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Abstract—The octahedral tris-chelate complexes [M(tta);] (M = Al", Gal"'; tta = 2-
thenoyltrifluoroacetone or 4,4,4-trifluoro-1-(2-thienyl)-1,3-butanedione) were isolated as
mixtures of cis- and trans-isomers. Their fluxionality in solution was measured by ’F NMR
two-dimensional exchange spectroscopy and one-dimensional bandshape analysis. Rates
of exchange between all four fluorine signals for a given temperature imply a common
transition state for both the cis—trans isomerization and the A—A racemization processes. A
bond rupture mechanism involving a trigonal bipyramidal or, more probably, a square
planar transition state structure with a pendant axial ligand is proposed for the fluxion.
The indium(IIT) complex [In(tta),] was also prepared but its fluxionality was too rapid to
be followed by '’F NMR spectroscopy. Activation energies [AG* (298.15 K)] for the fluxions
were 89.8+0.3 (Al'") and 75.440.2 kJ mol™' (Ga™). 'H and "F NMR data for the
octahedral complex [Co(tta);], and the tetrahedral complexes [Be(tta),] and [Zn(tta),] are

also reported.

The study of the fluxional behaviour of metal che-
late complexes in the 1960s established NMR spec-
troscopy as an exceedingly powerful technique for
probing stereochemical non-rigidity in molecules.
Many classic dynamic NMR (DMNR) studies were
made during the period 1960-1975 and those
involving metal tris-chelate complexes have been
reviewed in detail by Holm' and by Serpone and
Bickley.? These early studies to identify the

*Dedicated to Eddie Abel, a greatly valued friend,
collaborator and colleague.

t Author to whom correspondence
addressed.

should be

fluxional mechanism(s) operating in such com-
plexes usually depended on accurate total band-
shape analyses of complex 'H NMR spectra.
However, Fay and Piper** demonstrated the advan-
tages of using "F NMR over 'H NMR spec-
troscopy when the chelate ligands contained
fluorine atoms, as in the case of the metal complexes
of 1,1,1-trifluoro-2,4-pentanedione  (tfac-H),
namely [M(tfac);] (M = Al™, Ga™ and In'"). How-
ever, these authors did not attempt any accurate
treatment of the 'F NMR bandshape changes with
temperature and so were unable to deduce whether
the rates of cis—trans isomerization and A-A race-
mization of these complexes were equal or not. A
later study® on [Al(tfac);] and [Ga(tfac),] utilizing
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'H total bandshape analysis of the ligand methyl
signals was no more accurate as the bandshape
changes were subtle and difficult to fit, even on
the basis of a single magnitude of exchange rate
constant for any given temperature (i.e. on the
assumption of equal rates of isomerization and
racemization). Without a precise knowledge of
both rate processes little can be deduced about the
mechanism of the fluxional rearrangement.

We have now employed the modern DNMR
technique of two-dimensional exchange spec-
troscopy (2D-EXSY)®?® to measure rates of iso-
merization and racemization independently over a
range of temperatures and can now offer more
definitive conclusions on the activation energies and
mechanism of the non-rigidity in some unsym-
metrical tris-chelate complexes. The complexes
chosen for study are those of 2-thenoyl-
trifluoroacetone (tta-H) and DNMR data are
reported on the octahedral complexes [M(tta);]
(M = Co, Al, Ga and In), where cis and trans forms
are possible (1).

We also report some 'H and “F data on the
tetrahedral complexes [M(tta),] (2), where no iso-
merization is possible.

