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The reactions of hexafluoroacetylacetone (hfac) (6) with water,
methanol, ethanol, and isopropyl alcohol were studied in detail
using 'H-, BC-, 0., "F-NMR, and UV-VIS spectroscopy. The
reported spectra enable the identification of intermediate and
product species, and aliow a mechanistic analysis of the enoli-
zation and diol formation. The suggested mechanisms are dis-
cussed with reference to earlier data reported in the literature. An

important feature of this study is the direct evidence presented

for the formation of the adduct species hfac(OH), (10), hfac-
(OMe), (13a), and hfac{OEt), (13b).

The chemical and thermal stability of metal complexes of
hexafluoroacetylacetone (hfac) (6) has been investigated by
various groups'. Recently, we reported? spectroscopic evi-
dence for the formation of a unique hydrolysis product of
coordinated hfac as indicated in (1) and could confirm its
structure with the aid of an X-ray diffraction study?.
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en = ethylenediamine

Subsequent investigations® have shown that the hydrol-
ysis product in (1) reacts with different alcohols according
to the overall process in (2).
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R = Me, Et, /Pr

This very interesting behavior of coordinated hfac has
motivated us to investigate similar processes for the free,
uncoordinated ligand under appropriate conditions. In the
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Eine spektroskopische und mechanistische Untersuchung der
Enolisierung und Diol-Bildung von Hexafluoracetylaceton in
Gegenwart von Wasser und Alkohol

Die Reaktionen von Hexafluoracetylaceton (Hfac) (6) mit Wasser,
Methanol, Ethanol und Isopropylalkohol wurden im einzelnen
anhand von 'H-, C-, Y0-, *F-NMR- und UV-VIS-Spektroskopie
untersucht. Dabei konnten die Zwischen- und Reaktionsprodukte
bei der Enolisierung und Diol-Bildung spektroskopisch identifi-
ziert werden, Die vorgeschlagenen Reaktionswege werden unter
Bezug auf friiher in der Literatur berichtete Daten diskutiert. Ein
wichtiges Ergebnis dieser Untersuchung ist der direkte Nachweis
fir die Bildung der Addukt-Spezies Hfac(OH), (10), Hfac(OMe),
(13a) und Hfac(OEt), (13b).

pure state or in organic (water-free) solvents, 6 exists to
100% in the enol form®. In the presence of water, it rapidly

¢ e, (3)
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hydrolyzes to produce hfac(OH), (10)®, which exhibits a se-
ries of acid/base equilibria illustrated in (3).

These equilibrium processes strongly depend on the con-
centration of water and the pH of the medium, as indicated
by various investigations’ ~'”. The intermediate products 8
and 9 could not be identified spectroscopically up to now
since they react relatively fast to 10. By using a mixture of
different solvents (DMSO, DMF, and dioxane) with water,
we could control the formation of the species 7 and 9 and
identify them using NMR techniques. In addition, we in-
vestigated the reaction of hfac with various alcohols and
were able to identify similar intermediate steps as those
found for water.

The reaction of hfac with H,O results in the formation of
different intermediate species, which exist in acid/base equi-
libria with each other, before producing the final product
10 as indicated in (3). During the first step, the resonance-
stabilized enolate ion 7 is formed?®, and the released protons
may catalyze the addition of further water molecules. The
"F-NMR spectrum of hfac in D,O exhibits a sharp signal
for 10 at 6 = 88.05 at pH 2.3. An increase in pH to 5—6
(addition of NaOH) resulted in the formation of the enolate
ion 7 at & = 77.6 and some decomposition products
(CF,COCH; and CF;CO,D with signals at & = 77.8 and
87.6 ppm, respectivelv)”. When the pure isolated geminal
diol is dissolved in an aqueous buffer solution at pH 5, the
immediate formation of only a small amount of 7 is ob-
served. No decomposition products, as reported by Dusch-
ner et al.”, were found under these conditions even for re-
action times up to 10 days. The equilibrium between 10 and
7 remained unchanged.
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The addition of water to DMSO or dioxane enabled a
study of the intermediate species 7 and 9 since their for-
mation is significantly slower under such conditions. A "°F-
NMR spectrum of hfac in [D¢]DMSO/D,O (98:2) shows a
sharp signal ascribed to 7 at 8 = 74.4 (see Table 1), two
singlets at 5 = 83.26 and 76.15 ascribed to the unsymmet-
rical CF; groups on hemiacetal 9, and a singlet at 6 = 84.2
due to 10.

