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The asymmetric reduction of a series of alkyl pheny! ketones by optically active organoaluminum compounds,
having g-branched alkyl groups, has been studied. The reactions, which have been carried out at 0°, afforded
(S)-alkylphenylcarbinols in good yield. The extent of the asymmetric reduction was found to depend on the
structure of the ketone employed and to be affected by the presence of a donor ligand to the aluminum atom.
Moreover the reduction of isopropyl phenyl ketone by chiral solvates of triisobutylaluminum occurs with low but

definite asymmetric induction.

The overall results, which are consistent with a g-hydride transfer from the

alkyl group of the organocaluminum compound to the carbonyl carbon atom, are interpreted as indicating that,
in the presence of ethers, the reaction oceurs without prior dissociation of the ligand from the aluminum atom in

cyelic six-membered-ring transition states.

The stereoselectivity of the reduction process is rationalized in terms

of steric and electronic interactions in competing transition states for the hydrogen-transfer step.

The steric course of asymmetric Grignard reductions
has been extensively investigated during the last 20
years®* to establish direct relationships among the
extent of asymmetric induction and the nature of
carbonyl substrates and chiral reducing agents. High
stereoselectivity has been observed with chiral Grignard
reagents having phenyl groups,®5 while (+)-(8)-2-
methylbutylmagnesium halides yield carbinols with
lower extents of asymmetric reduction.*

Although the ability of organoaluminum reagents to
reduce carbonyl compounds has been well established,®
this reaction has thus far attracted attention more for
mechanistic aspects than for stereochemical implica-
tions.” Only recently has the occurrence of asym-
metric induction phenomena in the reduction of pro-
chiral ketones by optically active organoaluminum com-
pounds been reported. 2

In continuing our investigation? on this reaction
we report now more accurate details on the stereo-
chemistry of the reduction of alkyl phenyl ketones by
(S)-2-methylbutylaluminum derivatives and triiso-
butylaluminum chiral solvates and, in this connection,
on the role of the solvent.

Experimental Section

Materials.—teri-Butyl phenyl ketone was prepared (60%
yield) by chromic oxidation® of tert-butylphenylearbinol prepared
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in a 60% yield by the method of Winstein and Morse. The
other ketones were commercial products and were purified
through the semicarbazone derivatives.” Triisobutylaluminum
was obtained from Texas Alkyls, Ine., and was purified by dis-
tillation under vacuum. (<4 )-Tris[(S)-2-methylbutyl] aluminum
and (4 )-tris[(S)-2-methylbutyl]aluminum diethyl etherate of
high optical purity were prepared as previously described.?1®
(+ )-Tris[(S)-2-methylbutyl]aluminum of low optical purity was
obtained diluting the above mentioned samples with racemic
product. All the organoaluminum compounds were distilled
under nitrogen and stored in sealed glass vials, in weighed
amounts.

Tetrahydrofuran was purified according to the procedure of
Bohme and Schiirhoff,!4 distilled, and stored over sodium wire.
Glpe analyses were performed on a C. Erba Fractovap Model
GT instrument with flame ionization detectors, using 200 X 0.30
em columns packed with 109, butanediol succinate (BDS) on
60-80 mesh Chromosorb W, at 150°.  All rotations, unless other-
wise indicated, were taken on a Schmidt-Haensch polarimeter
with sensitivity of £0.005° in 0.5~ and 1-dm tubes.

Asymmetric Reductions of Alkyl Phenyl Ketones. A. By
(+)-Tris{(8)-2-methylbutyl]aluminum in Pentane. 1.—In a
typical run, a solution of 0.780 g (5.26 mmol) of isopropyl phenyl
ketone in 7 ml of anhydrous pentane was added rapidly, under
nitrogen, to a solution of 1.414 g (5.88 mmol) of (4 )-tris[(8)-2-
methylbutyl]aluminum, [¢]%Dp +24.82° (neat),** in 13 ml of
pentane, cooled at 0°, in a flame-dried two-neck 100-ml flask
fitted with a reflux condenser, a dropping funnel, and a magnetic
stirrer. - An immediate yellow-orange coloration developed and
faded quickly. After 2 hr, the resulting mixture was cautiously
hydrolyzed with dilute sulfuric acid (pH 5) and the organic prod-
ucts were extracted with purified ether. The crude product
was shown by glpe analysis to contain 83.6% of ketone. Dis-
tillation afforded 0.670 g (85%) of isopropylphenylearbinol
(96.5%, pure by glpe analysis), bp 104° (18 mm), n%*p 1.5114,
[e] %D —15.02° (¢ 4.68, ether).%

2.—(+)-Tris[(8)-2-methylbutyllaluminum, [a}®p 4-14.06°
(neat), was treated at 0° with fert-butyl phenyl ketone in pentane
to vield 99% of tert-butylphenylcarbinol (99.8% pure by glpe
analysis), bp 111° (18 mm), mp 55°, la]%p —4.33° (c 4.86,
ether).’

