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332 J J FORTMAN, R E SIEVERS 

A INTRODUCl-ION 

Several reviews have been wntten recently on metal P-diketonate complexes. There 
has been one general review’ along with specific reviews on the stereochemrstry’ and 
hgand exchange reactions3 of such compounds The usefulness of nuclear magnetrc reso- 
nance in the study of very rapid rates and mechamsms of optrcal mversron and geometrr- 
cal rsomerlzatron of complexes was first shown by Fay and PIper The great importance 
of NMR in the structuraIstudres of octahedral complexes of P&ketones had already been 
established’” _ 

The work on rsomerrzatron covered herem wrll be limited to that dealmg wrth geo- 
metrical and optical isomerrzation The primary purpose of this paper is to show what has 
been done and future possrbrlities m the application of NMR to the study of geometrical 
and optical isomerization. Although a review of the resolution of P-drketonate complexes 
is not mtended, some examples are mentioned to rlIustrate slower mterconversron pro- 
cesses and also to indicate some methods to separate rsomers of the more stereochemrcally 
mert complexes 

B. MECHANISMS 

Before attemptmg to place m perspectrve the experimental data thus far determined 
it wrll be useful to examme the proposed mechanisms wluch mrght be mvolved m rsome- 
rizatron of octahedral complexes with brdentate hgands This wrll allow briefer reference 
to them m later sections Some systems of other geometries wdl be considered m a later 
section. 

(i) IntrarnoIecuZar processes 

(a) Bond rupture mechanisms 

The first mtramolecular mechanism for the isomerrzatron of bidentate chelate com- 
plexes was proposed by Werner9 in 19 12 The trigonal-brpyramidal transrtron state is pic- 
tured m Fig. 1 for the trisxchelate) complexes and m Frg 2 for complexes with two 
monodentate hgands Another transrtion state could be pictured as a tetragonal pyramrd. 
These are depicted m Frgs 3 and 4 Wrth a polar solvent It is possible that the transitton 
state is solvated The efficacy of these mechanisms in causmg optrcal mversion and/or 
geometrical rsomerrzatron wrll be drscussed m the sectron on experrmental studres The 
possrbrhtres vary greatly wrth the various combmations of symmetnc and unsymmetric 
hgands. It should be noted that m addrtron to the obvrous translatron and reattachment 
of the drssocrated group, in every case substantial rearrangements of the rmgs that do not 
become drssocrated are required 

(b) Twisting mechanisms (non-bond rupture) 

Isomerizatron without bond breakmg can supply a low-energy path for optrcal and/ 
or geometrical interconversions at least for some classes of compounds” _ These processes 
have come to be known as tsvrst mechamsms and the structure of then transrtron states 
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Fig 1 Optical mverston of a tr~s btdentate chelate complex by an intramolecular bond-rupture me- 
chamsm mvolving a tngonal-brpyramtdal tmnsrtion state (a) Axial mode; (b) equatorial mode Note 
that the two transtton states are ptctured wtth rdeabzed geometry and should be consrdered together 
statatrcally, as the true transttton state m such a mechamsm mtght well be of some mtermedlate form 
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Rg 2 Intramolecular bond-rupture lsomerlzatlon mechamsm uwolvmg trxgonal blpyramtdal transItloo 

states for complexes of two btdentate hgands and two monodentate hgands The upper portion deptcts 
the axial modes whrch can cause both optrcal and geomemcal rsomerizahon The lower portion de- 
picts the equatorial mode whxch can cause rsomerlzahon only d the chelate hgand IS unsymmetrical_ 
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Fig. 3. An intramolecular bond-rupture mechanism for optical inversion of a complex with three sym- 
metric bidentate ligands through a 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 trigonal 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 ’ I*’ * 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 R5y and Dutt’j 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 and/or 

Fig. 4. Intramolecular bond rupture isomerization mechanisms involving square-based-pyramidal tran- 
sition states for compiexes of two bidentate ligands and two monodentate ligands. 
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Frg 5. The R5y and Dutt twrst mechamsm for mtramolecular tsomerrzatron of complexes of three 

brdentate hgands without bond breakmg Note that the transrhon state is of Cav symmetry rf all of the 
hgands are the Same and symmetrrc This transrtron state may sometunes be called a rhombrc mterme- 

drate. 

optical forms. Whrle durmg the matrons as pictured the 90” angle for the donor-metal- 
donor (DMD) intra-rmg angles would be maintained, the DMD angles between any two 
rings are reduced m the transrtron state. The transrtron state IS seen m Frg. 5 to be a trrgo- 
nal prism rn which the plane of one hgand is perpendrcular to the planes of the other two. 
This transition state IS sometimes referred to as the rhombic mtermediate. 

Bailar14 and others” pictured a non-bond-rupture mechamsm wrth slightly drfferent 

A (C,) 

A(C,l A (C,l 

Fig 6. The Badar twrst mechamsm for intramolecular rsomerrzatron of complexes of three brdentate 

hgands wrthout bond breakmg The dashed lmes extend below the plane of the paper while the soird 
lmes extend above the plane In (a) 1s depicted a twrst about a real or pseudo Ca axis, dependurg on 

the symmetry and sameness of the hgands A twist about one of the unaginary C3 axes is deplcted in 
(b). Note that if three Identical symmetrIcal ligands are used the transttlon state in (a) has Dsy sym- 
metry and the transltion state m (b) has Cav symmetry. These transition states are sometimes called 
the tngonal prrsmatrc and the rhombic transrtron states, respectively 

chord Chem. Rev.. 6 (1971) 331-375 
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Fig. 7. The four octahedral face axes of a complex with three bidentate ligands. Axis ais the real or 
pseudo C3 axis depending on the iigands involved while axes b. c and d, are imaginary -Ca axes. 

mode of twisting a molecule about a real, pseudo, or imaginary C’s axis, as depicted in 
Fig. 6. A real C’s axis exists only for a tris complex with identical symmetric ligands or 
the cis isomer of a tris complex with identical unsymmetric ligands. A pseudo C, axis 
is defmed4 to exist if-only the rings are considered while ignoring the substituents on 
the rings. For an octahedral complex with three fl-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 C, 
axis has been definedI as any of the other octahedral face axes, excluding the real or 
pseudo Cs axis, that would be of Ca symmetry if all rings and differences of donor atoms 
are disregarded. The other three axes of Fig. 7 (b, c and d) are therefore imaginary C’s 
axes and a twist about one of them, as pictured in Fig. 6(b), has a trigonal 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 cis monodentate 
ligands is considered, all four octahedral face axes are imaginary Cs axes (see Fig. 8). 
Instead of leading to transition states of only two 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 c of Fig. 8. The twist about d of Fig. 8, as depicted in Fig. 9(c) is unique in 
that no chelate ring spans the faces which arerotated. 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 cis-tram interconversion. 

For the tris chelate complexes the similarities between the three possible Ra.y and 
Dutt motions (Fig. 5) and the B&u twists about the three imaginary Ca axes (Fig. 6(b)) 
have been notedI _ Bailar pictured the twist to occur with alI DMD angles going to a 
minimum of 81°48’ in the transition state while Ray and Dutt pictured an intermediate 
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Fie. 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. 

twist about the imaginary C, axis 
a of Fig. 8 is given in (a); for two 
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TRANSITION 
STATE 

El8 IO The Sprmger mechamsm whtch is the rrgtd rm8 equivalent to a Bark twrst about a real or 
pseudo Cs axis If alI three lrgaods are symmetrrcal and rdentrcal the transrtron state has Dsj, symmetry. 

state wrth the DMD ring angles remauung at 90” whale the DMD angles between rmgs 
_would be reduced. The drfference between the two matrons 1s then merely a matter of 
whether the rmgs are fiied or flexed 111 the matron. The comparrson 1s completed by pm- 

turmg a rollmg motron16 of two rings wrth respect to the thud whrle keeping all intra-ring 
DMD angles at 90” (see Rg 10) Thrs would be the ngrd ring equivalent to the Bailar 
twist about the real or pseudo CJ axis (Frg. 6(a)) It has been pointed out16 that the 

Bailar twist can occur through erther a trrgonal prrsmatrc or rhombrc mtermedrate (see 

Rg 6(a) and (b)) Twists about real or pseudo C3 axes are sometunes referred to as 
trrgonal twists4 rrregardless of whether they involve ring-flexmg as rn a Barlar twrst or the 
analogous rrgrd rmg mechamsm. Lrkewrse RSy and Dutt (ngrd rings) twrsts or Barlar 

(flexmg rings) twists about imagmary C3 axes have been referred to as rhombrc twrsts4 _ 
Models to rllustrate drfferences m the mecharusms have been described” It-seems unde- 
sirable to call a trrgonal prrsmatrc transrtron state a Barlar type transrtron state and a 
rhombrc transition state a Ray and Dutt type as very recently proposed”“*, since a 
Barlar twist can occur through transrtron states of either symmetry Whrle a Badar twrst 
about an imaginary C3 axis and a Ray and Dutt twist give equivalent final results there 
1s a fundamental energetic drfference in that the rmg DMD bond angles are flexed durmg 
twrstmg 111 the former, whereas the rmg DMD angles are fsed durmg the ngrd translatron 
of the latter. It IS totally incorrect to state that they are “completely Identical” and 
“equivalent at every pomt” m the motion” _ The true mechamsrn for any given case may 
indeed be, and m fact most probably rs, somewhere between the extremes of the fwed 
mtra-rmg DMD angles of some deprctrons and the substantral flexing of these angles of 
the Barlar proposal Unfortunately there is no expernnental method presently available 
to determine the degree of ring-flexing However, the intra-ring DMD angles found for the 
trrgonal prismatic (or rhombrc) geometrres m the solid state might hmt as to whrch ex- 
treme 1s more nearly correct 

Twrsts about different axes can have drfferent results m terms of geometrrcal rso- 
merrzation but a twist about any of the four axes results m optical mversron Whrle one 
cannot totally exclude a certam twrst on the basrs that the one twist about only one of 
t_h_e four axes could not alone effect all the geometrrcal rsocer~atron observed bv N_vlR_ 
it IS valid in some cases4 to rule out a twrst about a real or pseudo C3 axis as the lowest 
energy path. Recent drscussrons1g920 have shown how twists about all the possible axes 
must be considered Although twrsts about some axes may not be necessary and , mdeed, 
cannot be used solely to explain certain results, one cannot argue that a twist about a 
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grven axrs does not occur at all. A more fundamental questron, however, is whether the 
intramolecular pathway for geometrrcal and/or optrcal mveruron Involves bond breaking 
or not. An experiment using NMR spin-spm couphng Between the metal and hgand has 
recently been proposed” which might allow one to detect whether bond rupture occurs 
at a rate near or equal to the rate of isomerlzation 

(c) General remarks on intramolecular mechanrsms 

For ease m considering the possible mtramolecular pathways for structural rearran- 
gements of octahedral complexes, topology has recently been applied’0721922 The octa- 
hedral species are consrdered as comers of a sohd and the various transrtron states are the 
midpoints of lines cormectmg these pomts. Pathways for both twrsturg and bond ruptute 
mechamsms with a trrgonal brpyrarmd mtermedrate are depicted for trrs(chelate) com- 
plexes involvmg either symmetric or unsymmetrrc hgands” Non-topologrca123 and 
matrix24 representations have also been discussed 

Intramolecular processes for rsomerization of pentacoordmate structures have been 
summarized in recent paperszsVz6 Topologrca12’~26-2g, non-topologrca13’ and matrix3’ 
representations of the rearrangements of pentacoordmate and other structures have been 
constdered Topological representations for rearrangements of complexes of hrgher21*2” 
and lower28 coordrnatron numbers have been presented_ 

(Ii) Intermolecular processes 

Only a brief descrrptron of some of the more probable possibrhtres will be given A 
number of works32-34 give more detailed treatments 

(a) Dissocration mechamsms 

For chelate complexes which also contam monodentate hgands rt m&t be expected 
that only the monodentate hgand is exchanged and the process will be much the same as 
that for a complex mvolving only monodentate hgands These hgands exchange processes 
can be accompamed by geometrrcal and/or optical rsomerrzatron depending, first, on 
whether the fivecoordmate mtermedtate IS symmetrrcal or undergoes any rearrangement 
and, secondly, on the pomt of attack of the incoming hgand Some possrbIe SN I mecha- 
nrsms for rearrangements of octahedral complexes of two symmetric chelate and two 
monodentate hgands are shown m Frg I 1. Unsymmetnc brdentate hgands would of course 
introduce the possrbihty of more isomers The five-coordmate (transrtron state) mterme- 
diate rs most hkeIy to have a trrgonal-brpyramid or tetragonal-pyramid structure3S if it is not 
solvated Species involving four monodentate and one brdentate ligands wrll not be con- 
sidered smce the number of isomers of such complexes IS more closely related to the 
types of monodentate hgands than to the presence of a chelate. 