A wide range of metal complexes of tta are
known, literature references to their previous prep-
arations being given in the Experimental section
(see later). Crystal structures of the tris octahedral
complexes [M(tta);] (M = Fe!° In'!® and Ru™ °)
have been reported but no studies made of their
fluxionalities. In this present work, 'H and “F
NMR data are also reported for the four-coor-
dinate tetrahedral complexes [Be(tta),] and
[Zn(tta),] (2), which cannot undergo any detectable
fluxionality. The crystal structures of the analogous
trans planar complexes [Pd(tta),]'! and [Cu(tta),]"
have been described. In all the above-mentioned
complexes, the tta ligand functions as a bidentate
chelate ligand. However, there has also been a
report of a complex which contains a bidentate tta
and monodentate tta in the same structure, namely
[Cu(2,2’-bipyridyl)(tta),]."* This is a square pyr-
amidal, five-coordinate complex in which the mon-
odentate tta occupies the axial position.

EXPERIMENTAL
Materials

2-Thienyl-4,4,4-trifluoro-butane-2,2-dione ~ (2-
thenoyltrifluoroacetone) (tta-H) was used as sup-
plied (Aldrich; m.p. 43.3-43.8°C, lit."* 42.5-
43.2°C). The complexes were made by reported pro-
cedures and characterized by melting points (Table
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1) and IR spectra. [Co(tta),] was prepared from
Na;[Co(COs);]* 3H,0 by a method similar to that
used by Bauer and Drinkard '® for [Co(acac),], and
by Gordon and Holm'®* to make [Co(Me,
CHCOCHCOMe),]. The tta complexes of Be!,!"!®
Zn'" AIM 222 gnd In'™ %»?* were made by the
general method® of treating a metal salt with
the f-diketone in aqueous alcohol and buffering the
solution with sodium acetate. [Ga(tta),] was made
by a variation on the reported procedure? in which
an aqueous solution of the potassium salt of tta-H
was added to a solution of gallium trichloride in
ethanol. The complex precipitated from the aque-
ous alcoholic solution.

Spectra

All IR spectra of the complexes were recorded as
KBr discs on a Nicolet Magna 550 FT-IR spec-
trometer in the range 4000400 cm ™.

All NMR spectra were recorded on a Bruker
ACF-300 operating at 300 and 282 MHz for 'H and
F nuclei, respectively. Spectra of the complexes
were recorded as solutions in CDCl;,
CDCl,* CDCl, or CD,Cl, (see Table 2). 'H NMR
shifts are expressed relative to Me,Si (6 = 0) and
1F shifts relative to C¢F¢ (6 = 0). The Z’Al spectrum
recorded for [Al(tta),;] was measured at 78.2 MHz.
The %Al shift was calculated relative to
[AI(H,0)¢]** (see Table 2). '°F 2D-EXSY spectra
were obtained with the Bruker automation program
NOESYPH with the pulse sequence DI1-90°-D0-
90°-D9-90°-FID. The relaxation delay D1 was 2.0
s and the evolution time had an initial value of
3x 10~%. The mixing time D9 () was varied as
shown in Table 3 between 0.1 and 3 s depending on
the complex and temperature. The sizes of both
frequency domains F1 and F2 were 512 words. The
spectral width was 124 Hz and the number of pulse
sequences per experiment was 16. Data processing
incorporated a Gaussian window function in both
frequency dimensions. Signal intensities in the two-
dimensional contour plots were measured by row
integration, averaging values of the four most
appropriate rows. Rate data were computed using
the authors’ D2DNMR program.”® NMR probe
temperatures were varied using the standard B-VT
1000 accessory. Quoted temperatures are accurate
to ca+ 1°C. NMR bandshape analyses were carried
out with the authors’ version of the standard
DNMR3 program of Kleier and Binsch.”’

RESULTS

All the tris-chelate octahedral complexes (1) were
characterized by melting points (Table 1), IR spec-
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Table 1. Synthesis and melting point data for [M(tta),] complexes

Yield Recrystallized M.p. (°C) M.p. (°C)®
Complex” (%) from
[Co(tta)] 94 toluene 204 188-189%°
[Be(tta),] 29 ethanol 169.5-171.5 164;"7 169-170%
[Zn(tta),] 91 ethanol 184-190
[Al(tta)) 33 toluene-light petroleum 205 203-205 ;* 203-204%
[Ga(tta),] 76 toluene-light petroleum 183-185
[In(tta),] 49 toluene-light petroleum 164-165 159 164.6+0.8°

“See Experimental section for preparative route.
® Superscripts give literature references.