The rate of formation of 10 is enhanced as expected on
increasing the water concentration and the acidity of the
medium. The 'H-NMR spectrum of hfac in pure [Ds]-
DMSO exhibits no OH signals, which means that hfac only
exists in the enolate form 7 and not in the enol form 6. The
signals at 8 = 5.20 and 7.74 are assigned to the protons on
CH and H,O (shifted to lower field in acidic medium). On
addition of one drop of H,O. two additional signals appear
at & = 3.2 and 2.1 and are assigned to the CH; group of 10
and 9, respectively (Table 1). After 10 minutes, the signals
due to 7 at 8 = 5.2 disappear, and the signal of 10 increases
(compare F-NMR spectrum in Table 1). It follows that
hfac exists only in the enol form in inert solvents such as
acetone, whereas the resonance-stabilized enolate ion is fa-
vored in water or aqueous solvents such as DMSO and
DMF. 7 reacts, depending on the pH and water concentra-
tion of the medium, via 9 to 10. A summary of the "*F-,
'H-, *C-, and ""O-NMR data for hfac and its products in
acetone, [D¢]DMSO, [D,]DMF, D,O, and [D4]dioxane is
given in Table 1.

The slow reverse reaction, i.e. when pure 10 is dissolved
in pure [Dy]DMSO, [D;]DMF, or [Dy]dioxane and pro-
duces the enolate ion 7, can also be followed using F- and

Table 1. NMR data of hfac (6) and its products in different solvents (8 in ppm, J in Hz)

Compound Solvent 9 F NMR 'H NMR B C NMR 7.0 NMR
6 [Dglacetone 758 CH: 6.6 CO: 173.3 q (ZJCO,F: 38) CO: 278
OH: 11.85 CF: 1165 q (o= 280)
CH: 932 s
[DgIMe,SO 74.4 CH: 5.24 CO: 384
(D,1DMF 76.15 CH: 5.5
D,0 88.05 gem. diol CH,: 2.04 C0: 94.2 q (deg, o= 27.2)  COH:59*)
CFyi112.8 q (Jpp= 279)
CH:340 s
D, Jdioxane 76.05
10 [Delacelone 86.13 CHZ: 2.24 CO: 958 q (ZJCO_F: 30.0) COH: 61
OH : 6.96 CFy:123.7 @ Upp= 279)
CH: 3335
[DgIMe ,SO 84.20 CH,: 3.2 COH: 56
[D,I0MF 85.90 CH,: 23
0,0 88.05 CH,: 24 see hfac COH: 59
9 [Dglacetone 85.10 CH : 2.4
73.00
(Dg) Me,S0 76.15 CH,: 2.1 CO: 589
83.26 COH: 56
(D, IDMF 85.04 CH,: 2.5
77.96
(D Jdioxane 84.42
73.14

*' In D-O compound 10 results from 6.
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'"H-NMR techniques. In the case of thoroughly dried
[D;]DMEF, the stepwise release of water occurs faster. After
ca. 30 minutes, an equilibrium between species 7, 9, and 10
is reached. The 7O-NMR spectrum of "O-enriched hfac in
[Ds]DMSO exhibits three characteristic signals (Figure 1)
at 8 = 56 (OH groups of 9 and 10), 384 (CO group of
enolate ion 7), and 589 (CO group of 9).

7
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Figure 1. "O-NMR spectrum of hfac at 40.5 MHz in
[D¢]DMSO + H,O

The reactions of hfac with MeOH, EtOH, and iPrOH are
significantly slower than the reaction with water. The nature
of the intermediate and product species can be well char-
acterized with the aid of "F-NMR. The reaction products
of hfac with MeOH and EtOH are discussed in the
literature'®; however, the intermediate steps of these reac-
tions were not characterized unequivocally. The overall re-
action scheme for the reaction with CD;OD can be sum-
marized as shown in (4).