Analogously, (4 )-tris[(8)-2-methylbutyljaluminum, [«]®D
+6.89° (neat), afforded 889 of tert-butylphenylearbinol (pure
by glpe analysis), [a]%Dp —2.21 (¢ 15.39, ether).

3.—At 0°, to 1.643 g (6.83 mmol) of (+)-tris[(8)-2-methyl-
butyl]aluminum, [«]®D +26.34° (neat), in 10 ml of pentane was
added rapidly 1.038 g (6.40 mmol) of tert-butyl phenyl ketone
in 10 ml of pentane. After 1 min, the reaction mixture was
hydrolyzed and the organic product was recovered and distilled
to give 0.879 g (84%) of the carbinol (99.69%, pure), [a]*p —8.46°
(c 7.68, ether).
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B. By (+)-Tris[(S)-2-methylbutyl]aluminum Diethyl Ether-
ate.—To 2.446 g (7.77 mmol) of (- )-tris[(8)-2-methylbutyl]-
aluminum diethyl etherate, [a]?®p +-22.20°,'% [a]%D +21.78° (c
4.68, pentane), in 15 ml of anhydrous pentane, was added at 0°
1.037 g (7.00 mmol) of isopropyl phenyl ketone in 10 ml of pen-
tane. After 2 hr, the reaction mixture was worked up as above
described. The crude carbinol, which was shown to contain
2.3% of ketone (by glpe analysis), yielded for distillation 0.955 g
(91%) of isopropylphenylcarbinol (97.7%, pure), n%¥p 1.5114,
[e]®D —15.76° (c 4.82, ether).

C. By Tris[(S)-2-methylbutyl] aluminum Tetrahydrofuranate.
~—To 1.748 g (7.27 mmol) of (+ )-tris[(S)-2-methylbutyl]alu-
minum, [¢]2D +24.82° (neat), in 10 ml of pentane was added
0.525 g (7.28 mmol) of tetrahydrofuran in 2 ml of pentane at 0°,
and successively 0.970 g (6.55 mmol) of isopropy! phenyl ketone
in 8 m} of pentane. Immediately the reaction mixture assumed
an intense orange color, which faded slowly. After 2 hr the
golution was decomposed with dilute sulfuric acid and extracted
with ether. Distillation of the crude product, which contained
ketone and carbinol in the ratio 1:6 (by glpc analysis), afforded
0.684 g of isopropylphenylearbinol (86.0% pure), n*p 1.5119,
[e]%D —12.94° (¢ 5.64, ether).

Reduction of o-Tetralone by (+)-Tris[(S)-2-methylbutyl]-
aluminum.—To 2.580 g (10.73 mmol) of (+ )-tris[(S)-2-methyl-
butyl}aluminum, [o]®p +28.73° (neat), in 20 ml of pentane was
added at 0° 1.412 g (9.66 mmol) of a-tetralone in 10 ml of pen-
tane. After 2 hr the reaction mixture was hydrolyzed and the
organic product was extracted with ether. The crude carbinol,
after redistillation, yielded 0.878 g (61%) of a-tetralol (94%
pure by glpc analysis on BDS columns at 170°), bp 87° (0.07
mm), a2p (1) 0.00° (¢ 5.36, benzene).

Asymmetric Reduction of Isopropyl Phenyl Ketone by Chiral
Solvates of Triisobutylaluminum. A. With (—)-Sparteine.—
To a solution of 1.880 g (9.48 mmol) of triisobutylaluminum in
5 ml of dry pentane was added slowly at 0° 2.210 g (9.44 mmol)
of (—)-sparteine, [a]¥p —16.27° (¢ 7.03, ethanol),” in 5 ml of
pentane. The resultant mixture was then treated, at the same
temperature, with 1.400 g (9.46 mmol) of isopropyl phenyl
ketone in 10 ml of pentane. After 2 hr the reaction mixture was
quenched with dilute hydrochloric acid (pH 3) and the organic
layer was extracted with ether. After removal of the solvent,
the erude carbinol (containing 5.3% of ketone, as shown by glpe
analysis) was distilled and 1.170 g (829%) of isopropylphenyl-
carbinol (94,7, pure), n%®Dp 1.5122, [o)®p —3.55° (¢ 11.27, ether),
was recovered,