Table 2. Static 'H and 'F NMR chemical shift data® for [M(tta),] complexes

'H shifts, 6°
F shifts, 6
Complex Solvent H(@3) H@4) H(5) CH(CO) CF,
trans-[Co(tta),] CDCl, (‘H) 7.841 7.132 7.665 6.574 88.55
(CDCly), (F) 7.816 7.103 7.643 6.548 88.51
7.794 7.097 7.619 6.548 88.37
cis-[Co(tta)s] (CDCl), — — — — 88.71
[Be(tta),] CDd(l, 7.95 7.20 7.78 6.58 —
[Zn(tta),] CD(l, 7.86 7.18 7.73 6.45 —
trans-[Al(tta);]¢ CDC], (‘H)* 7.874 7.169 7.725 6.479 86.11
(CDCL), (*F) 7.856 7.141 7.704 6.476 86.09
7.842 7.135 7.670 6.466 85.94
cis-[Al(tta)s) (CD(l,), 7.858 7.163 7.691 6.479(7) 86.26
trans-[Ga(tta),] CDCI, (‘H) 7.885 7.180 7.751 6.447 86.78
CDCL,(°F) 7.864 7.150 7.720 6.442 86.76
7.855 7.147 7.700 6.431 86.66
cis-[Ga(tta);) CDCl, 7.870 7.176 7.729 6.45 86.85
cis/trans-[In(tta);} CDCl, ('H) 7.85 7.15 7.71 6.40 87.19¢

CD,CL (°F)

“Data recorded at 300 K except where otherwise stated.
?Relative to Me,Si (6 = 0). All thenoyl hydrogen signals are doublets of doublets with >J,; ~ 5 Hz, *J,, ~ 4
Hz and *J;5 ~ 1 Hz. All olefinic hydrogen signals are singlets.

“Relative to CF¢ (6 = 0). All signals are singlets.

427A] spectrum also recorded. One signal (half-height width ~ 200 Hz) detected at § = —3.8+0.2 relative to

[AI(H;0)¢]>* (assuming EZ ref. = 26.057 MHz).
¢'H data measured at 0°C.
/Data refer to exchange-averaged cis—trans species.
7 At —100°C. Signal half-height width ~7 Hz.

tra and 'H/"F NMR spectra (Table 2). The bis-
chelate tetrahedral complexes (2) of Be" and Zn"
were characterized by 'H NMR spectroscopy.
Whereas these four-coordinate complexes do not
display any structural isomerism, the unsym-
metrical tris-chelate complexes can exist as both cis-
and trans-isomers. NMR allows immediate dis-
tinction between these forms by virtue of their
different symmetries. In the cis-isomer all three

ligand environments are equivalent and therefore
corresponding nuclei in different ligands are iso-
chronous, whereas in the trans-isomer all three
ligands are non-equivalent and sets of three ‘H or
F chemical shifts ensue.

The 'H spectra of the complexes [M(tta);]
(M = Co"™, A", Ga" or In") possessed distinctive
features depending on the transition metal. In the
case of Co", the trans-isomer was predominant in
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Table 3. Rate constants (s~')? for isomerization/racemization of [M(tta),] complexes derived from '"F NMR 2D-

