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The effects of various protic acids upon the aluminum tert-butoxide catalyzed oxidation of cyclohexanol by
benzaldehyde are studied. The rate of oxidation is found to be markedly enhanced by an acid to aluminum ratio
of 0.5 for HC], FSO3;H, CH3;CH»CO»H, and CF;CO:H, with CF,CO.H giving the greatest rate enhancement. Syn-
thetic applications of this method, however, are limited by the observation that trifluoroacetic acid-aluminum alk-

oxide mixtures are potent aldol catalysts.

The Meerwein-Ponndorf-Verley-Oppenhauer (MPVO)
reaction is the aluminum alkoxide catalyzed equilibration of
alcohols with aldehydes or ketones?, eq 1. A key step in the

[AKOR),],
R,CHOH + R,CO R,CO + R/CHOH
Al(OR,)[AI(OR),], AI(OR,)[AI(OR),],_
e \,? 1‘_ (ﬁ,f \IO 1 a
R,CH CR, R,C HCR/
{ 1

reaction is thought to be hydride transfer within the polymeric
aluminum complexes I and IL.*

Replacement of alkoxy groups on aluminum with more
electronegative ligands should increase the rate of MPVO
reactions by facilitating coordination of aluminum to the
carbonyl compound.* This replacement should be achieved
most simply by addition of a suitable proton acid (HX) to a
solution of the aluminum alkoxide (eq 2).

[AL(OR)5], + HX — HOR + [XAI(OR).], (2)

For study, we chose the reaction between cyclohexanol and
benzaldehyde catalyzed by aluminum tert-butoxide in ben-

OH CHO CH,OH

HX, Al[OC(CH ks
benzene, 0 C

50 -

zene solution at 0 °C (eq 3). The rate of reaction was followed
by removing aliquots at various times and analyzing by GLC
for cyclohexanone. With a twofold excess of benzaldehyde,
equilibrium is established when 88% of the starting cyclo-
hexanol is converted to cyclohexanone. Results obtained in
the presence of a variety of proton acids are shown in Table
L.

The most effective catalyst is trifluoroacetic acid, present
at an acid to aluminum ratio of 0.5. Data obtained with this
acid are presented graphically in Figure 1.

With all acids studied, the reaction fails when a critical ratio
of acid to aluminum is exceeded. In some cases this is perhaps
due to the precipitation of aluminum compounds which occurs
with the higher ratios of acid. However, with trifluoroacetic
acid no precipitate is formed at an acid to aluminum ratio of
2.0, yet at this point the MPVO reaction fails. It is conceivable
that only nonbridging alkoxy groups in complexes I and II are
able to transfer hydride® and that at a critical acid to alumi-
num ratio all such groups are replaced with trifluoroacetate
ligands.

TH NMR examination of the catalyst system is hampered
by precipitation of aluminum compounds in the absence of
added alcohol or aldehyde. Thus, when 0.3 equiv of trifluo-
roacetic acid was added to aluminum tert-butoxide in ben-
zene, a precipitate was formed and !H NMR analysis of the
supernatent revealed only the normal spectrum of the alu-
minum tert-butoxide dimer® together with 0.3 equiv of tert-
butyl alcohol.



Meerwein-Ponndorf-Verley-Oppenhauer Reaction

Table I. MPVO Reaction of Cyclohexanol with
Benzaldehyde in the Presence of Proton Acids (HX)®

Registry
no. HX HX/Al® Tso° Tgod
e 8 80
76-05-1 CF3COH 0.5 <1 1
CF;COH 1.0 <1 5
CF3;COH 2.0 f
7647-01-0  HCI 0.5 <1 9
HCI 1.0 f
79-09-4  CH3;CH,CO;H 0.5 5 40
CH3;CH,CO-H 1.0 f
7789-21-1  FSOzH 0.5 2 30
FSO;H 1.0 f

@ Reactions run at 0 °C in benzene solutions, 1 M in cyclohex-
anol, 2 M in benzaldehyde, and 0.05 M in AlJOC(CHj))s. ® Molar
ratio of proton acid to Al. ¢ Time in minutes for 50% of the starting
cyclohexanol to be oxidized to cyclohexanone. ¢ Time in minutes
for 80% of the starting cyclohexanol to be oxidized to cyclohexa-
none. ¢ No proton acid was added. / No oxidation of starting cy-
clohexanol occurred after at least 12 h.

We have observed rate enhancements for the trifluoroacetic
acid promoted MPVO reaction of a number of alcohols with
aldehydes or ketones. However, synthetic applications of the
method are limited by the fact that trifluoroacetic acid-alu-
minum alkoxide mixtures are potent aldol catalysts, especially
for simple aliphatic aldehydes. As an example, the rate of
condensation of heptanal in benzene solutions containing
aluminum tert-butoxide in the presence and absence of tri-
fluoroacetic acid was observed (eq 4).

Al(OR)3

benzene, 0 °C

CH3(CH,)sCHOHCH(CHO)(CH:),CH; (4)

With no added trifluoroacetic acid, 50% of the heptanal was
condensed in 3 h. In the presence of trifluoroacetic acid (acid
to aluminum ratio of 0.5), over 30% of the aldehyde was con-
densed in 5 min. Trifluorocacetic acid alone, in the absence of
aluminum alkoxide, did not cause condensation.

