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The tris(acetylacetonato)germanium(IV) has been resolved by the crystallization of its hydrcgen-R,R-di-

benzoyltartrate in a mixture of acetonitrile, ethanol, and water.

The racemization kinetics of perchlorate of the

A-enantiomer has been studied in 1,1,2,2-tetrachloroethane (TCE), nitromethane, acetonitrile (AN), and N,N-
dimethylformamide, the activation enthalpies (4H */kcal-mol-!) and the activation entropies (45*/cal-K-! mol-1)
being 27.9, 26.6, 24.3, and 23.3, and +3.7, —1.1, —4.4, and —5.0, respectively. The ligand isotopic exchange

is much slower than the racemization under similar conditions.

Consideration of acid (in TCE) and base (in

AN) catalysis, influence of ionic strength and solvent effect suggests an intra-molecular mechanism via an inter-

mediate in which one of the ligands is in unidentate state.

The number of work concerning germanium com-
pounds has been increasing in these decades. How-
ever, most of them are related to tetrahedral organo-
metallic compounds, and much less to octahedral and
co-ordination compounds. Especially, the dynamic
properties of six co-ordinated germanium complexes
are almost unknown.1-3)

Geometrical isomerization and racemization of octa-
hedral complexes with tris-bidentate ligands have been
studied by many workers with g-diketonato complexes
of various metal ions. Most of these reactions in
organic solvents are claimed to proceed via intra-molec-
ular mechanism.¥  These works centered around
chargeless complexes, and those related to univalent
cationic complexes are limited to tris(acetylacetonato)-
silicon(IV).%

We intended to extend the work to those with germa-
nium(IV) analogues. Morgan and Drew® first pre-
pared the tris(acetylacetonato)germanium(IV) ion, [Ge-
(acac)g]*, and its physical properties are better known
than others. We have resolved this complex and
studied the racemization kinetics in various organic
solvents. The mechanism has been discussed and the
lability of this complex compared with those of related
compounds.

Experimental

Materials. Preparation of Tris(acetylacetonato) germanium-
(IV) Perchlorate: 'The complex ion [Ge(acac),]* was synthe-
sized as hexachloroantimonate by Cox and co-workers’
method.”? This salt (3.5g, 5X10-3mol) was dissolved in
30 ml of chloroform—ethanol (3:1), and mixed with silver
perchlorate (1.25 g, 6 X 10~2mol) in 20 ml chloroform—-ethanol
(1:1). Silver chloride was filtered off, and the filtrate was
treated with magnesium perchlorate (1.3 g) in 20 ml of chloro-
form-ethanol (1:3). Crystals of [Ge(acac);]ClO, obtained
on addition of diethyl ether (450 ml) were filtered off, washed
with ether, recrystallized from chloroform solution by adding
diethyl ether, washed with diethyl ether, and dried in vacuo.
Yield, 80—87%. Found: C, 38.45; H, 4.64%,. Calcd for
CysH,,0,0,ClGe: C, 38.38; H, 4.519%,. Colorless needles melt
at 245—251 °C with decomposition. IR spectra in KBr
disk and Nujol mull gave the absorption peaks of carbonyl
group co-ordinated to metal ions, perchlorate anion, but not
of hydroxyl groups. Proton NMR in deuterochloroform has
singlet signals at 2.33 and 6.18 ppm (6, TMS), correspond-

ing to six methyls and one methyne, respectively. Figure 1
shows the UV absorption spectrum in acetonitrile. The
pattern and the peaks agree with those of [Ge(acac),]*t in
[Ge(acac);][FeCly].