If a brdentate hgand undergoes exchange, geometrical and/or optrcal rsomerlzatron 
may accompany the exchange Thomas 36 favored such a mechanism for exalato comple- 
xes but this mechanism was subsequently proven incorrect by Long3’. The removal of a - 
bidentate ligand leaves an intermediate (transrtion state) whrch couId rearrange to either 
tetrahedral or square-planar geometry Such processes are depicted m Frg 12 for tns 

Coord. them. Rev.. 6 (1971) 331-375 
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(a) 
X 4? 

yx + 
X 

\ x + 

Frg. 11. Some possible intermo!ecular drssociatron mecharusms for rearrangements of octahedral com- 
plexes of two brdentate and two monodentate lrgands through (a) trigonal-brpyramidal transiuon states, 
and (b) tetragonal-pyramidal transrtion states 

(chelate) complexes In many solvents the mtermedrate would be solvated, thus resultmg 
in coordmatron numbers of five or six. 

(b) Dikpkzcement mechanisms 

In the exchange of either monodentate or brdentate groups of octahedral complexes 

through an S,2 process, the mcommg hgand can associate at erther a sate on the face ad- 
jacent to (cis attack) or at a site on a face opposrte to (trans attack) that of the leavmg 
1.-m-A CA-~ PvnLennn rn~r+~nnc srp nirtllrpd 3” Fjo 1 q for exchange of &dentate Jieands U~;rulU. ,LX”,,,~ G*rllPirgU I”u”c.v*I.z _” I’_‘.-“-‘ __ - em_ -- --- _______‘5)- -- ________~_ --51-----_ 

of octahedral tris(chelate) complexes_ If only symmetnc brdentate hgands are considered, 

cis attack by a bidentate hgand will result m retentron of optrcal configuration, whrle 

Frg. 12. Intermolecular drssocratron mechamsms for rearrangements of octahedral complexes of three 
brdentate ligands mvolving er*Aer square planar or tetmhedral mtermedrates 
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Frg 13. Intermolecular displacement mechamsms for rearrangements of octahedral complexes of 
three bldentate llgands The mtermedlates are of deahzed geometry as the probable posItIon of attack 

IS an octahedral face 

cakes can cause mverslon or retention If unsymmetrlc bldentate hgands are mvolved, both 
attacks can cause geometrical nomenzatlon. 

If a chelate complex mvolves monodentate hgands these may be mvolved m the ex- 
change rather than the bldentate hgands, as illustrated m Fig 14 for complexes of two 
monodentate and two bldentate hgands. The structures of the mtermedlates are not meant 
to unply that exact geometry IS mvolved, a more probable positlon of attack for the enter- 
mg group 1s at an octahedral face ” but the net stereochemlcal consequences are the same. , 
Agam cis attack to such a cz3 complex would result in retention of configuration whale 
zrans attack to the same complex would produce some optical inversion and some conver- 

sion to the tram isomer. A cis attack to a tram isomer would result m the tram Isomer, 
while hzns attack to the trrms Isomer would gave a rmxture of the two optical forms of 
the cis isomer. Both are deplcted m Fig. 15. 

A very unprobable process for the exchange of a bidentate ligand would involve 
going through an eightcoordmate intermediate such as a dodecahedron or square anti- 
prism formed by the snnultaneous attachment of both ends of the incoming hgand One 
might also expect lsomerization mechanisms through dlmer or polymer intermediates to 
be less likely. 

Cbo~a! them. Rev.. 6 (1971) 331-375 
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n TRANS 

Fig 14. Some mtermolecular displacement mechanrsms for rearrangements of cis Isomers of octahedrl 
complexes of two bldentate and two monodentate hgands The mtermedtates are of ldealrzed geometry 

(zii) Summ~ 

It can be readrly seen that for any system m which hgand exchange is faster than or 
equai to stereorsomerization (geometrrcal and/or optrcai isomerrzatron), the isomerlzatron 
may be totally due to the mtermolecular exchange On the other hand rf rearrangement is 
faster than ligand exchange, an intermolecular mechanism cannot be the sole pathway. 

Mecharusms of stereochemrcal rearrangements of octahedral complexes have been 

Fig 15. Some mtermolecular drspiacement mechanisms for rearrangements 
dral complexes of two bidentate and two monodentate ltgands 

of trans tsomers of octahe- 
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substantrated to some degree or another for a few cases involving chelate ligands3’. The 
intramolecular mechanism for stereoisomerization of any fl-drketonate complex, however, 
has not yet been defmitely shown to proceed via a bond rupture or twisting mechamsm 
The mechamsm problem may be summarized as follows. 

11) Fust, one must attempt to establish whether the process IS predominately mter- 
molecular or intramolecular. Although a number of researchers have found intramolecular 
tsomerrzattons, as wrll be enumerated later, rt must be kept m mmd that other processes 

such as dissocratron, assocratton, solvation and hgand’exchange, are occurmg at some 
fmrte rates which may be only two orders of magnitude smaller” than the rate of the 
mtramolecular rearrangement. 

12) If the reaction is mtramolecular, try to obtam evidence to mfer whether a bond 
rupture or a twistmg mechanism is operatrve (Q) If the reaction appears to proceed vra a 
twistmg mechamsm, IS one or more axes preferred over the others? /b/ If a bond-rupture 
mechamsm appears to be operative, what is the geometry of the trursrtron state and are 
cartam bonds broken preferenttahy over others? 

13) If the reactron is mtermolecular, estabhsh whether a drssociative or assoctative 
process 1s the rate-determmmg step. 

C EXPERIMENTAL STUDIES 

(i) Symbohsm 

The types of /3-drketonates studred thus far may be grouped by then hgand constt- 
tuents. For the purposes of classlfymg and generahzmg, the following shorthand nota- 
tions will be used M represents a metal ion, AA-, BB- and CC- represent symmetrrc 
fl-drketonate hgands such as 2,4pentanedionate (acetylacetonate), AB-, AC-, BC-, CD-, 
etc., represent unsymmetrrc /3-drketonate hgands such as 1,l ,l-tnfluoro-2,4_pentanedtonate; 
X- and Y- represent monodentate hgands, and xx- and yy- represent symmetrrc brden- 
tate hgands other than Pdrketones (e g ethylenedtamine) 

Abrevrations used for specrfic P-drketonate ligands m thrs work are tabulated m 
Table 1. 

(d) Octahedral complexes inwIving or@ symmetric pdiketonate ligands- M(AA),, 
M(AA), (BB) and M(AA ){BB)(CC) 

Complexes of thus type have only optical isomers and there are but a few reported 
classical studies of the rate of inversron of complexes of symmetnc parketones There 
have been a number of partial resolutrons of such complexes obtained by a varrety of 
methods, and these are summarized m Table 2. 

The earliest report on partially resolved Co(acac)s mdtcated that racemrzatron of 
the zunple was almost complete after I2 h in 20% aqueo_us alcoho144. More recent ob- 
servations of partially resolved samples indicated that there was no detectable racemrza- 
tion in petroleum ether-benzene in two days4’ at ca. 2z?C and chloroform solutrons are 
stable towards racemizatron at room temperature for five weeks4’V42*52_ Some other so- 

Coord. Chem. Rev., 6 (1971) 331-375 
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TABLE 1 

Abbrevratrons for p-drketonate hgands 

J J. FORTMAN, R E SIEVERS 

A. Symmetric Iigands 

acac- 2,4-pentanedronato (acetylacetonato) dbm- 

hfa- 1,1,1,5,5,5-heuafhroro-2, 
4-pentanedronato (hexafluoroacetyl- lIIS- 

acetonato) dun- 
thd- 2,2,6,6-tetramethyl-3, 

S-heptanedronato (chprvaloylmethanato, 
dpm-j 

B Unsymmetrz-c hgands 

tfa- l,l,l-trrfhroro-2,4_pentanedlonato fod- 
(trrfluoracetylacetonato) 

bzac- l-phenyl-l.3-butanedronato 
(benzoylacetonatoj. 

dbd- 2,2-&metbyl-3,S-hexanedronato 
@Ivaloylacetonato, pvac-) 

C Asymmetrx llgands 

d-hmc- 3-hydroxymethytene-d-camphorato 

I-hmc- 3-hydroxymethylene-Z-camphorato 

d-atc- 3acetyl-dcamphorato 

macac- 

prac- 

phd- 

1,3-drphenyl-1,3-propanedronato 
(drbenzoylmethanato. bzbz-) 

3acetyl-2,4-pentanedonato 

2,6&methyl-3,5-heptandronato 
(drisobutyrylmethanato) 

1,1,1,2,2,3,3-heptafhroro-7, 
7-drmethyl-4,6-octanedlonato 

I-methoxy-2.4pentanedlonato 
(methoxyacetylacetonato) 

2,4-hexanedronato (propronoylacetonato) 

1phenyl-1,3-hexanedionato 

TABLE 2 

Pa&al resolution of octahedral complexes of symmetric p-drketones 

Compound Techmque Reference 

(1) Co(acac)s (a) Column chromatography (with an 
optically active stationary phase) 

(b) Preferentral crystalhzation (from a 
solutron of an optrcahy active salt) 

(c) Sotvent extrachon (with one phase 
optically active) 

(d) Zone melting (of a frozen solution also 
containing an optically actwe salt) 

(2) Cr(acacj3 

(3) Crlhfa)a 

(4) Gd(acac)s 

(a) Column chromatography (as 1) 
,. . _ 
to) ureferentrai crystaihzatron (as ij 
(c) Solvent extractron (as 1) 

Gas-sohd chromatography (with an optrcahy 
actrve statronary phase) 

Column chromatography (as 1) 

40-43 

44 

45 

46 

40, 42, 43 
44 
45 

47.48 

49 
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(5) RN-c)3 

(6) !Macac)3+ 

(7) Y(acacl3 

(a) Solvent evtractlon (as 1) 45 

@) Column chromatography (as 1) 41,42 

Preclpltated as dlastereowxner So-, 51 

Column chromatographv (as 1) 49 

lutions of this green chelate m chloroform decomposed’* to form a pink sohd after a few 
days but this decomposition was thought to mvolve solvent ImpuntIes, oxygen or sunhght 
Measurements in glacial acetic acid showed a 60% loss of optlcal actlvlty m 5 weeks, but 
there was visual evidence of decompont~or?* The optical actlvlty was not affected by 
exposure of the chelate m Ccl4 to actrvated charcoal for 12 h 

It has been reported 41*42752that slow crystalllzatlon of partially resolved Co(acac)l 
leads to optically inactive crystals while evaporation of solvent with a stream of au results 
m a powder Hrlth little or no loss of optical actlWy4’~42~52 The racemlzatlor_ durmg 
crystalhzation was attributed to a surface reaction whereby the racemic crystal ts prefe- 
rentially formed and the benzene-hexane solution IS enrlched m the excess enantlomorph 

Rate constants for optical mveraon of partially resolved samples of Co(acac)j, 
Co(triacd3)3 and Co(acac),(tnaciZ3) in chlorobenzene solution at 90°C have recently 
been determined to be 0 4 X iOS4, 4 7 X low4 and 2.1 X 10S4 see-’ , respectlvely53 It 
should be noted that the rate bf optical mverslon 1s the rate of mterconverslon of optlcal 
isomers and is equal to half the rate of racemlzatlon which 1s defired as the rate of loss of 
optical activity The rate constants for linkage ;somenzatlon m which the free deuterated 
acetyl group replaces one of the acetyl groups bonded to the cobPIt were found to be 
3 0 X IO-’ and 2.5 X lo-’ set-’ for the Co(triac-d,) and Co(acac),(triac-d3), respectl- 
vely, under the same conditions Llgand exchange was found to be slow with respect to 
the rate of linkage lsomenzatlon It was argued that as the linkage lsomerlzation requires 
a Co-O bond to rupture It IS 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 isomenzation does, the faster rate and lower activa- 
tion energy report for the optlcal mverslon could be accounted for by postulation of a 
five-coordmate mtermediate. 