EXSY experiments
Temp. (°C) Mixing time ¢,, (s) k. ks, kg, k,s® ki, ks, <kH*
[Al(tta),]
55 1.0 0.036 0.035 0.038 0.109 0.031 0.029 0.035
20 0.037 0.037 0.039 0.088 0.033 0.031
3.0 0.040 0.038 0.037 0.072 0.032 0.029
60 0.5 0.047 0.051 0.047 0.230 0.049 0.052 0.052
1.0 0.052 0.053 0.056 0.138 0.053 0.047
2.0 0.054 0.052 0.053 0.113 0.057 0.052
70 0.5 0.145 0.148 0.151 0.534 0.149 0.139 0.146
1.0 0.144 0.152 0.152 0.366 0.145 0.135
2.0 0.152 0.158 0.142 0.280 0.144 0.141
75 0.2 0.215 0.274 0.247 1.115 0.239 0.180 0.233
04 0.221 0.261 0.242 0.841 0.240 0.203
0.8 0.243 0.255 0.232 0.563 0.235 0.226
80 0.1 0.340 0.399 0.295 2.692 0.492 0.306 0.359
0.2 0.321 0.376 0.335 1.766 0.435 0.333
04 0.336 0.345 0.327 1.098 0.394 0.348
[Ga(tta),]*
0 20 0.021 0.022 0.026 0.039 0.024 0.022 0.03
10 2.0 0.093 0.096 0.093 0.093 0.086 0.091 0.09
1.0 0.086 0.081 0.086 0.098 0.077 0.084
0.5 0.057 0.064 0.079 0.086 0.062 0.078
19 0.8 0.145 0.183 0.181 0.196 0.160 0.174 0.18
04 0.134 0.166 0.178 0.275 0.182 0.153
30 0.1 0.69 0.65 0.67 1.16 0.59 0.70 0.69
0.2 0.64 0.67 0.60 0.96 0.60 0.65
04 0.60 0.63 0.64 0.77 0.63 0.62

“See Fig. 4 for definitions of rate constants.

®Inaccurate value due to integration error of the two close signals 2 and 3 and not included in the averaging

procedure.
¢ Averaged rate constant.

4Isomer populations, cis 16%, trans 84%, approximately temperature independent.

¢ Isomer populations, cis 13%, trans 87%.

solution as revealed by the three sets of chemical
shifts associated with the thienyl ring hydrogens
and the methine hydrogen. The thienyl signals
appeared as doublets of doublets due to spin—spin
coupling with other ring hydrogens, whereas the
methine hydrogens were singlets. No evidence of
any cis-isomer was found in the "H spectrum of
[Co(tta)s], but its F spectrum (see later) did indi-
cate a very low population of cis-species. Cis-iso-
mers were present to greater extents (ca 13-16%)
in the solution 'H spectra of the Al'! and Ga'
complexes. The high resolution spectrum of
[Ga(tta);] in CDCl; at 0°C is shown in Fig. 1. It
consists of four overlapping AMX spin systems for
the thienyl hydrogens. The dominant signals are
again due to the trans-isomer but the less intense
signals due to the cis-isomer can also be identified
unambiguously. The assignments of the signals due
to the H(3) and H(5) thienyl hydrogens in struc-
tures 1 and 2 were not obvious immediately. The

assignments given in Fig. 1 and Table 2 are based
on a nuclear Overhauser enhancement (NOE)
difference experiment® on a solution of the
[Be(tta),] complex, where a strong enhancement
due to cross-relaxation was detected between the
methine hydrogen and the highest frequency thienyl
ring signal, which was therefore assigned to the
H(3) hydrogen. This assignment, which was in
agreement with an earlier one based on an INDOR
experiment,'” was assumed valid for all the tta com-
plexes studied, as the ligand geometry is unlikely to
change drastically for different metal coor-
dinations.

The observation of separate 'H signals for cis-
and trans-isomers indicated that any isomerization
was slow on the "H NMR chemical shift time scale
at ambient temperatures. Some slight dynamic
broadening was detected in the spectrum of
[Ga(tta);] at room temperature and cooling to 0°C
was required to produce a true “‘static” spectrum
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Fig. 1. 300 MHz 'H NMR spectrum of [Ga(tta),] in CDClI, at 0°C. Signals due to minor cis-species
indicated by arrows.