Optical Resolution: The complex ion was resolved into
optical isomers by the crystallization of its hydrogen-R,R-
dibenzoyltartrate. Racemic perchlorate (1.6g, 3.4x10-3
mol) was dissolved in 75 ml of acetonitrile-ethanol-water
(l:1:1), treated with 20 ml of sodium hydrogen dibenzoyl-
tartrate (5.3 X 102mol) in water, the mixture was poured
into 130 ml of cold water, and set aside in an ice bath. The
colorless needles were filtered off within 30 minutes and dried.
The product was recrystallized from acetonitrile-ethanol (1: 1)
solution by adding twice volume of water, filtered off and
dried in wvacuo. Found: C, 54.31; H, 4.539%. Calcd for
C3,H;3,0,4Ge: C, 54.40; H, 4.71%. mp 141—143 °C (de-
compn.). [a];s —656 ° (4.4 10-4M in AN, 20 °C).

This diastereoisomer (1.0 g, 1.4 X 10-®mol) and magnesium
perchlorate (1.0 g, 4.5 x 10-3mol) were dissolved in 60 ml of
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Fig. 1. Ultraviolet absorption (AB) and circular di-
chroism (CD) spectrum of (—)gg-[Ge(acac),]* in
acetonitrile,
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glacial acetic acid, and poured into diethyl ether. The crystals
were washed with diethyl ether, recrystallized from chloro-
form solution with diethyl ether, and dried. The yield was
209, on the basis of raccmic perchlorate. Found: C, 38.50;
H, 4.63%. Calcd for C;;H,,0,,ClGe: C, 38.38; H, 4.519%,.
[alsee —930° (3.2x10-*M in AN, 20°C). Circular di-
chroism. (CD) spectrum of the complex is shown in Fig. 1.

Solvents for Kinetic Runs: Acetonitrile (AN) was dried with
calcium chloride, refluxed with diphosphorus pentoxide and
distilled. This procedure was repeated and the middle frac-
tion was finally distilled. Nitromethane was washed succes-
sively with aqueous sodium bicarbonate, sodium bisulfite,
5%, sulfuric acid and water. One fourth volume of water
was added and refluxed. The mixture was distilled slowly,
a large amount of the first fraction was discarded and the
oily layer of the middle fraction was again distilled. 1,1,2,2-
Tetrachloroethane (TCE) was shaken with several portions
of concentrated sulfuric acid until the acid remained colorless,
and distilled under reduced pressure. Chloroform was washed
with aqueous sodium hydroxide, sulfuric acid and water,
and distilled. N,N-Dimethylformamide (DMF) was dried
with anhydrous copper sulfate and distilled under reduced
pressure. Dimethyl sulfoxide (DMSO) was dried with activat-
ed alumina and distilled under reduced pressure.

The purities of these solvents were checked by gas chromato-
graphy, and the water contents titrated by Karl Fischer
method.

Other Reagents: Pyridine was recrystallized as perchlorate
and dissolved in a small amount of water, treated with solid
sodium hydroxide, the pyridine layer decanted and distilled
under reduced pressure. Glacial acetic acid was frozen at
5 °C and distilled. Commercially available extra pure sodium
perchlorate and magnesium perchlorate were used without
purification. Acetylacetone (Hacac) was distilled by the
usual method. The labelled acetylacetone (Hacac-14C) was
prepared as reported in the literature.®)

Kinetic Procedure. Racemization: The optically active
perchlorate (0.01 g) was dissolved in a given solvent (25 ml)
and, whenever necessary, other reagents were mixed. Aliquots
of the solution were sealed in small glass test tubes with silicone
rubber stoppers. All these procedures were operated in a
dry grove box. Several ampoules were prepared, placed in
a thermostat (30 to 70 °C+0.1 °C) and picked up one by one
at proper intervals. They were cooled in ice water for 30,
and their optical rotation and UV absorption were measured
at room temperature (15—25°C) at a proper wavelength
in the range 310 to 365 nm. (AN, 310—325nm; chloro-
form, 316 nm; TCE, DMF, and DMSO, 318 nm; nitro-
methane, 360—365 nm). The rate constant was calculated
by the following equation,

kovsa = (1/2¢) In (atofot,) (1)

where o, and «, are the optical rotation at time zero and ¢,
respectively, and ¢ is the lapse of time in second.

