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Recently there has been an increased interest in meth-
ods for effecting 1,4 addition to «,8-unsaturated systems.!
In addition to lithium alkylcuprate and copper-catalyzed
Grignard reagent addition to «,8-unsaturated compounds,
more recent methods show great promise. Brown and Ka-
balka23 have found that trialkylboranes undergo 1,4 addi-
tion to a variety of «,3-unsaturated substrates via a free
radical chain process. More recently Kabalka and Daley?
found that trialkylaluminum compounds exhibit analogous
behavior when photolyzed at —78° or in the presence of
catalytic amounts of oxygen, and were able to demonstrate
the intermediacy of free radical species. Because of our in-
terest in the area of transition metal catalyzed reactions of
main group organometallic reagents, we were particularly
interested in the recent report by Mole, et al.,5 concerning
nickel catalyzed conjugate addition of trimethylaluminum
to a,8-unsaturated ketones. It would appear that this

o - H
[ o ||
(CH;%Al + RC=C—C—R' —&— RC|CHZCR' 1)
CH,

method represents a convenient and potentially economic
route to 1,4-addition products, particularly if the reaction
is stereoselective. In an attempt to determine the stereo-
selectivity of this reaction and in addition to determine the
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TableI
Reaction of Trimethylaluminum with Isophorone in the
Presence of Nickel Acetylacetonate

0 0
Time, min >ij\(mmol) >[5<(mmol) Material balance, %
0 1.000 0.000 100
1 0.300 0.680 98
5 0.075 0.838 91
30 0.000 0.845 85
60 0.000 0.863 86
120 0.000 0.850 84

applicability of this method to 1,4-conjugate addition to
prostaglandin precursors, we synthesized 4-methyl-2-cyclo-
pentenone, 4-acetoxy-2-cyclopentenone, and 4-methyl-2-
cyclohexenone. We wish now to report the results of not
only (CHg)3Al addition, but also LiAl{CHj3)s addition to a
variety of a,8-unsaturated ketones in order to provide in-
formation concerning the scope and stereochemistry of
these reactions.

Results and Discussion

Table I presents data obtained by sequential quenching
of aliquots from the reaction of trimethylaluminum with
3,5,5-trimethyl-2-cyclohexenone (isophorone) in the pres-
ence of 3.0 mol % nickel acetylacetonate [Ni(acac)s)].

Several features of Table I are striking. While Mole, et
al.,5 suggest typical reaction times of 18 hr for the reaction
of a,B-unsaturated ketones with trimethylaluminum in the
presence of Ni(acac)s, our data indicate that methylation is
essentially complete in less than 30 min. The only other
product formed is polymer and its formation seems to
occur only while unreacted isophorone is present. This
suggests that the polymer is formed by Michael addition to
the aluminum enolate of the product to the «,8-unsatu-
rated ketone according to eq 2. The isolation of 1 after

0] OAlMe,
7@\ * 7@ -
OAlMe, i
° >(Ul

—=— cetc. (9

nickel acetylacetonate catalyzed addition of trimethylalu-
minum to 2-cyclohexenone provides additional support for
this suggestion.

0] 0
Me,Al
Ni(acac), (3)
1

In Table II are listed the results obtained for the cata-
lyzed reaction of trimethylaluminum with isophorone and
2-cyclohexenone. In all cases the starting material was en-
tirely consumed and no other volatile products were
formed. It is apparent from the data that ether is the sol-
vent of choice and that cupric acetylacetonate is an effec-
tive catalyst. Although Mole5 suggests that cobalt acetylac-
etonate was an effective catalyst, in our hands only starting
material was recovered after attempted reaction of isophor-
one with trimethylaluminum in the presence of 3 mol % co-
balt acetylacetonate. This result, however, suggests partici-
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Table IT
Transition Metal Catalyzed Reaction of Isophorone (2)
and 2-Cyclohexenone (3) with Trimethylaluminum¢

Notes

Table IV
Stereochemistry of Conjugate Methylation of
4-Methyl-2-cyclohexenone

Time, Temp, % 1,4 % 1,2

Run  Ketone Catalyst b Solvent hr ‘c addition  addition
1 2 Ni(acac), Et,0 1 0 86