L7

) | ] 1
F3e—C-CD=C—CFy F3C=C~CD,~C—CFy (4)

op 1" \ / oD 12
(])R (l)R

F30=C=CD,=C—CFy

oD 0D
13

R = Me, Et, /Pr

The spectrum recorded 30 seconds after mixing (Figure
2 A) exhibits signals for 7 at § = 78.3, for the hemiacetal
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hfac(OCD5) (12) at 75.4 and 86.4, and for the bis(hemiacetal)
hfac(OCDs), (13) at 83.6 and 83.7.

—
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Figure 2. ""F-NMR spectra of hfac in CD,OD; A) after 30 sec, B)
after 90 sec, C) after 10 min, D) after 14 min

The spectra in Figure 2B and 2C, recorded after 90 sec-
onds and 10 minutes clearly indicate that the concentrations
of 7 and 12 have decreased significantly. whereas the con-
centration of 13 has increased almost to the final value
reached at complete conversion after 14 minutes. Species 13
exhibits two signals in the ratio of 40:60, which are most
likely due to the isomers indicated in (5).

DO\L _OR DO
DO I OR DO

CFs OR
meso d !

_OR
CFy (5)

This isomeric ratio remains constant over long periods of
time, and no evidence for any decomposition products was
obtained.

The same system was investigated with the help of *C-
NMR techniques (Table 2).

Two quadruplets of different intensity for the CF; groups
at & = 123.7 and 124.3 [J(CF) = 298.3 Hz] and two over-
lapping quadruplets of weak intensity (due to NOE effect)
for the neighboring CF; carbon atoms between 8 = 97 and
99. In addition, the CD, group exhibits two triplets at § =
36.5 and 35.7 [J(CD) = 19.8 Hz] for which the expected
intensity ratio of 1:1:1 is affected by the incomplete deu-
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Table 2. NMR data of hfac (6) and ist product specices in alcohols (8 in ppm. J in Hz)
Compound Solvent 9F NMR H NMR 3C NMR
6 CH,0D 77.0. 88.1 hemiacetal 2C0: ca.96-98.0 g, CF,y(): 122.8 q, CF4(li): 123.4 q (Jop= 289.0)
79.9 enclate - CHy{): 35.2, CH,(ID): 36.1, OCH,(1): 49.7, OCH,(il): 50.2
85.3, 85.5 bis-hemiacetat CH,0D: 49
(e = 1.5
CD,0D 75.4, 86.4 hemiacetal 2C0: 97-99.0 q, CF,(): 123.7 q, CF,lil): 124.3 q (J = 289.3)
78.3 enoiate - CD,(1): 36.5 f, CD,MI): 35.7 t (Joy=19.8), 20CDy: ca. 52.
83.6. 83.8 bis-hemiacetal CD,0D: 51
hfac(OCH,), [Dglacetone 81.3 q (%, = 1.4) CH,: 2.28 CO: ca.97.5 q, CFy: 123.5 (Jp = 284.3), CH,: 35.8
CH;: 3.53 a(*J=1.4)  OCH;: 51.2
OH: 6.19
6 C,Hs0D 77.3, 88.3 hemiacetal COt: 97 q( Uge= 31.2)
80.2 enolate - COULIN: ca. 94-96 one of hfac(OH),, CFy(t): 122.1 (Jp= 289)
85.13, 85.7, 85.83 bis- CF,IN: 123.0, CF{IM: 122.7  (hfactOH),), CH,(LILID: 40.3, 35.6, 34
hemiacetal OCH,(Li): 59.2, 58.3, CH,(LILIN: 15.1, 14.5, 14.47
C,Ds0D 75.25, 86.2 hemiacetal CO(N: 98.1 q (2= 31.6), COULIN: ca. 95-97, CF{1): 123.2 (= 289)
781  enolate CF4{ILIN: 124.2, ca. 123, OCD,(Li1H): 59.63, CDMLILIIN: 41.74,
37.28, 35.7, CD,(14L,lN; 14.88
83.12, 83,68, 83.77 bis- CD,CD,0D: 17.20, 57.3
hemiacetal
hfac(OEY), [Dglacetone 8158 CH,(1): 4.08 g of d CO: ca. 97 q, CFy: 123 q (Jgp = 289.7)
4= 714020, = 97)  OCH,: 60.1's, CH,: 35.1 5, CHy: 15.89
CH,(1): 3.74qof gof ¢
M= 14
CH,: 23 s
CHy: 123 ¢
OH: 6.2
6 is0-C,0,00 77.4, 87.85 hemiacetal

80.2 enolate
82.3, 846, 85.4, 859
bis-hemiacetal

teration of the CH, moiety. The OCD; carbons are observed
as septuplets next to free CD;OD at 8 &~ 51. The strong
overlap between the OCD; and CD;0D signals prohibits
an unequivocal assignment. In order to improve the assign-
ment of these signals, the reaction was repeated with
CH;OD (Figure 3).