Partially resolved Cr(acac)g m 20% aqueous alcohol was reported to be more stable 
than Co(acac)j while the optical forms of Fe(acac)j reportedly44 “had a very fleetmg 
hfe”. Later work4’ mdlcated that racemlzation of partially resolved Cr(acac), m n-hex- 
ane-benzene solution was 50% complete at ca. 25°C m ca. 8 days 

Optically active Rb(acac), seems to be remarkably stable as It was not racemlzed 
with recrystalllzatlons, chromatography on active alumma or treatment with alummum 
chloride4’. 

Collman and coworkers4**‘* subjected some partially resolved fl-dlketonate com- 
plexes of Co 111, Cr” and Rhiu to electrophihc substituuon reactions whereby the sub- 
stituents on the central carbon of the chelate rings were replaced. In most instances the 

Coord. Chem. Rex, 6 (1971) 331-375 



346 J J FORTMAN, R E SIEVERS 

molar rotation of the products was found to be as large or larger than that of the starting 
material mdrcating that there was probably no racemizatron, although partial racemrza- 
tron could be occurmg As substrtution on a five-coordinate mtermedrate would ahnost 
certainly lead to racemlzatron it was proposed that fhe substrtutron occurred without 
rmg cleavage 

Racemrzations of partrally resolved Y(acac) 3 and Gd(acac)3 111 benzene-petroleum 
ether have been reported to be slow and first-order4’_ The same work indicates that par- 
tially resolved Y(acac)a in chloroform racemizes rapidly In view of the labrlity of most 
yttnum and lanthanide complexes rt IS surprising that any resolution was achreved. 
Indeed, thus 1s the only known report of the resolution of a lanthanide complex. 
Because of its obvrous unportance thus mterestmg work should be expenmentally con- 
firmed. 

The most thorough investigatxon by classrcal means of any p diketonate complex 
was performed on the optically active Sr(acac),’ ion m aqueous solutron40. The k for 
racemization ranged from 1.2 X 10m4 set-’ at 19 7” to 2.2 X 10S4 set-’ at 24 65°C 
This loss of optical activity was shown to be caused by hydrolyses and not inveraon, 
however, as the rates of hydrolyses were found to be equal to those of racemrzatron The 
results have been independently confirmeds4 AddItional studres m absolute methanol 
and methanol-water systems concur and rt IS proposed that the first step 111 the mecha- 
nims of hydrolyses probably mvolves a seven-coordinate mtermedrate5’ 

The observed coalescences6 of the NMR resonances of the terminal groups of 
some symmetric j3-drketonate hgandc in tns complexes with different hgands in a 2 1 
ratro has led to studres of optical mversron of many complexes which racemrze too 
quickly for partral resolution_ By studymg complexes of the form A1(AA)(BB)z it has 
been shown that NMR can be very useful m determmmg extremely fast rates of optical 
mversronzo _ These complexes with the symmetric hgands in a 2 1 or 1 2 ratro are partr- 
cularly mterestmg 111 that the only stereoisomerizatton possrble is optrcal mversron, 
furthermore, the termmal groups of the BB ligand m a complex of the form 
Al(AA)(BB)2 exhlbrt two different NMR resonance frequencres due to their structural 
nonequrvalence. One of the terminal groups of each of the BB hgands is opposite a 
termural group of the other BB hgand, while the remainmg BB termmal groups are each 
frarzs to a terminal group of the AA hgand A detaded study*’ of the spectra of the com- 
plexes Al(acac)*(thd), Al(acac)(thd), , Al(hf )( a acac)* and Al(hfa)(thd), as a functron of 
temperature showed that the two proton resonances of the termmal groups of the brs 
hgands coalesce as the temperature is raised. The coalescence of the t-butyl proton reso- 
nances of Al(hfa)(thd), IS shown rn Frg 16. The coalescence IS attributed to the averag- 
mg of the envrronments of the termmal groups of the brs hgands such as might accompa- 
ny opttcal inversion 
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Rg. 16 The coalescence of the r-butyl proton resonances of Al(hfa)(thd)z m chlorobenLene The _ 
small peak downfield is due to Al(hfa)z(thd) The spectrum at 35°C has been offset down-field suffi- 
clently to allow full presentation 

Because of the symmetry of the AI( complexes, each bldentate BB hgand has 
one termmal group m each magnetic envlronmcnt; thcrcforc, the two sltcs are equally 

populated Consequently, the rate of environmental averaging can be calculated for mtra- 

molecular processes at various temperatures in a range below the coalescence from the 
expression 

as gwen by Gutowsky and Helm”, where 6 Y= is the frequency separation m the limit of 
slow enwonmental exchange and 6 VT is the frequency separation at temperature T, both 
expressed in Hertz. The coalescence temperatures and rate constants of environmental 
exchange at those temperatures m chlorobenzene were reported as followszo _ 
Al(acac)2(thd), IO!?, 12 6 set- 1 ; Al(acac)(thd)2, 105”, 8 5 set-’ , Al(hfa)(thd)2 -8”, 
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6.9 set-’ , and Al(hfa)(acac)* , -l@, 5 3 see- t For the last three complexes extrapola- 
tion to 25°C gave rates of O-79,29 4 and 11.6, respectively_ Rates were determined for 
other temperatures, allowmg the calculatron of frequency factors and eneraes and entro- - 
pres of activatron. It has-been pointed outs8 that the somewhat unusual values of these 
thermodynamic functrons (small E, and large negative AS*, may be due to the ftiure to 
correct for temperature-dependent solvent affects on the chemical shifts of the NMR 

resonances and thus their separatrons; such correctrons have been apphed in other studres 
4s8. It might be noted, however, that these correctrons are large enough to reverse any 
mechanistic conclusions_ If one assumes that the initial lessenmg of the frequency separa- 
tion is due totally to solvent effects, rt is surpnsmg that for two such smular termmal 
groups the effect is either to increase the shielding on one and decrease it on the other, 
or to shreld or deshield the two to greatly Qfferent extents Al(acac)(thd)* and Al(acac)a 
(thd) were also studred in carbon tetrachloride” and brief mentions6 was made of solu- 
trons of Al(hfa)( acac), m CH2C12 exhrbrtmg coalescence at about 7°C Fluorine NMR 
spectra of Al(hfa)*(acac) and Al(hfa)*(thd) mdicate that the resonances coalesce m both 
cases*’ _ 

Intermolecular l&and exchange was found to be very slow compared to the rates of 
envrronmental averagmg *’ _ The rates of envnonmental averagmg were found to be mde- 
pendent of complex concentratron indrcatmg that the mechanism was first-order. Fur- 
thermore a free-lrgand drssocratron mechanism of the type proposed by Thomas was 
eliminated smce uncomplexed ligand added to samples exhibited separate resonances 
well above the coalescence temperatures_ 

It was pomted out that the relationship of the rate of environmental to the rate of 
optical inversron wrll depend upon the mechanism by which the intramolecular rearrange- 
ments occur20T5g The relatronslups are summanzed in Table 3 Whrle relatronshrps were 
calculated for the trrgonal brpyramrdal mtermediates both with and without the equatorial 
modes (Fig. l(b)) which can cause coalescence without optical inversion, it seems more 
log14 to consider both sets of operations together statrstrcally, since the transrtron state 
m such a mechanism might well be of some intermediate form. The equatonal mode as 
sole mechamsm of envrronmental averagmg was ehmmated The relationships were also 

calcuiated considermg oniy the mono or his hgamis rupturmg smce it wouid seem to he a 
distinct possrbrlrty that the metal-oxygen bond of one type of hgand might be more suc- 
ceptrble to rupture than that of the-other type 

If very precise measurements of the rate of environmental averagmg 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 assrgnment of a specrfic mechanism 
or at least elimmation of some possrbrhties. Such an independent method mrght involve 
the use of the Pferffer effect. The chelates Al(acac), , Al(dbm), and Al(hfa), have already 
been observed to exhibit this effect 6o Another method6 1 which might be useful for 
obtammg rates for comparison 1s circular polarrzation of lummescence emission (CPL) 

The methyl resonances of the acac hgands of Ga(acac&(hfa) m drchloromethane 
solution were found’s to coalesce at ca. -26S”C and those of Ga(acac),(dbm) in 
benzene at ca. +8 l°C The environmental averagmg was reported as due to an mtramole- 
cular mechanism. For Ga(acac)a(hfa) in an equrhbnum mrxture with Ga(acac)s , Ga(hfa)s 
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TABLE 3 

RelationshIps of rates of optical Inversion to rates of environmental averagmg of NMR resonances of 
the termmal groups of the bls hgands of complexes of the form M(AA)(BB), 

Mechanism Rate of optical mversion 

A Bond rupture mechamsms 

(1) Tngonal brpyramid mtermediates (Ignoring 
equatorti rupture modes) 
(a) All SIX ruptures possible (3)r 
(b) Mono bgand rupture only (2)r 
(c) Bis Iigand rupture only (4)r 

(2) Trrgonal brpyramrd intermedrates (mcludmg 
equatonal rupture modes) 
(a) All SIX ruptures posslbie (3/2)r 
(b) Mono hgand ruptures only (2)r 
(c) BIS hgand ruptures only (4/3)r 

(3) Square-based pyramid mtermedlates 
AU, mono, only or bls only (1)r 

B. Tw~stmg mechanisms 

(1) Badar tunst (all 4 axes conndered) 

(2) RGy and Dutt modes only 
(the matrons through rhombohedral 
transItIons states) 

(3) Sprmger mode only 

(4/3)r 

(3P)r 

(the one matron through a tngonal pnsmatrc 
tianslhon state) (1)r 

and Ga(acac)(hfa)* a line shape analysts was made usmg lme widths observed for 
Ga(acac)l to estirnate T2. Rates were dctermmed” over a range from -39.1 to -15 6’C 
and the value of the rate constant for methyl group environmental exchange to 25O was 
9.8 X lO* set-’ For Ga(acac)*(dbm) a slmdar analysis was not done due to the unfavo- 
rable overlap of the Ga(acac)3 and Ga(acac)(dbm)* lmes with those of Ga(acac),(dbm). 
Rates were determined5a using the slmphfied Gutowsky-Holm equation and the frequen- 
cy separation usmg corrections for temperature dependent solvatlon effects found by ex- 
trapolation from temperatures of slow exchange_ The corrections were JustIfied on the 
basis of a constant ratio of the lme widths of the methyl resonances of Ga(acac),(dbm) 
to those of Ga(acac), over the temperature range of slow environment exchange Kmetlc 

data are gwen ss between 62 5 and 78 0°C wrth the value extrapolated to 25°C found to 

be 8 8 X lo-* set- 1 _ The drfference of four orders of magnitude found between rates at 
25OC for Ga(acac)z(dbm) and Ga(acac),(hfa) IS mdeed interesting. With the solvatlon 
correction the activation parameters were found to be in better agreement wth those ex- 
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petted for a bond rupture process but, as the size of the corrections IS very large, there 
may be some questions as to the degree of mecharustrc slgmficance of those_parameters. 