Isotopic Exchange: The complex and acetylacetone-14C (10-3
M) were dissolved in acetonitrile. Aliquots were sealed in
glass tubes, and kept in a thermostat (60 to 80 °C). They
were chilled one by one at proper time intervals, the ampoules
cut and poured into cold diethyl ether. The precipitated
complex was fiitered off with a piece of filter paper, washed
with diethyl ether, and dried in vacuo. The activity of a
weighed amount of crystals was counted with a 27 gas flow
counter in a current of Q-gas.

Apparatuses. JASCO model ORD/UV-5 was used for
the measvurement of optical rotation and the recording of CD
spectra. JASCO DIP-SL Polarimeter was used for optical
rotation measurement at Na-D line. Hitachi 323 Spectro-
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photometer was used for the recording of absorption spectra,
and K53 Gas Chromatograph with TCD for detecting the
impurity of the solvents. Aloka FC-1E Counter was used
for the f-activity counting of *C. The water content was
measured by the Karl Fischer method. Metrohm E 365 B
Konduktoskop and EA 608 bright platinum electrodes were
used for the conductance measurement.
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Fig. 2. Change in optical rotation at 312 nm in aceto-

nitrile.
@ 40°C, O 50°C, @ 60°C

Results

The Kinetics of Racemization in Acetonitrile. The
changes in optical rotation at 312 nm are illustrated
in Fig. 2. The absorbances at 305 and 288 nm showed
no change during several half-lives, and the decrease
in optical rotation should be due to net racemization
of the complex. The rate constant was found to be

independent of the complex concentration. Hence the
rate formula is expressed as follows:
Rate = k,yq[complex] (2)

The water content of the solution gave no significant
effect on the racemization rate in the range from 10-2
to 2x10-* M. (Fig. 3). Free acetylacetone (Hacac)
and acetic acid gave no catalytic effect on the racemiza-

1074 107 13‘2 16-1
— [H,0],[CH,COOH], or [Hacac]/M

Fig. 3. Influence of water, acid, and ligand concentra-
tion upon the racemization rate in acetonitrile.
A\ for water at 50 °C, O and @ for acetic acid at 50
and 60 °C, respectively, [] for Hacac at 50 °C.
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Fig. 4. Influence of pyridine concentration in aceto-

nitrile.
Circles in the absence of NaClO,, ( 40 °C, OO 50 °C,
@ 60 °C; A in 0.124 M NaClO, at 50 °C.

tion rate (Fig. 3) in the ranges from 10-5 to 102 M
and from 5x10-% to 10-2 M, respectively.

The relationship between pyridine concentration and
racemization rate is illustrated in Fig. 4. The diagrams
are linear at least up to 4x 102 M of pyridine. The
intercepts coincide with the £,,sq values in the absence
of pyridine. Hence the k¢4 is expressed by

konsa = k1 + ka[pyl (3)

The values of £; and £, at several temperatures and the
activation parameters are shown in Table 1.

The values of &, and £, depend on the concentration
of sodium perchlorate. Conductance measurements
suggested that sodium perchlorate is a strong, while the
complex is a weak electrolyte in AN. Hence the
increase in £k,psq with the electrolyte concentration
seems to be due to ionic strength effect (see Fig. 5).

When the water content was increased to 1 M, UV
absorption changes, but no isosbestic point was ob-
served. The decrease in absorbance at 316 nm was in
accord with the first-order kinetic formula at 70 °C
and the apparent rate constant linearly increases with
increase in water concentration up to 8 M. It seems
that such a change is due to hydrolysis of the complex,
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presumably taking place step by step. The rate is so
small, (1 x10-4/M-1s-1 at 70 °C), however, that it can
be ignored when the racemization mechanism is dis-
cussed.