CHa OD
OCH3
CHD
CFs s JVAV" AM
co \i 1
i
i ol — J’K.MAW
% w1 s 3

PPM

Figure 3. "C{'H}-NMR spectrum of hfac in CH;OD

Two singlets are now observed for the OCH; carbons at
& = 49.7 and 50.2 and a signal for free CH,OD at 8 = 49.
The YF-NMR spectrum of hfac in CH,;OD exhibits two
quadruplets at 8 = 85.3 and 85.5 [*J(FH) ~1.5 Hz] com-
pared to two singlets at § = 83.6 and 83.8 in CD,OD. The
isomeric ratios of meso.d,l are similar in both cases (Table 2).

Colorless crystals of hfac(OCHj;), could be isolated from
a slow evaporation of CH;OD in an N, atmosphere.
The F-NMR spectrum of this compound dissolved in
[Ds]acetone exhibits a quadruplet at § = 81.3 [*J(CF) =
1.4 Hz] (Table 2). The '"H-NMR spectrum of this solution
exhibits resonances at & = 2.28 (s, CH,), 3.53 [q, *J(HF) =
1.4 Hz, CH;], and 6.19 (OH) (Table 2). The "C {'H}-NMR
spectrum indicates resonances at 8 = 123.5 [q, 'J(CF) =
284.3 Hz, CF;], 97—-98 (weak q, F;,C—C*—-0D, due to
NOE), 51.2 (sharp s, OCH,), and 35.8 (s, CH,, split due to
incomplete deuteration) (Table 2). All the recorded 'H-,
®F-, and '*C-NMR spectra of the isolated hfac(OCHa), in-
dicate unequivocally that no isomers are produced in ace-
tone. The reaction of hfac in MeOH was also studied by
UV spectroscopy following the characteristic absorption of
the enolate form 7 at A = 302 nm as a function of time. To
study the reaction of hfac with ethanol, a 20% solution in
C,H;OD was prepared. Four different reaction products
could be identified by YF-NMR 30 seconds after mixing:
the enolate form 7 at 8 = 78.1, hemiacetal hfac(OC,H;) (11)
at 8 = 7525 and 86.4 (similar intensity), bisthemiacetal)
hfac(OC,Hs), (13) at & = 83.12, 83.68, and 83.77 (different
intensity), and a signal for hfac(OD), at 8 = 88.6 (due to
the presence of some water in alcohol) (Figure 4).

The formation of the intermediate species is similar to
that reported for the reaction with methanol, but the reac-
tions are significantly slower in the case of ethanol with a

Chem. Ber. 122 (1989) 315—320
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Figure 4. YF-NMR spectra of hfac in C,D:OD; A) after 30 sec, B)
after 5 min, C) after 12 min, D) after 50 min

total reaction time of 50 minutes. For the formation of
bis(hemiacetal) 13, three isomers are observed (compare
CH;OD). The ratio of these isomers in CH,OD and
C,H;OD remains unchanged over a longer period of time
(up to 6 weeks). The sample was investigated by *C NMR
(see Figure 5) showing three quadruplets of different inten-
sity at & = 122.2 (strongest), 123.0, and 122.7 [J(CF) =
288.8 Hz] for the CF; groups, three quadruplets for the
F,C—C*-O0D group, one at § = 98.1 [2J(CF) = 31.2 Hz]
(strongest), and two of weaker intensity overlapping between
6 = 95-97. :

~———" CHaCH200 ——

CFy

OCH2 CHD
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Figure 5. "C{'H}-NMR spectrum of hfac in C,H;OD
S

In both cases, the third quadruplet of weaker intensity
is due to the side product hfac(OH),. In addition, there are
two separated singlets for OC*H,—~CH, at 6 = 59.2 and
58.3, three singlets at 3 = 40.3, 35.6, and 34.6 that are split
due to incomplete deuteration of the CH, groups, and three
singlets for OCH,~C*H, at 8 = 15.1, 14.5, and 14.47 (Fig-
ure 5).