B. With (4 )-(8)-(1-Methylpropyl) Ethyl Ether.—To 0.497
g (4.86 mmol) of (+)-(8)-(1-methylpropyl) ethyl ether, [«]*D
+26.96° (c 4.02, isooctane), optical purity (o.p.) 78.7%,% was
added at 0° a solution of 0.964 g (4.86 mmol) of triisobutyl-
aluminum in 15 ml of pentane, followed by 0.713 g (4.82 mmol) of
isopropyl phenyl ketone in 5 ml of pentane. The reaction mix-~
ture was hydrolyzed after 2 hr and worked up in the usual manner
to give a crude product (959, conversion by glpe analysis) which,
after redistillation, afforded 0.524 g (72%,) of isopropylphenyl-
carbinol (95.19, pure), n%p 1.,5118, [«]®¥D —2.10° (¢ 10.48,
ether).

C. With (+4)-(38,1’8)-3-(1’-Methylpropyl tetrahydrofuran.
—To 0.563 g (2.84 mmol) of triisobutylaluminum in 10 ml of
anhydrous pentane was added at 0° a solution of 0.358 g (2.80
mmol) of  (+4)-(88,1'8)-3-(1’-methylpropyl)tetrahydrofuran,
[e]®Dp +17.17° (¢ 1.18, n-heptane) [(S,8) 2 909%],Y in 5 ml of
pentane and then 0.400 g (2.70 mmol) of isopropyl phenyl ketone
in 5 ml of pentane. The mixture, after hydrolysis (2 hr), was
extracted continuously with ether to give a crude carbinol (92%
conversion by glpc analysis), which, after accurate purification,
vielded 0.234 g (589%,) of isopropylphenylcarbinol, [«] %55 —0.70°
(¢, 4.67, ether).

Results

The asymmetric reductions have been carried out
at 0° for 2 hr, in pentane or ethereal solvent, using a
slight excess (about 109,), with respect to the alkyl

(15) H. Nozaki, T. Aratani, T. Toraya, and R. Noyori, Tetrahedron, 27,
905 (1971),

(16) E. Chiellini, private communication,

(17) C. Botteghi, G. Ceccarelli, and G. Consiglio, J. Prakt. Chem., 814,
840 (1972).
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phenyl ketones, of tris[(S)-2-methylbutyl Jaluminum??
(AI2MB), tris{(S)-2-methylbutyl Jaluminum diethyl
etherate!® (AI2MB-OEt,), tris[(8)-2-methylbutyllalu-
minum tetrahydrofuranate (AI2MB-THF), or chiral
solvates of triisobutylaluminum (AI2MP-L*). The
obtained results are summarized in Tables T and IT.

It has been previously reported that organoaluminum
compounds react with ketones to give addition, reduc-
tion, and enolization products.! The relative amounts
of the addition and reduction products are dependent
on the reaction temperature and on the reactants molar
ratio, while the enolization reaction seems to be not
affected.®¢ In the experimental conditions we have
adopted, neither addition nor significant enolization
reactions occur, the conversion (by glpc) in carbinols
being generally > 909, (Table I).

The reactions are very fast'® in the absence of donor
ligands (e.g., the reduction of tert-butyl phenyl ketone is
practically complete within 1 min), and also when
AI2MB-OEt, in pentane is used, although an appre-
ciable retardation is observed in ethereal solvent; how-
ever, the reaction rate drops substantially when THF is
used.'?

By inspection of Tables I and II, the following con-
siderations can be made.

(1) All the carbinols have the absolute 8 configura-
tion. The extent of asymmetric reduction is de-
pendent on the structure of the alkyl group in the
phenyl ketone employed, increasing in the order of CF;
2 Me < Et < t-Bu < ¢-Pr.

(2) The stereoselectivity of the reduction is af-
fected by the presence of a donor ligand, a large excess
of which does not further change the extent of asym-
metric induction.

(83) The decrease in the stereoselectivity of the
reduction from isopropyl phenyl ketone to leri-butyl
phenyl ketone is enhanced in the absence of donor
ligands.