Experimental Section

Trifluoroacetic acid was obtained from Matheson Coleman and
Bell. Fluorosulfonic acid was obtained from Aldrich Chemical Co.
Hydrogen chloride gas was purchased in a lecture bottle from Ma-
theson Gas Corp. Propanoic acid was obtained from Fisher Scientific
Co. Aluminum tert -butoxide was obtained from Alfa Inorganics and
stored in a vacuum desiccator. Benzene was dried by distillation from
calcium hydride and stored under a nitrogen atmosphere. Other re-
agents were obtained commercially and distilled before use. GLC
analyses were performed on a Varian 920 gas chromatograph equipped
with a 4 ft X 0.25 in. stainless steel column of 10% Carbowax 20M on
Chromosorb W 80/100 mesh. 'H NMR spectra were determined on
a Varian T-60.

MVPO Reactions. The following procedure for the oxidation of
cyclohexanol with benzaldehyde using aluminum tert-butoxide and
trifluoroacetic acid (acid/aluminum ratio of 0.5) is representative. A
100-ml round-bottomed flask equipped with a septum inlet, magnetic
stirring, and mercury bubbler is flushed with nitrogen and charged
with 0.246 g (1 mmol) of aluminum tert-butoxide dissolved in 20 ml
of benzene. The flask is immersed in an ice-water bath and stirring
is initiated. Cyclohexanol (2.08 ml, 20 mmol) is injected, followed by
37 ul (0.5 mmol) of trifluoroacetic acid. Tridecane (2.44 ml, 10 mmol)
is added as GLC standard. After 5 min of stirring, benzaldehyde (4.08
ml, 40 mmol) is injected to start the reaction. One-milliliter aliquots
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Figure 1. Formation of cyclohexanone in the trifluoroacetic acid
promoted MPVO reaction of cyclohexanol with benzaldehyde: @, no
HX; a HX/A10.1; m, HX/A1 0.5; 0, HX/AI 1.0; a, HX/Al 2.0

are removed periodically and quenched by addition to 4 mi of a sat-
urated solution of tartaric acid in HzO (to dissolve aluminum salts),
extracted with 8 ml of pentane, dried with MgSOy,, and analyzed by
GLC for cyclohexanone.

Aldo! Condensation of Heptanal. A solution of aluminum tert-
butoxide (0.123 g, 0.5 mmol) in benzene (10 mi) containing 0.73 ml
(2.5 mmol) of hexadecane as internal GLC standard is cooled in an
ice-water bath. Heptanal (1.35 ml, 10 mmol) is injected and aliquots
are removed periodically and analyzed for remaining heptanal. After
2 days of stirring the aldol product, 2-n-pentylnonanal was isolated
by preparative GLC and identified by infrared spectroscopy. Ex-
periments in the presence of trifluoroacetic acid were conducted in
a similar fashion except that 18.5 ul (0.25 mmol) of CF3CO:H was
added prior to addition of heptanal.

'H NMR Examination of Catalyst System. !H NMR spectra
were obtained on 0.1 M solutions of aluminum tert-butoxide in ben-
zene containing internal tetramethylsilane standard. After addition
of trifluoroacetic acid the precipitate was allowed to settle and spectra
of the clear supernatant were obtained. The amount of tert-butyl
alcohol formed on addition of acid was determined by integration of
spectra for solutions containing known amounts of anisole as internal
integration (methoxy signal) standard. The assignment of 'H NMR
signals was based on Shiner’s report:8 é 1.5, singlet (bridging tert-
butoxy); 1.4, singlet (nonbridging tert-butoxy); 1.1, singlet (tert-butyl
alcohol).

Registry No.—Al[OC(CHs)s]s, 3099-76-1; cyclohexanol, 108-93-0;
benzaldehyde, 100-52-7.

References and Notes

(1) Grateful acknowledgment is made to the National Science Foundation for
partial support of this work.
(2) The Meerwein-Ponndorf-Verley reduction of aldehydes and ketones has
been reviewed by Wilds: A. L. Wilds, Org. React., 2, 178 (1944). Djerassi
has reviewed the Oppenauer oxidation of primary and secondary aicohols:
C. Djerassi, ibid., 8, 207 (1951).
(a) H. Meerwein, B. Bock, B. Kirschnick, W. Lenz, and A. Migge, J. Prakt.
Chem., 147, 211 (1936); R. B. Woodward, N. L. Wender, and F. J. Brutschy,
J. Am. Chem. Soc., 87, 1425 (1945); L. M. Jackman and A. K. Macbeth, J.
Chem. Soc., 3252 (1952); W. von E. Doering and T. C. Aschner, J. Am.
Chem. Soc., 15, 393 (1953). (b) The polymeric nature of complexes | and
Il was first clearly demonstrated by Shiner: V. J. Shiner, Jr., and D. Whittaker,
J. Am. Chem. Soc., 91, 394 (1969).
In agreement with this, replacement of 25-30% of the usual aluminum
isopropoxide catalyst with chloroaluminum isopropoxide was reported to
appreciably increase the rate of MPVO reactions: G. Gal and |. Kraznai, Magy.
Kem. Foly., 82, 155 (1956); Chem. Abstr., 52, 10872d (1958).
This 3assumption is implicit in prior formulations of the hydride transfer
step.
V. J. Shiner, Jr., D. Whittaker, and V. P. Fernandez, J. Am. Chem. Soc., 85,
2318 (1963).

(3

(4

(5
6



