JG Gordonand R H Holm, Intramolecnlar rearrangement reactions of tris{chelate) complexes
L. General theory and the kinetics and probable mechantsm of the 1somernzation and racemizahion
of tris(S-methylhexane-2,4-dionato} cobalt{I1I}, J Amer Chem Soc, 92 (1970} 5319

AY. Gugis and R C. Fay, Stereochemical rearrangements of meral tnisg-diketonates Il Krinetics and
mechanism of geometnical isomernzation, opticat inveesion and higand exchange reactions of cobalt
{II1} benzoylacetonate, L Amer. Chem Soc, 92 {1970) 7061.

R C, Fay and R N Lowry, Preparation and charactenzation of dndobis{acetylacetonato}titanmm(IV),
org. Chem , 9 (1970} 2048

J.J. Howe and T.J. Pinnavaia, Kinetic and mechamstic studies of sterecchernical rearrangement processes
for tris (f-diketonato)-n-cyclopentadienyilzirconium complexes, J Amer. Chem Soc, 92 (1970) 7342,

R.B. VonDreele, I' Y Sterowsk: and R C Fay, The crystal and molecular structure of chlorotris{acetyl-
acetonatu)zucomur;}g\}), submniited for publication

The folowng related works were brought to our attention by the referees

H Wewngarten, M G Miles and N K Edelmann, The structure and lability of some new trtaniom¢IV)
complexes, fnorg Chem, 7{1968) 879

F N Tebbe, P. Meaklin, J P. Jesson and E L. Muetterties, Stereockemzcally non-rigid six-coordinate
hydndes, 7 Amer. Chem. Soc., 92 (1970) 1068
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