The studies of aluminum complexes have been extended to systems with three diffe- 
rent symmetric fl-dlketonate hgand@* _ Solutrons o f Al( hfa )( acac)(thd) in chlorobenzene 
were studred at various temperatures by NMR The two termmal groups of each of the 
three hgands m the complex exhibit different resonances due to their structural non- 
equivalence The two peaks for each ligand were found to coalesce as the temperature was 
raised. The enwonmental averagings were attnbuted to optical inversion of the complex. 

@JJ T J$ 

8’ 8 L 
Expernnents were cited whch proved the process to be mtramolecular, and the 

rates of environmental averagmg for the termmal groups of each hgand were reported over 
a range of temperatures The coalescence temperatures and rate constants of environ- 
mental averagmg of the terminal groups of the ligands of Al(hfa)(acac)(tnd) are 62 -hfa, 
57”C, 15 5 set-’ , acac, 17O, 19 5 set-’ , and thd, 8O, 8.7 set-’ . The three rate constants 
were found to be drfferent at the same temperature with R(-CHs) > k [-C(CH,), ] 2 
I_/ KlP \ .L .Y20- 11._ L1.__- __A__ ~.._ - cm._ -3 .~_ ~1 
fcv-u3) fit LJ L me rnree rates were rouna oy exrrapoiation to be. acac, 23 2 set-’ , 
thd, 12.3 see-’ , and hfa, 9.2 set-* _ These rates were uncorrected for solvent effects but 
application of correctlons drd not make all three rates equal_ Thus some modes of rear- 
rangements, such as the Bailar twist about only the pseudoCs axes can be ehminated as 
the soZe pathways Various combinations of twrsts and/or bond ruptures are requrred to 
account for the different rates 

The relatmnshrps of the three rates of environmental averaging to the rate of optlcal 
inversion of a M(AA)(BB)(CC) complex were calculated for a general combmatlon of 
twist mechanisms and for a general combmatron of bond ruptures through trigonal bi- 
pyramidal mtermedlates. Assummg only twisting modes to be operative the rate constant 
of optrcal mverslon of [Al(hfa)(acac)(thd)] was shown to be less than or equal to 
l/2 [k(-CF3) + k(-CH3) + k(-C(CH3)3)] but greater than or equal to the combination of 
the fastest two, in this case l/2 [k(-CHS) + k(-C(CH3),)] . Usmg the rates extrapolated 
to 2S°C this would make k25 (optical inverslon) be somewhere between 17 8 to 26 9 

set-‘. 

Considering only bond rupture modes gomg through trigonal blpyramldal mter- 
mediates (but a completely general case where any mode m&t contrrbute anywhere 
from everythmg to nothing to the rate) the rate constant for optical Inversion must be 
lessthanorequalto [k(-CFs)+k(-CH,)+k(-C(CH,),)]. At 25"C, Iherefore,therate 
constant could range as hrgh as 53 7 set- ’ These rates are calculated from rates of envi- 
ronmental averaging for which there was no attempt to correct for solvent effects 

The first umqulvocal direct measurements by NMR coalescence techniques of the 
rate of inversion of a trrs vdrketonate) complex has been very recently completed63 _ 
The methyl doublet of the aluminum complex of ddsobutyrylmethane, Al(dim), , IS split 
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into a quartet of four equal lines by the asymmetric center at the aluminum The quartet 
coalesces mto a doublet with increasmg temperature_ This IS undoubtedly caused by the 
increasing rate of mversion of the complex. Results of the detailed kinetic studies wdl 
be forthcoming6’. 

(iii) Octahedral complexes involving unsymmetric p-diketonate lrgands- M[CD13, 
M(AAIKDJ, andM(AA)KDl 

While the M(CD)(AA) z complexes possess only optical Isomers, geometrical isome- 
rizatlon is possible for complexes of the form M(CD)3 and M(CD),(AA) The M(DC)3 
complexes have a cis isomer m whch all three hgand termmal groups of the same type 
are at the same octahedral face of the complex, and a trans isomer m whrch two of the 
same terminal groups are across the metal from one another; each geometrical Isomer has 
two optical forms due to the pitch of the chelate rmgs. It has also been proposed to call 
these geometrical forms facial (fat) and meridional (mer) Isomers, respectlvely64 These 
are shown m Fig 17. The fat isomer with the three hke terminal groups on the same octa- 
hedral face, has a C3 symmetry axis causing all three terminal groups to have equivalent 
environments The mer isomer, with each set of three hke termmal groups around an oc- 
tahedral mendan, has no symmetry save an identity element; therefore, each of the three 
like groups are m nonequivalent envuonments. 

In Fig. 18 are depicted the three different geometrical forms possible with a 
M(CD),(AA) complex The notation 1s based on the locations of the termmal groups 
of the unsymmetrlc &and and follows that used for M(tfa),(acac) 66 The first prefm 
refers to the relative orientation of the groups of the unsymmetrlc hgand which are most 
tiferent from that of the symmetric hgand, and the second prefii to the relative onen- 
tation of the groups of the unsymmetrical hgand most hke that of the symmetrical hgand. 
For example, the trans-cis isomer of M(tfa)*(acac) is that which has the tnfluoro- 
acetyl groups opposite (tram) one another and the acetyl groups of the tnfluoroacetyl- 
acetonate hgands cis to one another Each of the three geometrical forms have optical 
isomers based on the pitch of the chelate rings The cis-cis Isomer has no axis or plane of 
symmetry leadmg to non-equivalent environments for each A group, each C group and 
each D group. Both the cis-trans and tram-cis isomers have C2 symmetry axes and 

I D resanance 3 D resanances 
I c resonance 3 c resonances 

Fig. 17. The two geometrIcal Isomers of an M(CD)3 complex dlustratmg the number of different reso- 
nances possible for each termmal group 
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(al (b) 
&-C& E-m 
2 D resonances I D resonance 
2 C resonances I C resonance 
2 A resonances I A resonance 

(cl 
_-& 

I D resonance 

I C resonance 
I A resonance 

Fig 18 The three geometrical Somers of an M(CD)2(AA) complex illustrating the number of drfferent 
resonances possible for each termmal group 

there IS only one envrronment aprece for A, C and D groups of each isomer. 
Column chromatography using acid washed alumrna allowed the separatron of cis 

and ttans isomers of the tns (benzoylacetonates)7 of cobalt, chromrum and rhodrum and 
of tris (tnfluoroacetylacetonates) of these same metals Attempts to separate the geome- 
trrcal isomers of the trrs (benzoylacetonates) of ahrmmum, manga,pese and iron were un- 
successful 7 _ This was attributed to the greater “labihty” (faster rearrangement) of the 
geometrical forms. The occurence of the cis isomers of the tris (benzoy!acetonato) com- 
plexes m less than statrstrcal amounts at room temperature equlhbrium and the observa- 
tion that cis to trans isomerizatron occurs at hrgher temperatures mdrcates that the trans 
rsomers are more stable as aught be predrcted m terms of therr lower dipole moments 7 
Only the trans form of the trrs (tnfluoroacetylacetonates) of alummum, galhum, mdrum, 
manganese and iron were found in the solid state 8 _ 

Co(tfa), m chloroform solutrons was slow to establish czs--trans equrhbrrum whrle 
the Group IIIA metal complexes drd so rapidly ‘. Heats of rsomenzation of Al(tfa)s , 

Ga(tfa)a and Co(tfa)s were obtained from log K vs l/T plots and free energies and entro- 
pees were calculated from the straight line plots * _ 

Gas chromatography has been applxed to the separation of the cis and trans rsomers4* 
of Cr(tfa)s . The fat and mer rsomers of Co(dhd), were separated by thin layer chro- 
matography64 using Srhca Gel D-5 and carbon tetrachlorrde as the solvent, the plates 
were developed using CHI Cl* 

The NMR spectra of a czs-M(tfa), isomer should exhrbrt only one fluorrne resonance 
due to the equrvalence of the three CF3 grnups whrle the trans Isomer would be expected 
to have three drstmct fluorine resonances m rts r9 F NMR spectra barrmg any accidental 
degeneracy of the -CF3 resonances or kmetic averaging of the envrronments of the three 
-CFa groups These differences have been observed ’ and have allowed the deterrmnatron 
of the rate of geometrical isomertzation of eis-Co(tfa), in chloroform solutron 4 at 66 1, 
79.1,90_4 and 99.2”C. The amount of cis and bans Isomer observed after varrous lengths 
of trme along with the equrlrbrrum constant for that temperature allowed the calculatron 
of the rate constants for the cis to trans and frans to cis rearrangements The lsomerrzatton 
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Rg 19. The coalescence of the fluorme resonances of Al(tfa)a (Ref 4, courtesy of Inorgamc Chemistry) 

follows first-order kmetrcs wrth k(cn - tmns) rangmg 4 from 0 247 X 10m4 see-r at 
66 1°C to 14.5 X 10S4 at 99 2”. The k(trans - cti) was calculated 4 as 0 059 X 10m4 
set-’ at 66 lo to 3 7 X 10m4 at 99 2O The energies and entropies of actrvation were 
reported 4 _ 

cis-Cr(bzac)s was partrally resolved by passmg rts solutron m 1 1 benzene-hexane 
through a column of lactose powder 4 Attempts to resolve czs-Co(tfa)s were unsuccessful 
In chloroform solutrons, cis-Cr(bzac)3 was found to be optrcally stable at temperatures 
below 51.4”C. In 1 ,1,2,Ztetrachloroethane the rate constant of optrcal mversron was 
measured 4 as 0 0023 mm-’ at 95 5” and 0.009 mm-’ at 105 0°C At both of these 
temperatures racemizatron was found to be accompanied by cis-tram rsomerization 
Evaluatron of relative amounts of the geometrical isomers by mrcroscoprc observatron 
mdrcates that the rate of rsomerrzatron IS approximately equal to the rate of racemrzatron 

The three lv F NMR resonances due to the tram form and the one lv F resonance 
due to the cis form were found to coalesce at 103OC for Al(tfa), and at 6 1.5”C for 

Ga(tfa)3 111 deuterochloroform. The lv F spectra of Al(tfa), at severai temperatures near 
the coalescence region are shown m Fig. 19. After correction for solvent effects by extra- 
polation and averaging the sphttmgs, the rate constants for environmental averagmg were 

found to be 34 and 38 set- ’ for Al(tfa), and Ga(tfa), at therr respective coalescence 
temperatures 4 by the method of Gutowsky and Holms7. In(tfa)3 exhrbited only one 

lv F magnetic resonance 4 even at -57°C mdrcatmg a k of greater than 36 set-’ at that 

temperature. (The NMR spectrum of a mixture of cis- and trans-Co(tfa)3 m chlorobenzene 
showed a strong temperature dependence 4 slrmlar to that of aIummum and gallium com- 
pounds, but the resonance lmes were very much broader, at 94OC the four lmes had 
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coalesced into a single broad peak but this peak did not sharpen even at 182O.) The races 
measured may 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 5g . This rigor would be impractical 59 as it would 
require (I) assigning the four peaks to the four environments, (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 cis-nans equilibrium allows the elimina- 
tion of the twist about the real C, axis as the sole methdd of isomerization for cis- 
Cr(bzac)3, and the tris (trifluoroacetylacetonates) of the Group IIIA elements 4. It has 
been pointed out that combinations of twists about various axes cannot be eliminated, 
however r6 _ 

The environmental averaging of the -CF3 resonances of Al(tfa)3 has been measured4 
in solvents with dieIectric 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 seems 
most compatible with a bond rupture mechanism. A bond rupture mechanism would also 
be in keeping with the activation parameters reported 4. 

Both cis- and trans-Rh(tfa)s showed extreme stability with respect to isomerization 
and the rate constant for geometrical isomerization was estimated 4 as less than 
9.2 X IO-’ set-’ at 163°C. 