2 2 Ni(acac), Et,0 2 22 86

3 2 Nifacac), THF 1 0 58

4 2 Cu(acac), Et,0 2 22 85

5 3 Ni(acac), Et,0 1 0 44 7

6 3 Ni(acac), Et,0 2 -30 29 6

7 3 Ni(acac), THF 2 0 41 8

8 3 Ni(acac), PhH 2 0 35 8

2 Each run employed 1.0 mmol of MesAl, 1.0 mmol of ketone, and
0.03 mmol of metal acetylacetonate in 10 ml of solvent. ? Added as
ca. 0.03 M solution in THF,

Table II1
Transition Metal Catalyzed Reaction of Isophorone with
Lithium Tetramethylaluminate®

%
Time, Ter?, % 1,4 % 1,2 recovered
Run Catalyst hr ° addition  addition ketone

9 Ni(acac), 2 22 80
10 Ni(acac), 112 22 8 27 61
11 Culacac), 2 22 73
12 Nilacac), 1 0 58 18
13" Ni(acac), 1 0 29 48

@ Each run employed 1.0 mmol of lithium tetramethylaluminate,
1.0 mmol of isophorone, 0.03 mml of metal acetylacetonate added
as a ca. 0.03 M solution in THF, and 10 ml of ether as solvent.
b Lithium tetramethylaluminate solution stored for 24 hr and clear
supernate employed in this run.

pation by the transition metal since 1,2 addition would
have been observed in its absence.® As would be expected,
polymer formation occurs to a greater extent with 2-cyclo-
hexenone than with isophorone presumably due to less ste-
ric hindrance at the terminal carbon atom of the «,3-unsat-
urated system. It is noteworthy that reaction of a twofold
molar excess of isophorone with trimethylaluminum under
conditions otherwise identical with those of entry 2 leads to
isolation of 43% of the 1,4 product (based on isophorone)
showing that only one methyl group of the organometallic
compound is available for reaction.

Table III reports results obtained from transition metal
catalyzed reaction of isophorone with lithium tetrameth-
-ylaluminate (L'TA). Except for recovery of starting materi-
al from runs 10, 12, and 13, no other volatile products were
observed. Conjugate addition with LTA is considerably
slower than with trimethylaluminum, the former reaction
requiring 2 hr at 22° before all starting material was con-
sumed. Unlike the reactions with trimethylaluminum, cu-
pric acetylacetonate is a less efficient catalyst than the cor-
responding nickel salt. For optimum results, it is essential
that the LTA be used as quickly as possible after prepara-
tion from methyllithium and trimethylaluminum. Upon
standing, the initially clear solution becomes cloudy and
within several hours precipitation is apparent. Although
analysis of the clear supernatant solution after precipita-
tion gives a ratio of lithium/aluminum/methyl of 1.00:0.97:
3.98, comparison of runs 12 and 13 show that the efficiency
of conjugate addition is seriously impaired using this solu-
tion. In an experiment employing a twofold molar excess of
isophorone under conditions otherwise identical with run 9,
3,3,5,5-tetramethylcyclohexanone was isolated in 419% yield

Time, Tem % 1,4 % %
Run Catalyst Reagent hr "é)’ addition trans cis
14 Ni(acac), MezAl 1 0 66 84 16

15 Ni(acac), LTA 2 22 62 87 13

(based on isophorone) demonstrating that only one methyl
group per LTA is available for reaction.

Table IV provides data that demonstrate the stereo-
chemistry of the reaction of the catalyzed conjugate meth-
ylation of 4-methyl-2-cyclohexenone by trimethylalumi-
num and LTA. By way of comparison, Riviere and cowork-
ers”8 report formation of 3,4-dimethylcyclohexanone with
trans/cis ratio of 72:28 for cuprous chloride catalyzed addi-
tion of methylmagnesium bromide to 4-methyl-2-cyclohex-
enone and trans/cis ratio of 91:9 using LiCu(CHjs),.”

Synthesis of 4-acetoxy- and 4-methyl-2-cyclopentenone
provided model prostaglandin systems for the determina-
tion of the stereochemistry of transition metal catalyzed 1,4
addition by reaction with (CHjz)sAl or LiAl(CHg)4. Unfor-
tunately, under a variety of conditions both of the above
ketones produced only polymer.

Experimental Section

General. The metal acetylacetonates used in this study were
prepared by refluxing the appropriate metal acetate with 1.5 equiv
of 2,4-pentanedione in methanol for 2 hr. The product was isolated
by crystallization from methanol. Ether and THF were freshly dis-
tilled from LiAlH4. Reaction vessels were flash flamed under nitro-
gen. Product analyses were performed on an F and M Model 720
gas chromatograph using a 20 ft column of 5% Carbowax 20M on
Chromosorb W at a flow rate of 55 ml of He/min.