(4) The reduction of isopropyl phenyl ketone by
Al2MP-L* in pentane solution occurs with low but
definite asymmetric induction.

Discussion

Role of the Solvent.—It is generally accepted that, in
the absence of donor ligands, the mechanism of the
reduction of ketones by organoaluminum compounds
with B-branched alkyls is based on the complexation
of trialkylaluminum with the ketone (eq 1) followed by
an intramolecular hydride transfer from the 8 carbon
of the alkyl group bound to the aluminum to the car-
bonyl carbon (eq 2).%»=47 Such a mechanism, adopted
for the reduction of benzophenone by triisobutyl-
aluminum in diethyl ether solvent® was recently
tested by asymmetric induction studies carried out
with optically active beryllium and aluminum com-
pounds.!

(18) According to previous observations of many workers, when the
ketone is added to the organoaluminum solution, & transient red-yellow
color, which generally fades within a few minutes, is observed. Such a
phenomencn should be related to an ‘‘ate-complex’’ [G. Wittig, Quart. Bev.,
Chem. Soc., 20, 191 (1966)], intermediate in product formation, although any
consideration appears to be hazardous owing to other possible competing side
equilibria.

(19) After 2 hr at 0° Al2MP - THF reduces isopropyl phenyl ketone in
89% conversion in pentane solution, and in conversion in 10% tetrahydro-
furan as solvent.
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TasLe I1
AsvyyumeTrIC REDUCTION OF ISOPROPYL PHENYL KETONE BY CHIRAL SOLVATES OF TRIISOBUTYLALUMINUM
#~Pr /Me i—P< /Me
AN 0°, 2 hr *
C==0 4 L*.All —CH,CH — CHOH + CHy=C
/ AN pentane /
Ph Me/ , Ph Me
S carbinol:
Chem- Opti~
ical cal
Conver- pur- pur-
Registry L*. sion,® ityb e ———=()ptical rotation ——— ity %
no. [a]%D, deg (c, solvent) % % a¥p, deg, ether (I, ¢) {«]%D [a]2D° %
37340-76-1  (~)-Sparteine —16.30 (7.03, ethanol) 95 94.7 —0.80 (2,11.27) ~3.55 -3.75 7.9
39814-23-8  (+)-(9)-sec-BuOEt +26.96 (4.02, isooctane) 95 95.1 ~0,22 (1,10.47) —-2.10 —2.21 4.6
39814-24-9 {+)-(38,1'8)-3-sec-BuTHYT 4-17.17 (1.18 n-heptane) 92 093.2 —0.033 (1,4.87)¢ -0.70 ~0.75 1.6

« Based on glpe analyses of the crude products.
impurities are the ketone).
polarimeter, Perkin-Elmer Model 141, at 589 nm.

¢ Corrected for the per cent purity of the carbinol.

b Evaluated from the gas chromatograms of the products after redistillation (other

d See ref 3f. ¢ Measured with a spectrophotometric

R ScuEME I
~ - s - §
- —ORLE == - — D4R + L
/C 0o+ /Al CH_CI\-I\ L /AlR /A
R/
R (1) o - I
/ ~ = E— ===} (3
Nee—0 - S Al—CHCH CAR + C=0 _C=0-AIR )
R l
R
~N ~ A | JH.. / products
=0+ SAI—CHCH —|—C" "C—FR |—>
- -~ \R' li :|H T
O."Al"'c B
g \C=O'A1R + L 4
H R -
NA” _ Ve o I
e+ oE=c_ ®@
OAI\ R T

Actually, in the presence of donor ligands, several
alternative reaction pathways might be postulated for
the reduction of ketones (Scheme I).84% While no
doubt exists about the occurrence of a complex be-
tween the organoaluminum compound and the ke-
tone,® the question arises whether the ligand is dis-

I A S
~

L:AIR + C=0 == L...AIR...0=C
- [ | \]

placed from the aluminum alkyl prior to the formation "L"r L products (5)
of the complex or partakes in the transition state of the
reaction in a pentacoordinate intermediate. \

Although the dissociation of organoaluminum ether- (L AR~ L] (6)

ates (eq 3) does not seem probable, on the basis also of
literature data,?' both paths 3 and 4 eould explain the
decrease of the reduction rate when the etherates are
used, especially in the presence of an excess of donor
solvent. The reaction rate should be therefore in
relation to the basic strength of the ligand; so the dif-