AI(fod)J was examined in chlorobemene solution and the t-butyl NMR resonances 
coalesced 59 at - I 12°C. Using the average separation between peaks a rate constant for 
environmental averaging of either 14 or 6.3 set -l is obtained depending on whether a 
small 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 Iigand are broken to the exclusion of those at the other end. If the mechanism is 
considered to be a twist with al1 possible twisting axes equally probable, then k is equal 
to the k of optical inversion_ Springer 5g 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 attempts to observe this phenomenon with these 
chelates have met with failure 65, 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 trans-c&s Co(tfa)a(acac) from the cis-trans and cis-cis isomers 
has been accomplished by column chromat’ography 66. The four “F resonances due to 
the isomers of the Al(tfa)z(acac) (two from the cis-cis and one each from the trans-cis 
and cis-bans isomers) were found to coalesce at 87°C and the rate of environmental 
averaging calculated 66 to be 43 set- r by the same method used for Al(tfa)s . An inter- 
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molecular mechanism for envrronmental averagmg was excluded, as the resonances for 
free trrfluoroacetylacetone hgand as well as those for Al(tfa)a and Al(tfa)(acac)z were 
all distinct at the coalescence 66 The coalescence of all four _ rgF resonances of Al(tfa)a 
(acac) allows the exclusion of twisting about any one axis as a mechanism 66 but a com- 
bmatton of twrsts about varrous axes can account for the coalescence r6 _ 

Whrle the system does not involve Pdrketonate hgands rt is of interest that NMR 
studres 67 of tris (e+rsopropyltropolonato)-alummum(II1) mdrcate that the methyl environ- 
ments in the cis form and m the trans form are eqmllbrated before the cm--trans equrhb- 
rmm IS fast enough to average the resonances of the czs and tram isomers. TIus would 
make it appear that racemizatron is faster than cis-tram rsomerrzatron but the rates are 
too smular for meaningful mechanistic arguments. 

P-Drketonate hgands which are asymmetrrc (optcally actrve) as well as unsymmetrrc 
have provided the source of some interest 68-70 The tris complexes of 3-hydroxymethylene- 
dcamphorate (d-hmc, Fig. 20, R=H) wrth several metals, mcluding Co” (Refs 68,70), 
Rhln (Ref. 70),Crm (Ref. 70) and Vm (Ref. 68) h ave been mvestrgated. Complexes 
wrth I-hmc have been reported for Co* and VU (Ref 68) The complexes of 3-acetyl- 
d-camphorate (d-ate, Fig. 20, R=CH3) wrth Corn (Refs 68,69) and Vm (Ref 68) have 
also been studred. With one form of the hgand, only four drastereomerrc specres are 
possible; R-trans, A-cis. A-tmns and A-cis. All four isomers have been isolated for the 
Co(d-atc)J complex . 6g Whde the A isomers are somewhat more stable than the A 
Isomers, the statistically expected 3 1, trans-cis ratros are found for both chrrahtres 

As the chemical shrft differences for nuclei1 m srmrlar envrronments m chelate com- 
plexes have been found to be amplified rn paramagnetrc molecules 71, the NMR of the 
tris complexes of VIn with d-ate have been examined ” _ For each kmd of proton m 
V(d-atc)s one resonance IS expected for the cis isomer and th*ee for each trans isomer 
due to the lack of symmetry, but as drastereomers are possrblc wrth the asymmetrrc 
ligands, as many as eight signals may be observed for each kmd of proton. Four intense 
acetyl methyl signals were found for the cis and trnns forms of A-V(d-ate), wrth the 
cis and tram specres m approximately statrstrcal 1:3 drstrrbuhon Three weaker signals 
are attrtbuted to A-trans-V(d-ate), but a fourth signal for the A& drastereomer could 
not be found, mdicating that either this form 1s absent or the resonance hes under one of 
the stronger signals For the A-tram * A-trans equihbrium in chloroform at 29°C I( was 
found to be 0.3 1. Attempts to observe the temperature dependence of the equihbrmm 
have farled thus far due to poor signal resolutron at lugher temperatures 

The NMR spectra of V(d-hmc), and V(Z-hmc)a are identical 68, mdrcatmg that the 
solutrons are enantiomeric. The spectrum of V(d-hmc)s has overlappmg of several srgnals 
but It appears that all four diastereomers are present. 

H3C CH 

H%C 
3 

_sL 
-;\M /=-Y, 

I ‘& 
.y_ R 

Fig 20 An illustration of asymmetilc dcamphorato lrgands- 3-hydroxymethylene4camphorato S 
R=H, 3-acetyl-dcam~horato d R=CHJ 
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Assummg a random distnbutron of ligands for V(dZ-hm~)~ prepared from raceme 
ligand, erght enantromeric pans of complexes-are possible. Twenty resonance srgnals are 
possrble for each kind of proton in a solution of all geometrical and optrcal isomers as 
only two pairs of these complexes could have C, symmetry axes. Although not analyzed 
because the chemical shift differences were too small, the spectrum of V(dZ-hmc)s was 
Identical 68 to that of a 1: 1 mrxture of V(d-hmc)s and V(Z-hmc), m chloroform, indrcat- 
mg that free exchange of hgands occurred before the spectrum could be recorded 

We a M(AA),(BB) complex should exhibit two NMR peaks for the -A groups 
and a M(AA)*(BC) complex should exhrbit four -A group resonances, a M[AA)p(BC*) 
complex should show erght -A group resonances since two dZ pairs are possible. The lg F NMR 
of Al(hfa),(d-ate) does show seven peaks ‘*, one of double degeneracy_ As there are no 
geometrrcal Isomers for complexes of tlus form, a drrect means of showing that the cause 
of environmental averaging fi optrcal mversion IS possrble rf these peaks are found to 
coalesce at hrgher temperatures 

Studies of the paramagnetrc V(tfac)s complex have shown that the NMR resonances 
of the terminal groups of the ligands of the cis and frans Isomers are consrderably different 
by vntue of then greatly drfferent contact shafts ‘I . It IS hoped that coalescence techmques 
may be extended to paramagnetrc molecules of thus type Indeed the greater drfference m 
contact mteractrons may allow more accurate measurement due to increased separations 
of resonances. 

(iv) Octahedral complexes involving other bzdentate Zigands in addrtion to pdrketonates: 

M(dzk), (xxy and M(dzk)(xx)? 
t 

The resolutron of the optrcal isomers of Co(acac)(en), *+ (en = ethylenedramme) 
has been acmeved using (+)-arsenyl tartrate as a resolving agent73 Proton NMR spectra 
of [Co(acac)(en),] *+, [Co(hfa)(en),] *+ and [Co(tfa)(en),] *+, have been recorded 74_ 
There is only one possible environment for each different termmal group of a /l-drketonate 
ligand in complexes of the form M(dik)(xx)* and, therefore, only one NMR resonance It 
IS of Interest to note, however, that the ethylenedramme -CH2 -CH2 - protons show 
only a smglet for [Co(acac)(en)J *+ whrle [Co(hfa)(en)2] ** exhrbits some fine structure74 
Confirmational interchange of these ethylenedramine protons can be rapid even while 
the compound maintams optical stabrlity as these cobalt compounds are very stable with 
respect to optical inversion In other words the ethylenedramine rings are free to flex 
without the molecule twrstmg 

Bis(acetylacetonato)oxalatocobalt(III) amens have been resolved “. Resolutron of 
the opt& Isomers of [Co(acac), en] I by formation of drastereoisomerrc salts has been 
reported more recently 76 _ Aqueous solutrons of (+)546 [Co(acac)2en] I were found to be 
optically stable at -lOO°C for many hours 76 An mitral report ” indrcated that 

]Co(acac)2 (en)1 + in D20 produced only one methyl peak even though there are two 
methyl groups which are non-equivalent by symmetry. This could not be caused by 
coalescence due to rapid optical inversion as the optically active compound IS stable m 
solution for days dt room temperature_ Studies wrth more sensrtrve spectrometers 64 
found a sphtting of 0.003-0.010 ppm m D20 and only slightly larger separations in 
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CHs OD, CD3 OD and (CDs), SO. Sphttmg of methyl resonances of brs(acetylacetonato) 
diaminecobalt(II1) complexes (diamme = ethylenedramme, NN,N’, N’-tetramethyl- 
ethylene-diamme, 2,2’-bipyridme, or l,lO-phenanthroline) were also reported m a variety 
of solvents 64 _ The splittmg mcreases m the order en < tmed < brpy < o-phen, mdrcatrve 

of a ring current diamagnetic anisotropy coupled wuh a smaller solvent and ion-pair effects 
From molecular models 64 rt is predicted that the solvatron and ran-parr differences of the 
me-y1 groups should be in the order tmed > o-phen - bipy > en. The order o-phen > 
bipy >> tmed - en would be expected due to the ring anisotropy effect 64 smce the 
heterocychc hgands would shield the acac methyl groups tmns to one another dnd above 
the n cloud of the nitrogen heterocycle and deshreld the other methyl groups lying in the 
plane of the dramme bgand The small variation m the separatrons 64 found for the same 
complex in drfferent solvents suggests that solvent and ion-pair effects on both types of 
methyls are similar. 

Chloroform solutions of Co(acac),(aa), where aa represents a whole series of ammo 
acids, show no racemization after seven weeks at room temperature m diffuse light, after 
refluxmg for 5 h; or after passmg through an alumma column ” It is mteresting to note 
that because of induced asymmetry at the cobalt metal from an asymmetric amino acid 
diastereoisomers wrll not rotate polarized light to the same extent and thus a racemrc 
mixture has a resultant optical actrvrty 78 Ammo acids of the same configuration give 
rise to Cotton effects of the same sign 78_ 

The NMR spectra of Tr(acac)s(OCHa CMe, CH20) m CS2 has been studied 7gy80 
and rt was found that the two methyl resonances of the acac hgands were coalesced 
above -42.0°C. The o-proton of the neopentyl gycollate ligand also broadened at low 
temperatures and split mto an AB pattern showing that a particular conformatron of the 
titamum-neopentyl glycollate rmg was stabihzed 8o 

The lower lrrnrt of the very rapid rate of optical inversion of (4,8-drmethyl-l,lO- 
phenanthrolme)bis(acetylacetonato)cobalt(iI) has been found 81 by analysis of NMR line 

wrdths to have a k = 5 X lo6 at 25OC The spectrum of thrs paramagnetrc cobalt (S = 3/2) 
complex exhibits one resonance peak for the acetylacetone methyls at room temperature 
but this splits mto two equal peaks at lower temperature. The rate of signal collapse IS 
concentration independent_ The chemical shrft difference between the two acac methyl 

groups 1s - 40 ppm at -33”C, which IS about three orders of magnitude larger than sepa- 
rations for dnunagnetrc complexes, thus allowmg the researchers to monitor the more 
raprd kmetic process 

The complexes [Co(macac),en] + and [Co(prac),en] + can exist as any of three 
possible geometrical forms each havmg optical antipodes, Just as the M(AA)(CD)a species 
(see Fig. 18). Two of these isomers would each have two sets of equivalent termmal groups 
whrle the thrrd isomer has two sets of non-equivalent termmal groups The NMR could 

then show as many as four resonances for each termmal group in a mixture of isomers 
m, .r.,” me LYMK of [Co(macacj,en] + exhibits two resonances each for the methyi, methoxy and 
methylene protons, each pair of lines havmg an intensity ratro 82 of approximately 3 2. 
The [Co(prac)* en] + spectrum 82 has at least two superimposed ethyl patterns and three 
methyl resonances. It 1s 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 Isomers of an M(_tA)2X2 complex dustrating the number of different 
resonances possible for the termmal groups of the AA bgands. 

for the ethylenediamine suggesting that confirmational mterchange of the ethylenedi- 
amine ring is rapid ** . 

(v) Octahedral complexes involving symmetric &d~ketonates and monodentate ligands 

m44)2X2 ~WAN*XY 

Complexes of the form M(AA)*X2 or M(AA)2XY can have both cis and trans 
forms (see Fig. 21) with the cis form having optlcal antipodes. The terminal groups of the 
symmetric @hketonates m the trans-M(AA),X, complexes have only one environment 

and thus only one NMR resonance due to these groups. The ci$ form can etiblt two re- 
sonances due to non-equivalent environments for the terminal groups bemg trarzs to one 
another or rrans to the monodentate ligands. 