Racemization in Other Solvents. No change in
absorption of the complex was observed for several
half-lives in nitromethane, and for a few half-lives in
TCE. The racemization was catalyzed by acetic acid
in TCE. The decrease in optical rotation in DMF
was accompanied by the change in absorption. The
absorption spectrum has an isosbestic point at 279 nm,
and this change seems to be due to a reaction giving
free acetylacetone. The net racemization was followed
by use of the quotient (optical rotation at 316 nm)/
(absorbance at 305 nm), and the calculated k.4 values
are shown in Table 2. The decrease in optical activity
in DMSO and chloroform is mostly due to decomposi-
tion of the complex. Intrinsic racemization may be
taking place, but it is distinguished with difficulty.
The k,psq values and the activation parameters in
various solvents are summarized in Table 2.

Ligand Isotopic Exchange in Acetonitrile. No ex-
change took place within 2000 minutes at 60 °C both
in the presence and the absence of pyridine. No
exchange was either observed at 80 °C suggesting a
negligibly smaller rate of ligand isotopic exchange than
the racemization.

TaBLE 1. RATE CONSTANTS AND ACTIVATION PARAMETERS IN ACETONITRILE
[Ge(acac),]* [Si(acac),]* ®
t/°C
k,/1075571 k,/1074M 2352 k,/1075571 ky/10-4M3571

30 — — 0.263 1.5

40 0.797 0.85 1.08 —

50 2.88 2.7 3.87 —

60 8.85 8.7 13.7 —
AH™*[kcal-mol™? 24.34+0.4 3.743.0 25.740.2 —
AS8*[cal-.K™1.mol ™1 —4.441.4 1.749.9 +0.5 —
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TaABLE 2. RACEMIZATION RATE CONSTANTS AND ACTIVATION PARAMETERS OF
[Ge(acac);]"™ IN VARIOUS ORGANIC SOLVENTS
1,1,2,2-Tetra- . . N, N-Dimethyl-

Solvent chloroethane Nitromethane Acetonitrile formamide
k3ps/1075571®) 0.579 0.420 2.88 10.4
kpgs/107 771D 1.39 1.17 11.0 44
AH*[kcal-mol™* 27.940.8 26.64+1.0 24.34-0.4 23.3+2.6
A8*/cal- K™1. mol™ +3.842.8 —1.143.5 —4.441.4 —5.04-8.6
e? 8.20 35.9 37.5 36.7
/10718 CGSesu® 1.71 3.56 3.44 3.86
D.N.® (~0) 2.7 14.1 27

a) Observed value at 50 °C.

b) extrapolated value to 25 °C.

c) dielectric constant.

d) dipole moment.

e ) Gutmann’s donor number.®

Discussion

Mechanism of Racemization of Tris(acetylacetonato) germa-
nium(1V). Absence of ligand isotopic exchange
and of decomposition clearly indicates that the racemi-
zation proceeds wvie an intra-molecular mechanism.
Independence of the rate constant on the complex and
the ligand concentration also supports such a mech-
anism.

An intra-molecular mechanism can proceed with or
without break of one of the metal-ligand bonds. The
former involves an intermediate with a unidentate
ligand and the latter that with tris-bidentate ligands.
It is difficult, however, to give a direct evidence for
distinguishing them, and the discussion should be based
on indirect evidences as follows.

The racemization was catalysed by acetic acid in
TCE and by pyridine in AN. It is not likely that an
acid or a base gives catalytic effect on the twisting of the
complex without bond-break. Further, the racemiza-
tion rate was found to increase with increase in ionic
strength. It is likely that increase in ionic strength
facilitates the bond break resulting in charge separation.

The values of 4H* and AS™ are not very different
from one another in various solvents (Table 2), and the
overall mechanism should not be very different in all
of them, although the above observations were mainly
made in AN. As Table 2 shows, the dielectric constant
and the dipole moment do not seem to play an important
role in determining the racemization rate. It seems
that the rate increases and 4H* decreases with increase
in donor number® of the solvents. The donor number
reflects the ease with which the solvent molecules have
interaction with the central metal ion, and its increase
would facilitate the break of Ge—O bond of the complex.
In those solvents with bigger donor numbers, even
decomposition of the complex was observed to produce
free acetylacetone.