(Fig. 1). The case of [In(tta);], however, was quite
different, with a single set of signals for thienyl
and methine hydrogens indicating rapid cis—trans
isomerization (Fig. 2a).

All these findings were substantiated by the °F
spectra of these complexes. For the A" and Ga™
complexes, three equal intensity signals were
detected for the trans-species and a considerably
weaker signal, to higher frequency of the other
three, was ascribed to the cis-isomer. The spectrum
of the A" complex is shown in Fig. 3. In the case
of the Co™ complex, the cis signal constituted only
ca 1% of the total spectral line intensity. In the
spectrum of the In'™ complex (Fig. 2b) a single '°F
signal confirms the assumption of rapid cis—trans
isomerization. The major advantage of using "*F
NMR over 'H NMR in distinguishing between cis-
and frans-isomers and following their inter-
conversions was made originally by Fay and Piper**
on [M(tfac);] complexes, and is confirmed here for
the analogous [M(tta);] complexes. Whereas 'H
chemical shift distinctions between corresponding
signals of cis- and trans-isomers are only of the
order of 0.01-0.03 ppm, in their '°F spectra such
distinctions are approximately 10-fold greater, i.c.
F signal spreads are 0.1-0.15 ppm (Table 2). A
further advantage is that all '°F signals of the ligand
CF; groups are non-overlapping singlets and this
allows the application of the 2D-EXSY technique

for measuring rates of exchange between the set of
F signals.

Isomerization/racemization of [M(tta),;] complexes

The temperature variation of the "°F spectra of
the [M(tta);] complexes depended greatly on the
nature of the transition metal. In the case of
[Co(tta),], warming a (CDCl,), solution of this
complex to ca 140°C led to an increased percentage
of the cis-isomer to ca 17%. Some signal broad-
ening was also detected but this was attributed to
dissociation rather than isomerization/
racemization, since on cooling the sample back to
room temperature a free ligand CF, signal appeared
at 4 86.17. These observations confirm the expected
stereochemical rigidity of Co™ complexes.' Any iso-
merization/racemization which occurs is too slow
to be measured by variable temperature NMR on
an equilibrium isomeric mixture. A time-dependent
NMR study of the rate of change of either pure cis-
or trans-isomers would be required, analogous to
that performed by Fay and Piper.*

F NMR spectra of solutions of [Al(tta);] and
[Ga(tta);] displayed exchange broadening on
warming, leading to eventual coalescence and
sharpening of all four “F signals. These changes
were associated with combined iso-
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Fig. 2. (a) 300 MHz 'H NMR spectrum of [In(tta),] in CDCl; at 300 K. (b) 282 MHz 'F NMR
spectrum in CD,Cl, at 173 K.

trans

cis

T T
3 86.3 86.2 86.1 86.0 85.9
Fig. 3. 282 MHz '°F NMR spectrum of [Al(tta),] in (CDCL,), at 300 K.

merization/racemization, and rates were measured The "F spectrum of [In(tta),] in CD,Cl, solution
accurately as described below. consisted of a single signal down to a temperature



Kinetics of trisbidentate chelate complexes

of —100°C (Fig. 2b), indicating rapid fluxional
rearrangements which did not lend themselves to
quantitative measurement.

[Al(tta);]

The ambient temperature F spectrum of this
complex consists of four signals, numbered 14, as
shown schematically in Fig. 4. Signal 1 is associated
with the cis-isomer and signals 2—4 with the trans-
isomer. Exchange between these four signals is
defined in terms of six forward and six reverse rate
constants. [somerization rates are given by k,,, k5
and k,, (cis - trans), and by k,;, k;, and kg,
(trans — cis), these two sets being related by the
chemical equilibrium relationships p,k,, = p.k,,
etc. where p, and p, are the populations of sites 1
and 2, respectively. Racemization rates are given
by k;3, k24 and k54 or by ks, k4o and kg3, these sets
being equivalent as the populations of sites 2, 3 and
4 are equal. Rates of isomerization and race-
mization may be equal or unequal at any given
temperature. Previous studies on related unsym-
metrical tris-chelate complexes have been either
approximate or have relied on total 'H NMR band-
shape analysis to decide between combinations of
rate constants. This has often proved to be very
difficult because of the very subtle differences in
line shapes predicted for different cases. Previous
studies of Fay and Piper** and others*?! have sug-
gested a common transition state for both
processes, but this has not been proved. To test this
hypothesis it is necessary to show that, at a given
temperature, the rate of racemization of the trans-
isomer (as measured by the rate of exchange
between its three °F signals) is equal to the rate of
conversion to the cis-isomer. In other words, the
rate constants k,;, K,4, k14, k21, k3, and k4, need to