The frans-M(AA)2XY complexes ~III also show only o;le termmal group resonance 
but the c&M(AA),XY isomer has four nonequivalent environments for the termmal 
groups and, therefore may extubit as many as four NMR resonances for these terminal 
groups. The complexes are pictured in Fig. 22. WhJe the groups trans to the two different 
monodentate hgands are of course structurally different, the two termmal groups trans 
to one another are also in nonequivalent environments This can be easily seen done 
considers what is tram to the other end of the hgand. 

The ‘ri%IR spectra of ivi(AAj2X2 complexes can often be used as a probe to deier- 
mine whether the cis or trons configuratlon 1s obtained. For example the cis configuratron 
has been found 79.80,=,84,93,104 f or titanium(W), germanrum and tm (IV) com- 
plexes of the type M(acac)zC12. The existence of an equrhbrium between the cis and 
trans forms for Ge(acac), Cl2 and Ge(thd)2 Cl2 has been noted more recently *‘. 

trans CIS - 

I A resonance 4 A resonances 

Fg. 22 The two geometrical Isomers of an M(AA)zXY complex tiustraMg the number of dtiferent 
resonances possible for the termmal 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 counteractmg structural and solvatron 
effects, the assignment of a trrms configuration on the basis of observmg only one reso- 
nance Hrlll always be equivocal 

Two termmal group resonances observed for Sn(acach X2, where X%1, Br or I, 
were fust attributed 86 to a ?rans configuration with distorted acetylacetone rmg struc- 
tures “contaming somewhat localized double bonds” It was observed, however; that these 
terminal group resonances for Sn(acac)2C12 coalesced to a smgle signal at higher tempera- 
tures which would inlcate that either the postulated distorted trans form undergoes a 
rapid configurational interconversion or the two resonances are due to the czs configura- 
tion which undergoes optical mverslon at a rate fast on the NMR time scale, thereby, ave- 

raging enwonments at the higher temperatures ” Dipole moment studies 88~8g of 
Sn(acac)2Clz give strong evidence for a cis configuration wrth rapid optical inversion It 
is pointed out ” that thus rapid mversion could also account for dlfficultles found m 

attempts go to resolve optical antipodes of [Sn(acac)2(Cs H5)2 ] and [Sn(dbm)2(Cs H5)2 ] 
rather than indicating that they need be of the trans form Furthermore, 
[Sn(acac),(Cs H5)Cl] was reported 86 to have two CH signals and four CH3 signals (ex- 

pected for a cis arrangement) whrle a trans configuration would be expected to show only 
one CH and one CHJ resonance for the acetylacetonato ligand In hke fasIuon it has been 

pointed out ” that optical mverslon of the cis form of [Sn(acac)2(CH3)Cl] fits better 

~th the reported coalescence than does the mltially proposed ” &s-tram lsomenzatlon 
Coalescence temperatures for the methyl resonances of Sn(acac)* Cl2 m SIX drfferent 

solvents have been noted and frequency differences given g2 for bromoform solutions in 
the temperature range of 40 - 63°C Thn coalescence can also be explamed by optical 
inversion of the cis form, rather than the proposed improbable “exchange between two 
distorted octahedrons” of the trans form 

Considering all four possrble twist axes l6 rt should be noted that footnote 8 of 
Ref. 87 1s not correct insofar as combinations of twists can average all four envlronmentsg3 
The persistence of the tin coupling to the protons of the acetylacetonate ligands above 
the coalescence temperature ” for [Sn(acac)2 Cl2 ] requires an @ramolecular process 
for the environmental averagmg 

Smce coalescence as well as accldental degeneracy can cause only one slgnal to be 

observed for the chelate terminal groups of the 15s isomers, the absence of sphttmg cannot 

be used to argue conclusively for a trans configuration. With supportmg evrdence from 
IR and Raman spectroscopy some tram assignments have been suggested which are con- 
sistent with the NMR for such /3-dketonate complexes as [Cr(acac), (NO2 )z ] - and 
Co(acac)2(N02)A where A represents NH3, any of ten different sLbstrtuted pyndmes, 

quinohne, Isoqumolme, lmidazole and benztidazole g4 
The Raman and IR spectra of [Sn(acac)2(CH3)2 ] gs~g”,[Sn(acac)2(C~H5)2] g5, 

and [Pb(acac)z (CH3 )2 I g5sg6 have been used to support a tram configuration for these , 
complexes, but the existence of non-zero dipole moments for the first two complexes g7 
indicate a cis configuration It was further stated ” that the IR and Raman data are not 
defmtrve in these cases and that the NMR spectra does not show two acac methyl reso- 
nances because of rapld mtermolecular ligand exchanges or because of rapid inversion 

Coard Chem. Rev.. 6 (1971) 331-375 
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A raped intermolecular P-drketonate hgand exchange process is favored ” 111 thus case 
dnce the NMR spectra of a chloroform solutron of a mixture of (CHa)a Sn(acac)a and 
(CHa)aSn(hfa), at 25°C shows only one Sn-CHa peak approximetaiy midway between 
the resonances for Sn-CHs groups m the two starting complexes and methyl groups 
bound to tm do not exchange rapidly at 25OC. 

Resolution of the cis and trans isomers of some complexes of the form [M(AA),X,] 
have been reported Thus cis-[Co(acac)a(NOa)a] - has been prepared and separated from 
the trans form g8. The same workers also separated cis- and trans-[Co(acac)z(NHa)2] + by 
extraction “. The optical isomers of cis-[Co(acac)z(NHs)2] I have been resolved by for- 
matron of diastereoisomenc salts 76 . Aqueous solutions of the resolved complex lose op- 
tical activity with decomposltlon of the complex 76 _ The isomerlzatlon of Co(acac),NO, 

(amine), the amme bemg pyndme or 4+butylpyndine, both from the trans form to an 
eqmlrbrmm mrxture and from the cis form to an equihbnum mrxture, is slow at room tem- 
perature, but at about 60°C the equilibnum was established in a few hours g9. 

The coalescence temperatures of the acac methyl resonances of the complexes 
cis-Tr(acac)s Xz where X = OMe, OEt, OCHzCFs , O-i-Pr, O-n-Bu or Cl, have been repor- 
ted 7g*80. Intermolecular exchange processes 8o were eliminated as possrble mechamsms 
since addition of either monodentate or acetylacetonate hgand gave separate signais and 
had no effect on the spectra of the complexes_ Furthermore, the lifetimes showed no con- 
centration dependence, also mdicating an mtramolecular process Rates of intramolecular 
exchange were determined a’ at various temperatures using a peak height to peak mini- 
mum ratio method loo. Results were found 8o to conform to Arrhenms plots from whrch 
activation parameters were deduced. The peak he&t to peak minimum method, usmg 
approxtmate lure-shape functrons and neglectrng the natural hne-width, may cause syste- 
matrc errors lo1 producing low values of activation energres and values of the entropies 
of actrvatron whrch are too negative 

The effect of increasing steric hmdrance in Tr(acac)P(OR), for R = Me, Et, i-Pr, 
t-&r, IS to raise the coalescence temperature 80, indrcating the rate of intramolecular re- 
arrangement 1s “slowed down” if the sphttmg is assumed constant The trend towards 
increased activation energy with increase 111 size of the substituent is noted. Steric hin- 
drance opposes mtramolecular exchange and thrs does not support a partial drssociation 
mechamsm in wluch rehef of sterrc stram would occur in the five-coordmated transition 
state. It is suggested So that the activated complex m the optical inv&sion of Tr(acac)zXz 
in the symmetncd trigonal prism whrch may be obtained by a twisting motion. The 
greater symmetry m the transition state than in the cis octahedral configuration of the 
ground state could explain in part the negative entropies of activatron, which Imply in- 
creased order 111 the transition state. Solvatron effects may also be important III explaining 
these negative entropies It was also noted So that mcreased electronegativrty of X causes 
faster rearrangement, whrch is lust the opposite of what IS expected if bond rupture of 
**P *nrl rrf can 2r-saP cm-r-wan ia invnhd VII” “I.Y ..- . ..a. ..“..I a---r I.2 YI.VI.“Y. 

NMR spectra of cis-Zr(acac)z X2 and Hf(acac)z Xz (X = Cl or Br) indicated that 
the chelate rings undergo rapid stereochemrcal rearrangements because no splitting of the 
time-averaged acac methyl resonances was observed “*JOT even at temperatures as low 
as - 130°C. 
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A very thorough study of the enwonmental averaging of the acac methyl resonances 
of cis-Tl(acac)z X, (X = F, Cl or Br) has been done 103*104 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 IO4 set-’ (X = F), 6 7 X lo* set-’ (X=Cl)and23X lo3 set-‘(X=Br). 
Energies and entropies of activation were reported and kmetlc data tabulated over the 
temperature ranges observed. The rates were found to be mdependent of complex concen- 
tration. Hklide dissociation was eliminated as an attractive mechanism for environmental 
averagmg as the actwation eneraes were mdependent of the halogen, and rates of hahde 
hgand exchange are slow compared to those of the methyl groups. Also complete disso- 
ciatlon of an acetylacetone ligand via the Thomas mechanism was ehminated because ex- 
change with excess acetylacetonate hgands 1s not observed under the condltlons of acac 

methyl averagmg We the authors favor mechamsms going through a five-coordinate 
intermediate, twistmg modes cannot be ehmmated 

It has been shown Q3 that various twistmg mechamsms or combinations thereof can 
account for the observed environmental averagmg although the authors favor a bond- 
rupture Figure 23 shows tvvlsts about two of the four octahedral face C, axes Both 
twists interconvert the opt& enantiomers wtie exchangmg environments on the terml- 

nal groups. Note that the twist about the second C3 axis can be carried through a full 

tb) 

F]g. 23. Test mechamsms for a c s-M(AA)2X2 complex. (a) Depicts a twist about imagmary C3 axls 
II of Fig 8. (b) depicts twists abc,t unagmary C3 axlsd of Fig 8 Numbers label teimmd groups, Iet- 
ters label envuonments (Ref. 93, courtesy of Inorgamc Chemistry). 
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rotatron smce there are no brdentate ligands spanning the twrsted faces. Thrs second twrst 
also provides a path for cis-tmzs aomenzatlon. The two twists both give trausthon states 
of C’s y symmetry but they differ m the onentatlon of the chelate rmgs about the trigonal 
prism 

The c&Tt(dbm)sX2 (X = F, Cl or Br) complexes have also been examined g3*103 by 
proton and fluorme NMR The spectrum of the phenyl protons exhrbits too much spin- 
spin splitting to allow any precise measurements, but the line broadening observed IS 
attnbuted to the exchange of phenyl groups between the two nonequivalent environ- 
ments of the cis isomer. 