On the basis of these facts, we propose a racemization
mechanism involving an intermediate with a unidentate
ligand, as shown in Fig. 6. Such a mechanism can have
either the bond break or the succeeding intra-molecular
rearrangement as rate-determining step. Although a
direct evidence is given with difficulty, we tend to
think that the rate-determining step would be the

s symmetrical __> A
intermediate

Fig. 6. Plausible reaction mechanism.
(The ‘“‘symmetrical intermediate” can be either tri-
gonal bipyramid or square pyramid, but its struc-
ture is not known from the present experiments.)

solvent-assisted break of the first metal-ligand bond.
If the solvent molecules did not assist the bond break
but just occupied the vacant coordination site of the
intermediate, or if they gave an indirect effect to ease
the break of ionic Ge-O bond, not the donor number
but rather the dipole moment or the dielectric constant
would be related to the rate and the activation enthalpy
of the complex. Further, if the internal rearrangement
were the rate determining step, the effect of the solvents
would be reversed.

Holm and co-workers measured the coalescence of
the proton signals of tris-type germanium(IV) com-
plexes of substituted tropolonate in various chloro-
hydrocarbons by NMR, and discussed the mechanism
of intra-molecular geometrical isomerization and
racemization.®) It was suggested that the intramolec-
ular rearrangement proceeds without involving bond-
break. They obtained AH* values 12 to 17 kcal/mol
and log 4 12, which are common with those of other
tris-a-diketonato complexes. Our AH* values are
significantly larger than theirs and our present racemi-
zation is more adequately presumed to have a dif-
ferent rate-determining step from theirs.

Comparison with Related Compounds. Tris(acetyl-
acetonato)germanium(IV) gives very similar absorp-
tion and circular dichroism spectra to those of tris-
(acetylacetonato)silicon(IV). The (—);go-isomer of [Ge-
(acac)g]* can be assigned to absolute configuration A
from comparison of the CD spectrum in the UV z-n*
transition region with that of tris(acetylacetonato)-
silicon(IV),1 whose absolute configuration was sup-
ported by the CD spectrum? and X-ray crystallography
of tris(catecholato)arsenic(V).12
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The solubility of various salts of [Ge(acac)s]* in
various organic solvents is also very similar to that of
[Si(acac),]t salts.

Table 1 shows the values of rate constants and
activation parameters of racemization of [Si(acac),]*,
too. The ligand isotopic exchange of the silicon com-
plex is also very slow. Its racemization is catalysed
by acids in TCE and by bases in AN, and an intra-
molecular mechanism involving bond-break was pro-
posed. The activation parameters for the germanium
and silicon complexes are very near to each other.
All these facts are reckoned as to reflect the overall
similarity of these two elements.

A number of studies have been published concerning
the kinetics of geometrical isomerization and racemiza-
tion (“site-exchange”) of «-313 and f-diketonato®) com-
plexes of various metal ions. The site exchange is
generally understood to proceed intra-molecularly in
organic solvents, but various mechanisms have been
proposed for their detailed progress. Examination of
the references suggests that tris-f-diketonato complexes
mostly undergo site exchange with one bond-break,
whereas tris-a-diketonato complexes without bond-
break. However, the experimental evidence for such
a statement is rather indirect, and our present discussion
provides more concrete support to the mechanism.
Semi-empirical calculation on the basis of structural
parameters also supports such a mechanism.¥ Most
of these studies were made with chargeless complexes,
but the discussion seems to be applicable to cationic
complexes with +1 charge, i.e. our study with §- and
Holm’s with a-diketonatogermanium(IV).