Slow evaporation of EtOH in an N, atmosphere results
in the formation of colorless crystals of hfac(OEt),. The
F-NMR spectrum in [D]acetone exhibits signals at § =
81.58 and 86.4, of which the latter is due to the byproduct
hfac(OH), (Table 2). The 'H-NMR spectrum of this solution
(Figure 6) exhibits a singlet at 6 = 6.99 for OH in hfac(OH),,
a singlet at 8 = 6.2 for OH in hfac(OEt),, a quadruplet of
doublets at & = 4.08 for the CH,(I) group in OEt
[2J(HH) = 9.7, 2J(HH) = 7.14 Hz], and a quadruplet of
quadruplets of doublets for the other CH, (1) group of OEt

‘at & = 3.74 since they are bound to unsymmetrical carbon
atoms.

In the latter case each quadruplet is split into a further
quadruplet due to fluorine coupling [*J(HF) = 1.44 Hz].
The spectrum (Figure 6 A) also shows a quadruplet and trip-
let for free CHsOH at & = 3.56 and 1.11, respectively, CH,
resonances at 8 = 2.3 and 2.2 due to hfac(OEt), and

Figure 6. '"H-NMR spectra of isolated
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hfac(OEt), at 300 MHz in [ D¢]acetone (A),
CHj-decoupled (B)
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hfac(OH),, and a triplet at 6 = 1.23 due to the coordinated
OCH*%CH; [*/(HH) = 7.14 Hz]. Through selective decou-
pling of CHj; in the OEt groups the spectrum could be sim-
plified significantly (Figure 6B). At 8 = 4.08 and 3.74 it
exhibits doublets for CH,(I) and CH,(II) groups, respec-
tively, where one of the CH, quadruplet signals is split
through HF coupling [*/(HF) = 1.4 Hz] (Figure 6B).

The *C-NMR spectrum of this solution exhibits a quad-
ruplet at & = 123 for the CF; groups [J(CF) = 289.7 Hz],
a quadruplet of weak intensity (due to NOE effect) for
EtO—-C*—0D at 8 = 94.8, a sharp singlet for *CH,CH;,
groups at & = 60.06 and, a singlet for CH,—C*H; groups
of hfac(OEt), at § = 15.83 (Table 2). These 'H-, F-, and
BC-NMR spectra of the isolated hfac(OEt), dissolved in
[D4]acetone unequivocally indicate no isomers. The reac-
tion of hfac with EtOH could also be followed spectropho-
tometrically by following the absorption maximum at A =
269 nm.

The reaction of hfac with [Dg]isopropyl alcohol was also
studied using "’F NMR. The following products could be
observed after 30 seconds: the enolate form 7 at 6 = 80.2
and hemiacetal hfac(iPrOH) (12) at 6 = 77.4 and 87.85
(Table 2). After ca. 15 minutes further signals of different
intensity appear at 8 = 82.3, 84.6, 85.4, and 85.9 that most
probably belong to 13 (Table 2). This reaction occurs even
slower than in EtOH and requires 210 minutes for comple-
tion. Slow evaporation of iPrOH in N, atmosphere did not
lead to the isolation of a product.

Experimental

NMR spectra were recorded on Varian XL 100 and Bruker AM
300 spectrometers. UV-VIS spectra were recorded on a Perkin-
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Elmer 555 spectrophotometer equipped with a thermostated
(£ 0.1°C) cell compartment, which was also used in some prelim-
inary kinetic measurements.

Hexafluoroacetylacetone (Aldrich, bp 69°C) was purified by dou-
ble distillation. Hfac(OH), was prepared as described in the
literature®, washed with benzene, dried in vacuum for 2 h, and
stored in an N, atmosphere. Hfac(OCHj;), and hfac(OC,Hj;), were
prepared” by the slow evaporation of mixtures of hfac and MeOH
and EtOH, respectively, in an N, atmosphere. The products were
washed with benzene and dried in vacuum.
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