The cis-Ge(acac)s Cla and cis-Sn(acac)s X2 (X = Cl, Br or I) complexes exmbrt 84 
non-equivalent methyl groups at room temperature mdicatmg that these complexes under- 
go configurational changes more slowly than the correspondmg complexes of titamum 

Sr(acac)a (C, Ha Oa)a 111 CHC13 and CHz Cl* undergoes cis-tram isomenzatron ‘OS 
at a measurable rate Samples of the predommately trans solid form begin rsomerrzatron 
upon drssolutron and equthbrmm IS reached at room temperature m approxtmately one 
half hour or less 

Two NMR srgnals are dtscemable lo6 for the acac methyl groups of Al(acac)s 
(DMF)2’ m DMF solution (DMF = NJ+dlmethylformamlde) below 5°C. These were 
assigned lo6 to the cis and tram isomers, but since there are two possrble environments 
for the acac methyls of the cis Isomer, these two resonances might better be assigned to 
the cis complex alone. From the separation of the acac methyl signals at -20°C a first-order 
rate constant for the configuratron rearrangement (be It optical mverslon of the cis form or 
cis-tram rsomerizatron) at the coalescence temperature of So was estimated ’ O6 to be 
18 see-’ . Usmg a computer hne shape program and the known populations of the ex- 
changmg 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)s(DMF)s’ com- 
plex was estunated to be 30 see-’ at the coalescence temperature of the acac resonances, 
S°C It was proposed that the rate-determmmg step for rearrangement of Al(acac)* 

(DMF)z + IS the drssociatron of DMF from the complex 
Ga(acac)a(DMF)a+ has been studied lo7 111 hke fashion and below -20°C the 

methyl resonance due to acac- in thts complex broadens and splits mto two peaks of 
nearly equal intensity. Due to viscosity broadening, accurate signal widths and relative 
areas could not be obtained and rates of envuonmental averagmg were not estimated. 
While the authors again favor lo7 the asslgument of the two peaks to cis and tr~ns lso- 
mers the sphttrng can be more snnply exphuned 111 terms of the cis isomer alone Thrs 
cis assignment would also be more consistent wrth substantiated assrgnments for other 
M(acac)aXs complexes quoted earlier 111 thts sectton. The DMF resonances of Ga(acac), 
(DMF)s’ could not be detected at low temperatures due to the vrscoslty of the DMF 
solution. 

The complex (?r-Cs Hs)Zr(acac)s Cl has been found lo8 to be sufficiently stereo- 
chemrcally rigrd at room temperature m benzene solutron to observe four non-equmalent 
environments for the methyl protons in its NMR spectrum. These resonances cannot be 
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mterpreted 111 terms of an equrhbrium mrxture of compounds of drfferent stoichrome- 
tries as would arise from drsproportionation. The exrstence of a single, sharp cyclopen- 
tadienyl resonance has been attrrbuted to rapid rotatron of the rmg about the metal-ring 
axrs ro8 . The cis Isomer of an octahedral structure could account for the four different 
methyl resonances but supporting evrdence is quoted which favors an eight-coordinate 
dodocahedrai arrangement with the cyclopentadrenyl ring assumed to occupy a trrangular 
face in forming ‘hree rr bonds to zuconium ‘Os. A number of potentrally detectable 
isomers are possrble based on the higher coordination number but no isomerrzatron was 
detected 108*10g _ That the (n-C* H5)Zr(acac)* Cl is sufficrently stereochcmrcally ngrd at 
room temperature to observe non-equivalence envrronments for the methyl protons rs 
surprrsmg in contrast to the smgle methyl resonances observed ro2 for Zr(acac)* Cl2 and 
Zr(acac)a Cl at temperatures as low as -130°C For (n-C, H5 )Zr(bzac)2C1 at least four 
isomers were observed ro8 but due to the unsymmetric hgands these could result from 
an octahedral geometry as well as a dodecahedral geometry. 

The lgF NMR spectrum of (n-C, H5)Tr(hfa)2C1 has been found rag to exhrbrt two 
sets of four equal-intensrty hnes, with one set relatively weak Each set was assigned to a 
different rsomer. The exrstence of Isomers wrth each having all -CFa groups non-equrva- 
lent rules out octahedral coordmation since a trans Isomer would have all four -CF3 
groups equivalent. The above two specres were nevertheless covered m this section due 
to their stoichrometry. 

(vi) Octahedral complexes invoZving unsymmetr&aZ /3-dlketonates and monodentate 
ligands : M(ABjz X2 and M(AB)? XY 

Complexes of the form M(AB)aX2 have five possrble geometrical isomers (see 
Frg. 24) three with the two X hgands cis to one another, and two wrth the two X hgands 
trans to each other. The cis-X isomers each have optrcal antrpodes but the trans-X 
rsomers do not. 

The NMR spectra of Co(macac)zN02py and Co(prac)2N0,py m D,O have been 
found consistent with those expected for a mixture of the Pa&X-Y)cis(A)-czs(B) 
and tran.s-(X-Y)-Pans(A)-tram(B) rsomers 82 No geometrrcal isomerizatron is noted at 
room temperature 

Vanable temperature proton and fluorine spectra of Tr(bzac), F2 m dichlorome- 
thane have been reported g3. These spectra are shown in Figs 25 and 26 respectively 
Lmes 1,2,5 and 6 of the fluorme spectra are asslgned to an AB pattern due to the non- 
equivalent fluormes in the cis(F)cis(bz)cis(Me) Isomer. Lmes 3 and 4 were assigned to 
the other two Isomers with cis fluorines on the basrs that the Tr(acac)2X2 exists exclu- 
srvely m the cis fluorme configuratron 111 drchloromethane. The variable temperature 
proton NMR spectra at low temperatures exhrbits four lmes assrgned to the four non- 
equivalent methyl groups of the three isomers which have fluorme atoms m cis posrtrons 
The lme broadenmg and coalescences are in both cases attrrbuted g3 to lsomerlzahon 

among the three c&(F) isomers wmch averages both the four nonequivalent fluorine 
srtes and the four non-equrvalent methyl environments Variable temperature proton 
spectra of Ti(bzac)* Cl; and Ti(bzac)* Br2 can be interpreted 93 in the same manner as 

Coord Cizem Rev.. 6 (1971’) 331-375 
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&Xl-cc(Ahis(Bl ~(X)-CQS(AI- m(B) E (Xl-trans(Al-cs(Bl 
2B EA IB IA 18 IA 
2rmg H. 2X I rmg H, IX I rmg H. IX 

w(X)-c&(A)-E(B) e(X)-trans(A)-trans(B) 

IB IA IB IA 

lrmg H. IX I rmg H, IX 

Ftg 24 The five geometrical isomers of an M(AB)zXz complex lllustratmg the number of different 
resonances possible for each tennmal group of the AB llgands and for X. 

the Tl(bzac)z Fz . The unphed simultaneous exchange of protons between all four environ- 
ments of the three cis-dlhalo Isomers would demand six mdependent, first-order rate 
constants to describe the four-site exchange process The relaxation times of the methyl 
protons of the Tl(bzac),X, complexes also appear to be temperature dependent g3 Es- 
tlmates of the rate constants of environmentai averagmg at the temperatures of coaies- 
cence were made g3 by approxnnatl n g the four-site exchange process by a two site pro- 
cess usmg the frequency separation between the centers of gravity of the hlgber and lower 
field doublets of the proton spectra The coalescence temperatures and estimated first- 
order rate constants for the exchange of methyl groups m Tl(bzac)z Fz , Tl(bzac)z Cl* 
and Tl(bzac)z Brz are g3, respectively, -37”C, 20 set-’ , -24”C, 25 see-’ ; and -3 1 S”C, 
30 set-’ . By use of the activation ener@es of the correspondmg Ti(acac)*Xz complexes, 
the rates were extrapolated to -3 1 .S°C for comparison of the effect of the halogen on 
the rate, gwing 35, 12 and 30 set-’ , respectively. 

Me twists about any of the four axes reverse the chirallty of the chelate rings, 
a twist about only one axis cannot exchange the methyl groups between all four environ- 
ments. Twists about a smgle C3 axis, therefore, cannot be used mechamstlcally to explain 
the coalescence of the four methyl resonances. Furthermore, this could not account for 
the collapse of all SIX hnes in the fluorine spectra of Tl(bzac)? F2, wluch demand the 
exchange of fluorme between all four non-equivalent sites of the three cis-difluoro isomers. 
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Fig 25. The coalescence of tie methyl proton resonances of Tl(bzac)tF2 m &chloromethane (Ref 93, 
courtesy of Inorgamc Chemistry) 

The possrbrhty of a combmatron of twists about different axes can account for the observ- 
ed coalescences, however, and therefore, a definite chorce between twrstmg mechamsms 
and mtramolecular bond - rupture processes IS impossrble. Fig 27 shows a combmatron 
of twists about two of the four possible Cs axes which can account for the observed re- 
sults The 180° rigid rotatrons of the entire molecule are grven to orrent the two C, axes 
perpendrcular to the plane of the paper before each step 

The NMR spectrum of Ge(Bzac)2C12 shows non-equivalent methyl groups at room 

temperature 84 and has been mterpreted in terms of a mixture of the three cis-drchloro 
isomers, The chelate rings of the germanrum complex must, therefore, undergo configura- 
tronal changes more slowly than those in the correspondmg titanmm complex The room 
temperature spectrum of Ge(dhd)2 Cl2 exhibits resonances assrgnab’le to a mrxture of the 

three czk-drchloro and two trans-drchloro Isomers ~3’. 

Coord. Chem. Rev, 6 (1971) 331-375 
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-46O 

Fig. 26. The coalescence of the fluorme resonances of TI(bzac)2Fz m dddoromethane (Ref 93, 
courtesy of Inorganrc Chemrstry). 

(vii) Other coordination numbers 

(a) FourTcoordinate complexes 

Complexes wth four points of attachment to the central metal would be expected 
to assume either tetrahedral or square planar geometnes Compounds of the form 
M(AA)2, M(AA)(BB), M(AA)(BC), M(AA)X, , M(AA)XY or M(AB)Xa , do not have any 
optical or geometrical isomers. 

Tetrahedral complexes of the form M(AIQ2, M(AB)(CD), and M(AB)XY will have 
optical antipodes but no geometrical rsomers. Square planar complexes of these same 
structures have two geometrical isomers but nerther geometrical form has optical activity_ 

Tetrahedral structures have been confmed for such complexes as Be(bzac)2 by 
partial resolution of diastereorsomers by preferential absorption on optically active 
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as- cc-lrans-A&) cis-cis-crs-A(C2) cis-cls-cis- A K2) 

twist 
(axIs b) 

Ph 

cts-cis-tram-A(C2) 

Tl twst 
(ax15 b) 

cls-trons-cis- -4 (C,) 

rIgId 
rot 

I 

Ph 

~-cIs-cIs-A(C~) CIS-CIS-CIS-A(C2) c*- tram-os-A tC,l 

l+g 27. Combmations of tests about axes b and c of Fig 8 lllustratmg the exchange of nuclei between 
all non-equwalent environments for Tl(bzac)2X2 Numbers label methyl groups and halogen atoms. 
letters mdlcate non-equivalent environments (Ref 93, courtesy of Inorganic Chemistry) 

quartz 110 or sodium chlorate crystals ” ’ Certam bls @-dlketonate) complexes as those 
of Iron(I1) II2 have been found to be polymenc, however Wle application of NMR to 
stu&es of rearrangements of tetrahedral complexes IS not possible, It 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, d much slower, by followrng mtenslty changes of peaks assigned 

to drfferent isomers over a perxod of time 

(b) Five-coordinate complexes 

The his @dlketonato)oxovanadmm(IV) comnlexes have been shown 1 l 3 to have X_ ~~ 
structures wluch are nearly square pyramidal m the crystallme state Complexes with 
symmetric chelate hgands cannot have geometrical or optical Isomers but with unsym- 

metric hgands, complexes of the form VO(AB), have both cis and trans forms with the 

trans form having optical antrpodes. Attempts to resolve VO(bzac)2 and VO(tfa), have 

Coord. C/rem. Rev, 6 (1971) 331-375 
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Fig. 28 The pentagonal-blpyradal structure of a (IPC~HS)M(A& complex IllustraMg the four 
dtfferent envuonments of the termrnal groups of the chelate kgands 

F:g. 29 The coalescence of the fluorme resonances of (rrCsHs)Zr(hfa)s m methylcyclohexane at 
50 - 90°C and acetone at the lower temperatures The spectra of tbe complex have been ahgned ver- 
UcaUy although the chemical shifts differ appreciably m the two solvents (Ref 109, courtesy of the 
Journal of the Amencar. Chemical Society) 

not been successful, however ri4. For some five-coordinate systems NMR may be of great 
use m identrfying the czs and tram forms and m some cases rt m&t allow estrmatron of 
rates_ 