TasLr II1

Prr CEnT AsymMETRIC REDUCTION® OF ALKYL PHENYL KETONES
BY OPTICALLY ACTIVE ORGANOALUMINUM COMPOUNDS

ferent stereoselectivity in the reduction of ketones by Ligand Me Et i-Pr t-Bu CFs
tris[(S)-2-methylbutylJaluminum (AI12MB) and tris- i} 6 13 4‘f 30 6
[(8)-2-methylbutyl Jaluminum  etherates (AI2MB- %};% 6 13 2; gz o

OEt,, AI2MB-THF) might be explained on the basis of
a rate retardation. However, in a clear disagreement,
while the reduction rate seems to be effectively related
to the ligand basicity, i.e. A12MB > AI2MB.OEt, >
AI2MB-THF, the asymmetric induction extent does
not always follow the same order (Table III).

On the other hand, using diethyl ether as solvent,
the reduction rate of the ketones by tris[(S)-2-methyl-

(20) E. C. Ashby, 8. H. Yu, and P. V. Roling, J. Org. Chem., 87, 1918
(1972).

(21) H. Lehmkuhland K. Zieglerin ‘‘Methoden der Organischen Chemie,”
Houben-Weil, Ed., Vol. 13, Part 4, Georg Thieme Verlag, Stuttgart, 1970,
pp 95-110.

@ Average values.

butylJaluminum diethyl etherate decreases apprecia-
bly but the percentage of asymmetric induction does
not change (Table I). Moreover these mechanisms
(eq 3, 4) are not consistent with the low but definite
stereoselectivity observed in the reduction of isopropyl
phenyl ketone by chiral solvates of triisobutylaluminum
(Table II).

Such results are in better agreement with path 5
(Scheme 1), which involves the formation of a penta-
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coordinate aluminum in the transition statetd 2022
without loss of the initial solvating ligand, which in
effect should not be split off but should still remain in
the coordination sphere of the aluminum atom. More-
over, since ketone has a weaker basic strength than
ether,?® it seems more reasonable that a transition state
having weak ether-aluminum-ketone bonds should
proceed to trialkylaluminum etherate rather than to a
complex between carbonyl and organoaluminum com-
pounds.?4

The different rates of the reduction of ketones by the
various organoaluminum compounds used can be
therefore rationalized on the basis of a different elec-
tronegativity of the aluminum atom in the aluminum
alkyl and in the etherates.® The further decrease of
the reduction rate in ethereal solvent might be ex-
plained in this case with a competition of ether and
ketone in the solvating reaction of the organoaluminum
etherate (eq 5, 6).%

In view of the above hypothesis the electronegativity
of the aluminum atom should control its distance from
the carbonyl oxygen in the transition state, since the
gtronger the coordination of the ligand the longer this
distance. Therefore the steric interactions in the gix-
membered transition states (eq 2) and consequently
the stereoselectivity of the reduction should change in
relation to the Lewis base strength and to the steric
bulk properties of the ligand (Table I).

In any case, all the mechanisms (Scheme I) should
involve a cyclic intramolecular hydride transfer (eq 2)
rather than a reduction by dialkylaluminum hydride,d.”
formed either from trialkylaluminum or as a conse-
quence of the ketone attack, since the monohydride
species are in very low concentration at 0° in hydro-
carbon solvents,” % and quite absent in the presence
of donor ligands; in fact, organoaluminum etherates
do not form the corresponding hydride even at 90°.2°

Conformational Analysis.—Table III reports the
extent of asymmetric reduction of the alkyl phenyl
ketones by optically active organoaluminum com-
pounds. It is to be noted that the general trend in the
extent of asymmetric reduction resembles that en-
countered in the reduction of the same series of ketones
by (S)-2-methylbutylmagnesium halides.’»—¢

Simple considerations of conformational analysis,®?
based on Whitmore's eyclic mechanism, permit the
correct prediction of the absolute configuration of the
predominant enantiomer, but they are not able to ex-
plain the trend in the series. In fact, if the extent of

(22) Although organoaluminum compounds appear generally to be tetra-
coordinate in donor solvents, the existence of pentacoordinate intermediates
has been postulated, as transition states, in alkyl group exchange reactions?4
and observed as dimethyl sulfoxide adducts [C. A. Smith and M. G. H, Wall-
bridge, J. Chem. Soc. A, 2675 (18970)].  On the other hand, pentacoordinate
organomagnesium compounds have been invoked to explain the influence
on the addition rate of dimethylmagnesium to benzophenone [H. O. House
end J. E. Oliver, J. Org. Chem., 33, 929 (1968)].