ks

£l

kg

ky

Fig. 4. Schematic representation of the isomerization and
racemization rate constants associated with the °’F NMR
signals of cis- and trans-[M(tta);] complexes.

QN7

be measured individually and shown to be equal
within experimental uncertainties.

This may be accomplished by 2D-EXSY “F
NMR experiments where exchange rates can be
deduced from the relative intensities of diagonal
signals and cross peaks in the two-dimensional
NMR contour plot.*® Such experiments were per-
formed on [Al(tta);] in (CDCL,), solution at five
different temperatures between 55 and 80°C. The
spectrum at 80°C is shown in Fig. 5. For each tem-
perature the mixing time chosen for the EXSY pulse
sequence was varied in order to test the repro-
ducibility of the data. The results are given in Table
3. It can be seen that all rate constants, with the
exception of k,;, are of very similar magnitude.
Values of k,; are invariably higher and this anomaly
can be traced back to the two-dimensional NMR
contour plots when the closeness of signals 2 and 3
cause their cross peaks to overlap slightly with the
diagonal signals and so reduce the accuracy of inte-
grations of these signals. It was therefore felt
entirely justifiable to omit values of k,; when aver-
aging the rate data for any temperature. Averaged
values, <(k)>, are given in Table 3. The values
obtained for the five different temperatures were
then incorporated in an Eyring plot (Ink/T against
1/T). A good straight line was achieved, which
enabled values of k£ to be extrapolated into the
higher temperature range (Table 4). One-dimen-
sional F spectra of [Al(tta);] were then recorded
in the temperature range ambient to 145°C and
total lineshapes fitted, with the DNMR3 program,
using the & values extrapolated from the 2D-EXSY
experiments. Excellent fittings of experimental and
computer-simulated spectra were achieved at all
temperatures (Fig. 6), confirming that at any tem-
perature a single magnitude of rate constant can
define fully the fluxionality occurring.

[Ga(tta);]

The same procedure for extracting rate data from
YF 2D-EXSY spectra was adopted for the Ga™
complex, the main difference from the A" study
being the temperature range over which measure-
ments were taken. The isomerization/racemization
process is more facile for Ga™ than for AI'™ and so
2D-EXSY spectra were taken in the below-ambient
temperature range 0-30°C (Table 3), and one-
dimensional bandshape analysis performed in the
range 40-110°C (Table 4). Again, k values based
on extrapolations of values measured by 2D-EXSY
experiments produced very good fittings of exper-
imental and theoretical lineshapes. In this case it
should be noted that all six rate constants obtained
from the 2D-EXSY spectra were included in the
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Fig. 5. 300 MHz 'H 2D-EXSY NMR spectrum of [Al(tta),} in (CDCL,), at 80°C. Mixing time ¢,, = 0.4s.

Table 4. Rate constants” used in the bandshape analyses
of the ’F NMR spectra of [M(tta);} complexes

[Al(tta);]" [Ga(tta);]!
Temp. (°C)  k(s7™H Temp. (°C) k(s
90 0.84 40 1.63
100 1.9 50 3.97
110 4.1 55 6.1
115 6.0 60 9.2
120 8.6 65 13.8
125 12.3 70 20.2
130 17.3 75 29.7
135 24.1 80 42.8
140 33.6 90 86.9
145 46.3 100 169.3
110 319.6

“Extrapolated values of 2D-EXSY-derived rate con-
stants (Table 2). Accuracy +10%.