(c) Seven-coordinate complwes 

Zirconium(W) and hafnium(IV) complexes of the form M(acac)sX (X = Cl, Br, or 
when M = Zr, I) have been prepared and characterized lo2 All reasonable seven-coordmate 
M(acac)sX structures have two or more non-equrvalent methyl groups, but only one trme- 
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averaged peak was observed even at temperatures as low as -130°C. This would indicate 

that the complexes undergo raped configuratronal rearrangements of some type. 
NMR and X-ray studws on (n-C5 Hs)Zr(hfa), h ave led to formulation of pentagonal- 

brpyramidal geometry log _ It IS noted that wlule the n-cyclopentadrenyl group may be 
considered tndentate, rt 1s convement to regard rt m this case as occupymg a single coor- 
dination position. The s-Cs Hs group does occupy a larger share of the coordrnatron 
sphere than typical hgands log as it 1s found to displace the equatorial bgands 10” below 
the plane of pentacoordination From pentagonal-bipyrzmidal geometry (see Fig 28) one 
can predict four lmes of mtensrty ratio 2 2 1.1 m the flnorme spectra The two lines of 
double intensity would be due to the termmal groups mdicated by double prime and 
triple prime m Fig. 28 and the single intensity lmes to the fifth equatonal group (single 
prime) and the axial group The four lines wrth the proper mtensrtres are observed log 
at -30°C m acetone. With mcreasmg temperature the more intense pan due to totally 
equatorial ligands is averaged first (see Fig 29) Only above thrs coalescence temperature 
of +50°C does the less intense parr of bands become mvolved Those spectra at 60 and 
+90°C in Frg 29 are of the complex m methylcyclohexane with the spectra aligned ver- 
trcally, although there 1s an appreciable chemical shrft drfference m the two solvents The 
apparently slower averaging of the fluormes on the chelate ring bridging the axial position 
is noteworthy 

Both the proton and rg F NMR spectra of (PC, Hs)Zr(tfa), at room temperature 
show that two isomers are present rag m a ratio of ca. 3 2 These isomers differ m the 
orientation of the tfa hgand bndgmg the axial and equatonal posrtrons, 1 e , the -CFs 
can be equatorial or axial, leading to two lg F resonances_ The envrronmental averaging 
of both the methyls and the tnfluomethyls of the totally equatorial hgands is rapid at 
room temperature r e , each Isomer shows one “F resonance for the totally equatorial 
hgands with twice the intensity of the CFs resonance of the unique hgands. Each of the 
two isomers is thus characterrzed by two peaks m a 1 2 intensity ratio for both the CHs 

and CFa groups log 

(d) Eight-coordinated complexes 

For a square antiprismatic structure, a number of structural isomers can be rrnagr- 
ned 1 1 ‘sl I6 Even for complexes with four identical, symmetrrcal, brdentate hgands there 
are three isomers as pictured m Fig 30. For the less symmetrical dodecahedron there 
would be twice as many stereoisomers ” ‘. With combmations of different ligands and 
unsymmetrrcal ligands many more possrbrlitres exrst. In the solid state there are examples 
of both square antrpnsmatrc geometry, such as Zr(acac), ’ “, and dodecahedrons, such as 
Cs[Y(hfa)4] ‘l*_ 

Fluorme NMR studies 11’ of benzene solutions of eight-coordmate zrrcomum(IV), 
hafnium(IV), cerrum(IV) and thonum(IV) P-drketonates whrch are eqmhbrmm mrxtures 
-C~‘ILC_\ /____\ /__ - n A\_l..,..._^,..,-_ 19c_.._--..___- ___I- C__.,I*C_\ Ill&f_\ “1 m[Ua,~\acac,&+~ \x - ” - ‘t, sII”W “my “llG r I~S"lliiuc;t: t-ac;,, 1ur N,\LL",q, IW(L"iL,~ 

(acac),MWhf acac), and M(tfa)(acac)s . If the eight-coordmate structures were stereo- 

chemically rrgrd, one would expect a larger number of hnes due to geometrical isomers 
and nonequrvalent -CFs environments for at least the first three of these stoichiometri- 
tally drfferent complexes. Even at temperatures as low as -105°C m acetone, attempts 
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Fig 30 Structural Isomers of an M(AA& complex having a square antxprtsmattc structure 

to detect geometrrcal isomers of M(tfa), complexes by NMR have been unsuccessful. Thrs 
would mdrcate that Group IVb @-d&etonate complexes undergo very rapid mtramolecular 
rearrangements_ Accrdental degeneracres of resonances or exrstence of only one Isomer 
of each complex are not hkely explanatrons. At hrgher temperatures the r9 F NMR lines 
due to the Th(tfa)X(acac)4_X (X = 1 - 4) species coalesce due to mtermolecular hgand 
exchange between the various storchrometncally different species r * 9. 

Proton NMR spectra lzo of benzene solutrons of eqmhbnum concentrations of 
these same mrxed hgand complexes (where M = Zr or Hf) exhrbrted only one acac methyl 
resonance and one tfa methyl resonance for each storchrometrically drfferent molecule 
containmg those ligands. Thrs also suggests raprd mtramolecular rearrangements for each 
molecule. At higher temperatures all acac methyl peaks coalesce (see Rg 3 1) as do all 
tfa methyl resonances indicatmg rapid intermolecular l&and exchange The rates of ex- 
change of tfa and acac were found to be of the same order of magnitude. 

-I.85 -I 80 -I 75 -170 -I 65 -I 60 

CHEMICAL SHIFT (PPm) 

Rg 3t. The coalescence of the methyl proton resonances for a Zr(tfa)x(acac)4_x (x = 0 - 4) mixture 
m benzene. (Ref. 120, courtesy of Inorgamc Chemistry). 
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The proton NMR spectra of Th(dbm)r and U(dbmk in chloroform both mdicate 
that either all of the phenyl rings are equivalent or undergo rapid environmental averag- 

mg 121 
Y(hfa),(tfa).& ions (x = 0 - 4) m equrhbrium concentratrons as formed from the 

parent tetrakis complexes m CD& were found t** to exhrbit erght 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 m each of the ions in whrch rt occurs. The presence 
of only e&t absorptions, none of which show any sphttmg or assymmetry in shape, would 
indrcate agam that the rate if intramolecular mterconversron of the Isomers of each ran is 
fast enough to average the environments. With mcreasmg temperature the resonances of 
the storcluometncally drfferent ions merge untrl 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 equally rapidly for both hfa and tfa, 
the two drfferent hgands are apparently exchangurg at approxrmately the same rate. 

Whde twrstmg mechamsms can account for rapid intramolectilar rearrangements, 
it seems more likely that bond rupture processes produce the rearrangements in view of 
the extreme labrlity of the bonds evidenced by the rapid mtermolecular exchange. Since 
intramolecular isomerizatron 1s faster than mtermolecular rt 1s not possrble definitely to 
eliminate twisting modes altogether as they could well contribute to the faster rearrange- 
ments. 

D. SUMMARY 

While kinetic studres of raped geometrical and optical rsomerrzatron of octahedral 
complexes of fl-drketonates by NMR have proven feasible, data thus obtained, combined 

wrth other rate mforrnatron avarlable, are only sufficient to mdrcate some very general 
trends. Comparrsons are of necessity based on studies mvolvmg different condrtrons such 
as solvent and temperature 

In terms of the effect of the /3-drketonate hgands on the rate of intramolecular 
rsomerization, systems involvmg the followmg hgands undergo rsomerrzatron in the decreas- 
mg order of rates : hfa > tfa > acac > thd > bzac > dbm One mrght expect dun and dhd 
to fall between acac and thd. 

For octahedral systems havmg three brdentate hgands the rates of rearrangement 
decrease in the following order: Con > in” > Gam > Al” > Cour > Cr” > Rhm For 
octahedral systems which also mvolve monodentate hgands the rates decrease as foilows 
Zrw = Hfiv >> TrrV > SnIV = Genr. L&and exchange competing with the rearrange- 
ment may affect the order in some cases 

The rates of rearrangement of complexes of P-drketones which also involve mono- 
dentate hgands have been found to be affected by the nature of the monodentate hgand 

The rate of rearrangement of compiexes hivoivmg iiahdes decreases in the order F > Et > 

Cl. Studies made on chelate complexes contaming varrous organooxy hgands suggest that 
the rate of rearrangement decreases with increased size of the oxyanion and increases 
wrth increased electronegativrty of these monodentate hgands. 

As yet there has been no completely defmtrve experiments wbrch completely rule 
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out a bond rupture or twrst mechanism for rearrangements of p-drketonates In all likh- 
hood no single mode of erther a twist or bond rupture mechamsm 1s operatrve to the ex- 
clusion of all other modes in a gwen stereochemical rearrangement 

There are certain to be future extentrons of NMR methods drscussed here to other 
than ortahedral geometries_ Paramagnetrc systems are also expected to be more thoroughly 
examined. Magnetic resonance of the central metal atoms might also prove to be of me- 
chanistrc mterest 

It IS hoped that thrs revrew wrll pomt out that the potentral of NMR m dynamic 
studres of complexes may well be as vast as Its structural apphcatrons have proven to be 

ACKNOWLEDGEMENTS 
, 

The authors are mdebted to Drs. T J Pmnawa and R-C. Fay for preprmts and 
Dr_ C-S_ Sprmger, Jr. for many helpful suggestlons and comments 

ADDENDUM 

In the time smce thrs review was submitted a number of srgmficant papers have 
appeared and a number of additional preprints have been received. In an attempt to make 
thrs revrew as current as possrble the followmg are called to the reader’s attention 

R.C. Fay, A-Y. Glrgrs and U. KIabunde, Stereochenncal rearrangements of metal tns-@-dtketonates. 
I. Partral resolutton and racemlzatron of some tn.+acetylacetonates. J. Amer Clzem Sac , 92 (1970) 
7056. 

D.A. Case and T.J. Pmnavara, Kmetrcs of stereochemrcal r earrangements for mrxed p-drketonates com- 
plexes of aIummum(III),Inorg Chem , 10 (1971) 482. 

T-3. Pmnavara, W.T. CoIhns and J J. Howe, Trrorganosrbeon acetylacetonates. Cnol ether isomerism 
and stereochemlcal labdlty, J Amer. Chem. Sot , 92 (1970) 4544 

L H Prgnolet and R H. Helm, Complexes contaming the Fe-Se core with unusual magnetrc, electro- 
cf\imtcaI and stereochemrcal properties, J Amer Chem SIX, 92 (1970) 1791 

J G Gordon and R H Holm, IntramoIecular rearrangement reactrons of trrs(chelate) complexes 
1. General theory and the kmehcs and probable mechamsm of the rsomerrzatron and racemrzatron 
of trts(5-methylhexane-2,4-dronato) cobaIt(III), J Amer Chem Sot, 92 (1970) 5319 

A-Y. Gugis and R-C_ Fay, StereochemIcal rearrangements of metal tns-pdlketonates II Kmetlcs and 

mechanism of geometrlcal Isomerlzatlon, optical mverslon and hgand exchange reactlons of cobalt 
(III) benzoylacetonate,J. Amer. Chem Sot, 92 (1970) 7061. 

R C. Fay and R N Lowry, Preparatron and characterrzatron of dudobrs(acetylacetonato)trtannrm(IV), 
Inorg. Chem, 9 (1970) 2048 

JJ. Howe and T.J. Pmnavara, Kmetrc and mechanrsttc studres of stereochenucal re arrangement processes 
for trls (&drketonato)-a-cyclopentadrenylztrconium complexes, .f Amer. Chem Sot , 92 (1970) 7342. 

R.B. VonDreele, J J Sterowskl and R C Fay, The crystal and molecular structure of chIorotrrs(acetyl- 
acetonato)zrrconnnn~IV), submrtted for pubhcation 

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

H Wemgarten, M G Miles and N K Edelmann, The structure and lab&y of some new titanmm(IV) 
complexes, Inorg Gem , 7 (1968) 879 

F N Tebbe, P. Meakhn, J P. Jesson and E L. Muetterttes, Stereochemrcally non-rtgrd stxcoordmate 
hydrides,,, Amer. Chem. Sot.. 92 (1970) 1068 
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