Conjugate Methylation with Trimethylaluminum, To a 50-
ml reaction vessel was added sufficient solvent to bring the final
volume to 10 ml, substrate ketone (1.0 mmol), and the appropriate
metal acetylacetonate (0.03 mmol., ca. 1 ml of 0.03 M solution in
THF). The mixture was brought to the appropriate temperature
and trimethylaluminum (1.0 mmol, ca. 1 ml of 1 M solution in
ether) added over a 2-min period causing a yellow to brown color
to develop immediately. After the desired period of time, the reac-
tion was quenched with water (ca. 0.3 ml) and dried over MgSOy;
1.0 mmol of internal standard was added, and the product was an-
alyzed by gas chromatography. Ethyl benzoate was employed as
the standard for reactions involving isophorone, and the gle col-
umn temperature was 140°. Under these conditions, retention
times of 11.7, 13.5, and 26.1 min were observed for 1,3,5,5-tetra-
methyl-2-cyclohexenol, 3,3,5,5-tetramethylcyclohexanone, and
isophorone, respectively. When 2-cyclohexenone was the substrate,
n-octyl alcohol was employed as the internal standard and the glc
column temperature was 125°. Under these conditions, retention
times of 11.2, 13.0, and 20.5 min were noted for 1-methyl-2-cyclo-
hexenol, 3-methylcyclohexanone, and 2-cyclohexenone, respective-
ly. In all cases the identity of products (including adduct 1) was
confirmed by comparison with authentic samples.

Conjugate Methylation with Lithium Tetramethylalumi-
nate. To a 50-ml reaction vessel was added sufficient solvent to
bring the final volume to 10 ml, trimethylaluminum (1.0 mmol, ca.
1 ml of 1 M solution in ether), and methyllithium (1.0 mmol, ca. 1
ml of 1 M solution in ether). Without delay the substrate ketone
(1.0 mmol) and the appropriate metal acetylacetonate (0.03 M, ca.
1 ml of 0.03 M solution in THF) were added, the latter causing
formation of a yellow to brown color. After reaction, water (0.3 ml)
was added and the mixture dried (MgSQy); internal standard was
added, and the product analyzed as described above.
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Base association was clearly shown to exert a strong in-
fluence upon positional and geometrical orientation in
base-promoted anti 8-eliminations from 2-alkyl halides and
arenesulfonates in t-BuOH.! Regarding geometrical orien-
tation it was observed that base association is responsible
for the generally low trans:cis 2-alkene ratios found for the
reaction of these substrates with ¢- BuOK. Accordingly, the
trans:cis 2-alkene ratios were found to significantly in-
crease when the reaction is carried out in the presence of
crown ethers which are able to convert contact ion pairs or
ion pair aggregates into separated ions. This trend was sug-
gested to be originated by the larger steric requirements of
the associated base.

Interestingly, low trans:cis olefin ratios in t- BuOK-¢-
BuOH (especially with respect to those in EtO~-EtOH and
MeO~-MeOH) are considered as the “normal pattern” of
B-elimination reactions which proceed via an anti mecha-
nism, since, by this mechanism, contact ions are expected
to lead to preferential formation of cis olefin.? Deviations
from this pattern are considered highly indicative of the in-
tervention of a syn mode of 8-elimination, since it is well
knownZ2¢ that syn elimination leads nearly exclusively to
the trans olefin and is favored by base association.

We wish now to report that similar conclusions do not
apply to the elimination reactions of B-phenyl activated
systems. We have studied the §-elimination reactions of 1-
phenyl-2-propyl chloride in ¢-BuOK-¢t-BuOH and found
(see Table I) that the trans- to cis- 1-phenylpropene ratio
is significantly larger than those in EtONa-EtOH and
MeONa-MeOH; a significant decrease of this ratio is ob-
tained using t-BuON-n-Buy or crown ether complexed ¢-
BuOK. Clearly, base association plays an important role in
determining the trans:cis olefin ratios also in the elimina-
tion reactions of 1-phenyl-2-propyl halides; however, the
pattern is exactly the opposite of that found for the elimi-
nation reactions of nonactivated alkyl halides. This striking
difference cannot be attributed to the intervention of a syn
mechanism of elimination in the phenyl activated series,
since we have evidence that this reaction path is of very lit-
tle importance in the case of 1-phenyl-2-propyl chloride;3 it
results therefore that the geometrical orientation in the
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Tablel
Trans:Cis Olefin Ratios in the E2 Eliminations from
1-Phenyl-2-propyl Chloride in Various Solvent-Base
Systems at 60° @