(23) T. Kagiya, Y. Sumida, and T. Inoue, Bull. Chem. Soc. Jap., 41, 767
(1?,348)).(&) T. Mole, Aust. J. Chem., 16, 801 (1963); (b) T. Mole, ibid., 18,
1183 (1965); (e¢) N. S. Ham, E. A, Jeffery, T. Mole, and J. K. Saunders,
ibid., 30, 2641 (1967).

(25) A, C. M. Wanders and E. Konijnenberg, Tetrahedron Lett., 2081
(1?26(;])).1‘0 is noteworthy that a decrease in rate was observed in the alkyl
group exchange reactions among different metal alkyls,?*® as the ratio ether:
organoaluminum compound is increased from 1:1.

(27) G. Pajaro and L., Baldi, Gazz. Chim. Ital., 91, 483 (1961).

(28) K. W. Egger, J. Amer. Chem. Soc.,91, 2867 (1960).

(29) L. Lardicei, L. Lucarini, P. Palagi, and P. Pino, J. Organometal.
Chem., 4, 341 (1965).

GracomELL, MENICAGLI, AND LARDICCI

agsymmetric reduction should depend on the difference
in steric bulk between the phenyl and the alkyl group
of ketones, the stereoselectivity of the reduction should
decrease as the bulk of the alkyl group increases.® On
the other hand, a conformational approach based on
recent suggestions which take into account electronic
interactions too® does not clarify the drop in the stereo-
selectivity when the alkyl is a tert-butyl group, even if
it might explain the higher asymmetric induetion in the
phenyl alkyl series as the alkyl group changes from
methyl to isopropyl.

On the basis of our previous congiderations on the
mechanism of the reduction, which involves a cyclic
intramolecular hydride transfer (eq 2), and considering
that the coordinate bond between aluminum and oxy-
gen atom is to be relatively loose to minimize the
rigidity consequent to a cyclic model,® only four react-
ing conformations, viewed along the C- . -H-C* axis,
are to be considered (Scheme II).

Scueme IT
N\ / \/
‘1 Al
/ \ ”\
H'_JC\‘ 0 0 CH,
Ph Et Me ;
Me R Ph ’
Ia Ila
N/ \/
Al Al
/Y
HC Q O CH,
N/ ‘\ J
R Et Me }ih
Me Ph R
Ib b

The transition states Ia and Ila lead to S carbinol;
the first is reasonably the stablest both for steric and
electronic requirements. In fact, in Ia the aluminum
atom (CHA’*) is placed between two negative di-
poles (C-0°—, C-Ph®-)® and the phenyl group is in a
quasi-anti position with respect to the ethyl group of the
aluminum compound. On the contrary, Ib and IIb
lead to R alcohol; for electronic reasons,® the con-
formation IIb has the lowest energy, although the
steric interactions are similar in these two cases, Since
the conformation Ia is more favored than IIb for steric
requirements,3! the carbinol from asymmetric induec-
tion must have the S configuration. This picture,
however, does not satisfactorily predict the observed
trend of asymmetric reduction. In this respect a
helpful suggestion is to consider that, as the alkyl group
increases in bulk, the conformational mobility of the
phenyl group decreases, its size increasing formally. As
confirmed by inspection of molecular models, the steric
hindrance of the alkyl group prevents the free rotation
of the phenyl group more in the conformation IIb than

(30) D. Nasipuri, C. K. Ghosh, P, R, Mukherjee, and 8. Venkataraman,
Tetrahedron Lett., 1587 (1971).

(31) E. L. Eliel, “Stereochemistry of Carbon Compounds,”” MecGraw-
Hill, New York, N. Y., 1962, p 138,
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in Ia (Scheme II); thus the stereoselectivity should
increase as the alkyl group changes from methyl to
isopropyl (Table III).  Considering that the free-
energy differences among the transition states may be
very sensitive to small changes in the nature of the
groups which are compressed in these states, the ef-
fective sizes of the groups depend substantially on the
ability of the angular and torsional strains in the cyelic
transition state to minimize the van der Waals com-
pressions.?? Therefore the decrease in the stereo-
selectivity when the isopropyl is replaced by a fert-butyl
group (Table III} might be explained supposing that
the angular strains are no more able to diminish further
the steric interactions among the groups which are
compressed in the transition states; so the difference
in free energy between Ia and IIb (Scheme II) drops
down.