The approximate order of overall site-exchange rate
for tris-f-diketonato complexes of various metal ions
is given below:%

Fe(III), In(IIT)>>Mn(III)>Ga(III) >AI(III) >Si(IV) >
Ge(IV)>>Co(III)>Cr(IIT) >Ru(I1T)=>Rh(III) (4)

The labilities of silicon(IV) and germanium(IV) com-
plexes are larger than that of cobalt(III) complexes and
smaller than those of Family IIIB elements. The
activation enthalpies (4H *[kcal-mol~?) involving bond-
rupture process for site exchange of cobalt(III)'® and
aluminium(IIT)®) are 20 to 30 and 15 to 20, and the
log A’s 14 to 16 and 13 to 17 respectively. The A4S~
values are all positive. Although the present silicon
and germanium complexes have 41 charge, the activa-
tion parameters for racemization are between those of
Co(III) and AI(III) complexes. The sequence 4 seems
to reflect the order of ease of break of the first metal-
ligand bond.

On the other hand, ligand isotopic exchange studies
suggested the break of the remaining bond of the
unidentate ligand in the intermediate as rate-deter-
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mining step. The rate of such inter-molecular re-
actions of octahedral p-diketonato complexes decrease
approximately in the order,?8:17-19)

In(III)>Ga(I1I) > Al(IIT) > Co(II1) >Si(IV),
Ge(IV)>Cr(III) (5)

While the major part of this sequence is similar to
sequence 4, silicon(IV) and germanium(IV) come next
to cobalt(III). Such a difference may be related to
the stability of the intermediate with five metal-ligand
bonds. These ions with higher positive charge may
interact with solvent molecules at the vacant coordina-
tion site more significantly to stabilize the intermediate.

The authors thank the Ministry of Education for
Grant-in-Aid.

References

1) T. Moeller and N. C. Nielsen, J. Amer. Chem. Soc., 75,
5106 (1953).

2) E. L. Muetterties and C. M. Wright, ¢bid., 86, 5132
(1964); 87, 21 (1965).

3) S. S. Eaton, G. R. Faton, R. H. Holm, and E. L.
Muetterties, zbid., 95, 1116 (1973).

4) J.J. Fortman and R. E. Sievers, Coord. Chem. Rev., 6,
331 (1971).

5) T. Inoue and K. Saito, This Bulletin, 46, 2417 (1973).

6) G. T. Morgan and H. D. K. Drew, J. Chem. Soc., 125,
1261 (1924).

7) M. Cox, J. Lewis, and R. S. Nyholm, J. Chem. Soc.,
Suppl. 1964, 6113.

8) K. Saito and K. Masuda, This Bulletin, 41, 384 (1968).

9) V. Gutmann, “Coordination Chemistry in Non-Aque-
ous Solutions,” Springer, Wien (1968).

10) E. Larsen, S. F. Mason, and G. H. Searle, Acta Chem.
Scand., 20, 191 (1966).

11) T. Ito, N. Tanaka, I. Hanazaki, and S. Nagakura,
Inorg. Nucl. Chem. Lett., 5, 781 (1969).

12) T. Ito, A. Kobayashi, F. Marumo, and Y. Saito, ibid.,
7, 1097 (1971).

13) S. S. Eaton, J. R. Hutchison, R. H. Holm, and E. L.
Muetterties, J. Amer. Chem. Soc., 94, 6411 (1972).

14) E. I. Stiefel and G. F. Brown, Inorg. Chem., 11, 434
(1972); E. L. Muetterties and L. J. Guggenberger, J. Amer.
Chem. Soc., 94, 8046 (1972).

15) R. C.Fayand T. S. Piper, J. Amer. Chem. Soc., 84, 2303
(1962); Inorg. Chem., 3, 348 (1964). J. G. Gordon, Jr. and
R. H. Holm, J. Amer. Chem. Soc., 92, 5319 (1970). A. Y.
Girgis and R. C. Fay, ibid., 92, 7061 (1970).

16) D. A. Case and T. J. Pinnavaia, Inorg. Chem., 10, 482
(1971).

17) C. Chatterjee, K. Matsuzawa, and K. Saito, This
Bulletin, in press.

18) K. Saito and M. Murakami, ibid., 45, 2472 (1972).

19) H. Kido and K. Saito, unpublished result.