Fittings of experimental and computer-simulated
spectra shown in Fig. 6.

‘Isomer populations, cis 15.3%, trans 84.7% (90°C)
changing to cis 16.8%, trans 83.2% (145°C).

?Isomer populations, cis 13.6%, trans 86.4% (40°C)
changing to cis 16.6%, trans 83.4% (110°C).

averaging procedure, as the k,; values appeared less
spurious than in the case of [Al(tta),].

DISCUSSION

The variation of exchange rate constants with
temperature enabled activation energy data for the
isomerization/racemization process for [Al(tta),]
and [Ga(tta);] to be calculated (Table 5). The AG*
value for [Al(tta),] was somewhat higher than the
previous approximate value based on the coales-
cence temperature at 115°C.*' The fluxional rates
of the Co™ and In™ complexes were outside the
range of NMR detection, being too slow and too
fast, respectively. Activation energies, expressed
either as E,, AH* or AG* values, followed the same
trend as found for the tfac complexes, namely Co™
» AI™ > Ga™ » In™. This may be rationalized in
terms of increasing radii of the metal ion within
Group I and, for Co™, the expected inertness of
its d° low spin electronic configuration.

A comparison with the data of Grossmann and
Haworth® showed significantly lower values than
for the corresponding tfac complexes. The Fay and
Piper data on these complexes were less accurate
and no very meaningful comparisons can be made.
The activation entropies, AS*, of the present data
are small and negative (Table 5), in contrast to
those of Grossmann and Haworth,® who argued
that their small positive values support a bond-
rupture mechanism for the fluxionality. However,
accurate values of AS* are exceedingly difficult to
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Fig. 6. Experimental and computer-stimulated '*F spectra of [Al(tta);]. “Best-fit” rate constants
shown are those based on extrapolations of the lower temperature 2D-EXSY values.

measure by NMR bandshape analysis®® and, in our
view, the only information that can be derived from
small magnitudes of AS* (positive or negative) is
that a dissociation mechanism is not supported.
The most important finding of this present work
is that isomerization and racemization of [M(tta),]
(M = AI'™ or Ga™) complexes occur in a single
concerted step involving a single type of transition
state. Much attention has been given previously to
possible mechanisms of fluxionality in tris-chelate
complexes.'™ Two categories of intramolecular
mechanism have been proposed, namely those
involving momentary rupture of a metal-ligand
bond and those that involve ligand twisting without
any bond rupture. The bond rupture mechanism
(Fig. 7) may involve either a trigonal bipyramidal
(tbp) intermediate with a pendant equatorial or

axial ligand, or a square pyramidal (sp) inter-
mediate with a pendant axial ligand. It has been
shown previously"** that the mechanism involving
a tbp intermediate with a pendant equatorial ligand
(Fig. 7a) does not lead to any racemization
(A== A) and so this can be excluded in the present
context. The possible twist mechanisms are of two
types, namely a twist to a rhombic transition state
of near C,, symmetry and a twist to a trigonal
transition state of near D,, symmetry (Fig. 8). It
has been shown that the trigonal twist mechanism
(Fig. 8b) leads to racemization only and so this
can also be excluded in the cases of [M(tfac),] and
[M(tta);] complexes.