These suggestions seem to be confirmed by the lack
of stereoselectivity in the reduction of a-tetralone, in
which the phenyl group is effectively in a ‘“frozen”
conformation, both in Ia and IIb; therefore these di-
astereoisomeric states have very nearly the same en-
ergy.

On the basis of simple steric considerations®® the
reduction of triflucromethyl phenyl ketone should lead
to R carbinol.® On the contrary, opposite stereo-
selectivity is observed in the reduction of this ketone
by (S)-2-methylbutylaluminum derivatives (Table I) in
accordance with the data reported for the reduction
by the comparable chiral Grignard reagent.® Taking
into account the conformational approach we have
adopted, it is possible, however, to rationalize the
stereochemistry of the reduction of trifluoromethyl
phenyl ketone too. In fact the reacting conformations
IIIa and IIIb (Scheme III) are the stablest since the

Scueme ITT
\/
4 N
/ \ //\

HzQ‘ ,O Q ,CHz
F.C Ft Me CF,
Me oh Ph Et
I1Ta IIIb

CH,AI’+ is placed between the negative dipoles C-0°—
and C-CFy#—.3¢ However, IIla should be reasonably
the less hindered transition state, as the CF; is in a
quasi-anti position with respect to the ethyl group, all
the other interactions (Me <> Ph < Et) being com-
parable both in IIIa and IIIb (Scheme III); so the S
aleohol should be formed predominantly. In this
connection it is not necessary to suppose that trifluoro-
methyl acts as if it were larger than phenyl group, this
hypothesis being effectively incompatible with general
evidence.®

(32) D. R. Boyd and M. A, MceKervey, Quart. Rev., Chem. Soc., 22, 100
(1968).

(33) (R)-Trifluoromethylphenylearbinol is configurationally related to
(S)-methylphenylearbinol.s

(34) We cannot exclude also the possibility that conformations IIIa and
IIIb are further stabilized by intermolecular attractive forces between the
fluorine and aluminum atoms, and these phenomena could be responsible
for the relatively low extent of asymmetric reduction (Table III) in relation

t0 & decrease of the difference between the free energies of the two diastereo-
isomeric states.
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Figure 1.—Asymmetric reduction of iert-butyl phenyl ketone
by (+ )-tris[(S)-2-methylbutyl]aluminum: relationship between
the carbinol e.e.% and aluminum alkyl optical purity.

When the optically active organoaluminum com-
pounds are complexed with ethers the general trend of
asymmetric reduction is not substantially changed,
although the nature of the ligand seems to influence
the stereoselectivity of the reaction (Table III). In
fact, according to our previous suggestions, the ligand
present in the transition state (as in IVa or IVb) should
modify the relative steric interactions (Scheme IV).

Scueme IV
L* Me

The different electronegativity of aluminum atom,
in relation to the basic strength of the ether employed,?
will operate to make the cyclic transition state looser
and so the mutual steric interactions will play a less
important role, affecting therefore the extent of asym-
metric reduction. On the other hand, the steric bulk
properties of the ligand;, which exerts itself a certain
compression on the groups interacting in the transition
states, should affect the stereoselectivity of the reaction
and therefore the amount of S enantiomer would be
expected to decrease, as a function of the bulk of the
ligand, from THF to diethyl ether. These factors
should act in opposition to each other, and in fact the
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per cent of asymmetric reduction is greater in the pres-
ence of THF than of diethyl ether (Table III).

This conformational analysis was restricted only
to the examination of the steric interactions between
the alkyl phenyl ketone and the reacting 2-methyl-
butyl group bound to aluminum atom, although the
other two optically active alkyl groups were able, in
principle, to exert a further control on the stereochem-
istry of the reduction. The linear relationship we
have observed between the per cent of enantiomeric
excess of the carbinol and optical purity of (4 )-tris-
[(8)-2-methylbutyl Jaluminum in the reduction of tert-
butyl phenyl ketone (Figure 1) excludes effectively
that the two unreacting optically active alkyl groups
control the agymmetric reduction of ketones. This
result agrees with the data, previously reported, on
the reduction of methyl fert-butyl ketone by bis[(S)-2-

ScuoLL AND VAN D MARK

methylbutyl magnesium and by the corresponding
Grignard reagent, reduction which occurs with the same
stereoselectivity.s

Registry No.—a-Tetralone, 529-34-0;  a-tetralol,
530-91-6.
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Remote oxidation of unactivated carbon—hydrogen bonds by photoexcited nitrobenzene derivatives is de-
scribed.  The procedure is illustrated by the key step in the conversion of 5a-androstan-3«-ol (3) to Sa-androst-

14-en-3-one (6).
(p-nitrophenyl)propionate ester of 3 (compound 2).