Fay and Piper suggested that a distinction
between bond rupture and twist mechanisms could
be made on the basis of solvent dependence of the
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Table 5. Activation energy data for the isomerization/racemization of [M(L—L’);] complexes

E, logyg(4) AH! AS? AG**
Complex Solvent  (kJ mol™") ™ kJmol™) (K 'mol™") (kJmol™") Ref.
[Al(tta);)  (CDCL), 915421 131403 887421  —3.746.2 89.840.3  This work
[Al(tta);] (CDCly), 84.9 21
[Ga(tta),] CDCl, 74.7+4.3 12.7+0.8 72.3+4.2 —10.3+1.48 754+0.2  This work
[In(tta)] CD,(ClL, < ~40 < ~40 This work
[Al(tfac);] ¢ 118+ 11 17.0+1.5 114+ 11 68 +29 937404 5
[Al(tfac);] CDCl 98+8 82+7 4
[Ga(tfac);) ° 929+04 15.2+0.1 91.2+04 41.44+0.9 789404 5
[Ga(tfac)] CDCl, 87+7 72+6¢ 4
[In(tfac);) CDCl, <56+4 <46+4 4

?Calculated for 298.15 K unless otherwise stated.

®For a coalescence temperature of 115°C.
¢Solvent not known.
1 \ l i
'\\ 1 1
j J b / —— Cis-A
—_—
/ —2—> trans-A
% ;
\

-——1——> cis-A

———2——-> trans-A

?For a coalescence temperature of 103°C.
cis-A
1
1 ;
/ ——  CIS-A

2+ transA
3

— trans-A

¢For a coalescence temperature of 61.5°C.
2 —» cis-A

3

Fig. 7. Stereochemical rearrangement of a cis-A isomer of an [M(L—L’);] complex via a bond rupture

mechanism involving a trigonal bipyramidal intermediate with pendant equatorial ligand (a), a

trigonal bipyramidal intermediate with pendant axial ligand (b) and a square pyramidal intermediate

with a pendant axial ligand (c). The numbers label possible sites for reattachment of the end of the
ligand.

fluxional rate. They found for the [M(tfac);] decreased with increasing dielectric constant of sol-
(M = A" or Ga'™) complexes that the free energy  vent, which they interpreted as supporting a bond-
of activation at the coalescence temperature rupture mechanism through the greater charge sep-
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(a) Rhombic twist

cis-A

(b) Trigonal twist

cis-A
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trans—A

cis—A

Fig. 8. Stereochemical rearrangement of a cis-A isomer of an [M(L—L");] complex via a rhombic
twist (a) and a trigonal twist (b).

aration and greater solvation of the transition state.
In contrast, the rhombic twist mechanism predicts
smaller charge separation in its transition state.

This idea was tested in the present complexes by
examining the effect of solvent on the 'F spectrum
of [Ga(tta);]. On changing from (CDCl,), to
DMSO-d; there were gross changes in the spectrum,
namely, in °F chemical shifts, isomer populations
(the cis-isomer now being present to the extent of
21%) and, particularly, the exchange rates of the
four '°F signals. An appropriate calculation showed
that at ca 55°C the rate of isomerization/
racemization increased about 10-fold (from
~6 to 67 s7') on changing solvent from
(CDCl,), (dielectric constant 8.2) to DMSO-d,
(dielectric constant 46.7). This evidence therefore
supports the bond-rupture mechanism for the tta
complexes.

Further support for this type of mechanism arises
from a detailed permutational analysis of the mech-
anisms of stereoisomerism on aluminium tris-sub-
stituted S-diketonate complexes by Springer et al.>°
Whereas Fay and Piper considered that bond rup-
ture might occur via a tbp or sp intermediate, the
analysis of Springer et al.*® favours an sp inter-
mediate (Fig. 7c) with bond rupture taking place at
the CF, end of the f-diketone ligand. Our present

results fully accord with such a mechanism occur-
ring in [M(tta),] complexes. However, it should be
noted that crystal structure data of other [M(tta);]
complexes do not show the M—O bond of the CF,
end of the f-diketone to be invariably longer, and
therefore weaker, than the other bond. The precise
location of the bond-rupture process is therefore
not totally certain, though it is perhaps worth not-
ing that in the [Cu(2,2’-bipyridyl)(tta),] complex'?
the monodentate tta is coordinated via the thenoyl
oxygen, suggesting that this end of the tta is less
prone to bond rupture.
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