Introduction of unsaturation into the steroid D ring is accomplished by irradiation of the 8-
As in previously reported remote oxidations utilizing

benzophenone derivatives, the selectivity of the reaction is controlled by mutual orientation of the oxidizing agent

and the substrate.
cussed.

Remote oxidation is a process in which unactivated
carbon-hydrogen bonds are selectively oxidized at sub-
strate sites remote from existing functionality.! Se-
lectivity is achieved by attaching the substrate and
oxidizing agent, thus mutually orienting them. The
oxidation is then initiated by irradiation, and the reac-
tion is carried out in sufficiently dilute solution that
intramolecular reactions predominate. Previous ex-
amples have employed the benzophenone phototriplet
as the oxidizing agent, and a common occurrence in
such reactions is the formation of a new carbon—carbon
bond which must then be cleaved to remove the residue
of the oxidizing agent.

We have been seeking alternative remote oxidizing
agents with which carbon—carbon bond formation
would not be a problem, and we report here the first
successful reaction with an attached reagent other than
the benzophenone group.?

There is precedent in the literature for believing that
the photoexcited aromatic nitro group would be able
to abstract hydrogen from saturated carbon. Thus

(1) (a) R. Breslow and M. A, Winnik, J. Amer. Chem. Soc., 91, 3083
(1969); (b) R. Breslow and 8. W. Baldwin, ¢bid., 92, 732 (1970); (e¢) R.
Breslow and P. C. Scholl, ibid., 93, 2331 (1971); (d) R. Breslow and P.
Kalicky, ibid., 98, 3540 (1971); (e) J. E. Baldwin, A, R. Bhatndger, and
R. W. Harper, Chem. Commun., 659 (1970).

(2) There are reports in which selective oxidations are achieved by means
other than direct attachment of reagent and substrate. Selective radical
chlorination resulted when only one end of a straight-chain substrate was
exposed, to chlorine dissolved in CCly, the other substrate end being adsorbed
on a solid surface: N. C. Deno, R. Fishbein, and C. Pierson, J. Amer. Chem.
Soc., 92, 1451 (1970). Reports of intermolecular oxidations which are
selective at steroid position 14 have also appeared: R. Breslow, J. A. Dale,
P. Kalicky, 8, Y. Liu, and W. N. Washburn, J. Amer. Chem. Soc., 94, 3276
(1972); A, Rotman and Y. Mazur, ibid., 94, 6228 (1972).

The advantages and limitations of aitro compounds as reagents for remote oxidation are dis-

nitrobenzene is reduced when irradiated in “‘petro-
leum,”? and irradiation of 2,5-di-tert-butylnitrobenzene
results in oxidation of one of the methyl carbons on the
2-tert-butyl group and reduction of the nitro group.*

Results and Discussion

To test the utility of the nitro function as a remote
oxidizing agent, Se~androstan-3a-yl p-nitrobenzoate
(1) was first studied. Irradiation of 1 did not result
in oxidation of the steroid at unactivated positions.
Instead, reaction took place at the ester group to afford,
after hydrolysis, the 3« and 38 alcohols, the 3 ketone,
and the A? and A? olefins,

The next compound studied was Se~androstan-3a-yl
B-(p-nitrophenyl)propionate (2). It was believed that
the methylene groups would decrease the reactivity of
the ester function by isolating it from the nitroaromatic
chromophore, and, at the same time, provide flexibility
in the attachment of the oxidizing agent, a property
shown to be of importance in the benzophenone reac-
tions.'»

Irradiation of 2 was first carried out using a Corex
filter. The reaction product was treated with iodine-
acetic acid to dehydrate any tertiary alcohols, and the
ester function was saponified. The nuclear magnetic
resonance (nmr) spectrum of the neutral fraction thus
obtained suggested the presence of 5a-androst-14-en-
3a~ol (5) (vinyl signal at & 5.18).5 Hydroboration—

(3) J. A. Barltrop and N. J. Bunce, J. Chem. Soc. C, 1487 (1968).
(4) D. Dopp, Chem. Commun., 1284 (1968).
(5) L. Mamlok, Bull. Soc. Chim. Fr., 3827 (1967).