trans- to cis-

Solvent~Base 1-Phenylpropene

MeOH-MeONa® 23.5 + 0.1
EtOH-EtONa‘ 25.0 £ 0.1
t-BuOH~¢ -BuOK“? 72+ 5
¢t -BuOH~¢-BuOK?® 45 £ 1
t-BuOH-#-BuON-# -Bu,” 37.7 £0.1

@ Determined by glpc. Each value is the average of at least three
determinations. The initial concentration of 1-phenyl-2-propyl
chloride was ~0.02 M. According to blank experiments the trans:cis
ratios are not significantly affected by the isomerization reactions
of allylbenzene (formed in a very little amount) and of cis- and
trans-1-phenylpropene. * [MeONa] = 2.3 M. Reaction time 15 hr.
In the absence of MeONa no production of chloride ions was ob-
served after 70 hr. ¢ S, Alunni and E. Baciocchi, Tetrahedron Lett.,
205 (1973). With EtOK the trans:cis ratio is 28. ¢ [t-BuOK] = 0.2
0.8 M. Reaction time 50-210 min. No appreciable variation of the
trans:cis ratio with ¢-BuOK concentration was observed.
¢€In the presence of dicyclohexyl-18-crown-6. [t-BuOK] =
0.17 M. Reaction time 5-15 min. / Prepared by mixing 0.3-0.5 M
t-BuOK-t-BuOH with appropriate amounts of n-BusNBr. Reac-
tion time 30-75 min.

anti eliminations from §-phenyl activated substrates is in-
fluenced by steric effects and/or basicity in a different way
from the anti eliminations of nonactivated substrates.

At present, we have no explanation of this phenomenon,
even though it may be recalled that in the eliminations,
from 8-phenyl activated substrates the trans/cis ratios de-
rive from differences in the conjugation extent of the phe-
nyl group with the developing negative charge at the § car-
bon in addition to differences in the nonbonded interac-
tions at C, and Cg, as it occurs in the resulting olefins.
However, it ‘seems important to point out, in the light of
this result and the recent data on the leaving group ef-
fects,5 that considerable caution must be exerted in apply-
ing conclusions reached from studies of elimination reac-
tions of B-phenyl activated substrates to the elimination
reactions of nonactivated substrates and vice versa.

Experimental Section

Materials. 1-Phenyl-2-chloropropane. A solution of 29 g of
thionyl chloride in 125 ml of anhydrous benzene was added at 0°
and under stirring to a solution of 25 g of 1-phenyl-2-propanol
(Fluka) and 4 g of pyridine in 420 ml of anhydrous benzene. After
standing overnight the mixture was refluxed for 3 hr. The mixture
was then cooled and washed with cold water, diluted sulfuric acid,
10% solution of sodium bicarbonate, and a solution of sodium
thiosulfate. After the mixture was dried on sodium sulfate and the
solvent was removed, distillation at reduced pressure gave 16.4 g
(55% yield) of 1-phenyl-2-chloropropane, bp 100° (30 mm). Anal.
Caled for CoH;1ClL: Cl, 22,9. Found: Cl, 22,6.

cis-1-Phenylpropene was prepared by decarboxylation of «-
metylcinnamic acid, according to a procedure described in the lit-
erature,® and purified by fractional distillation on a Todd column,
bp 65° (12 mm), n2*5D 1.5415 (lit.6 n20D 1.5430). Its purity
(>99.5%) was checked by glpc.

trans-1-Phenylpropene and allylbenzene were commercial
products (Fluka) purified by distillation. Their purity (glpc) was
99%.

Dicyclohexyl-18-crown-6 ether was prepared according to
the procedure described by Pedersen.”

Base-Solvent Solution. Methanol was refluxed with magne-
sium and resublimed iodine and fractionally distilled. Absolute
ethanol was refluxed with sodium and diethyl phthlate and frac-
tionally distilled. ¢- Butylalcohol was distilled after treatment with
potassium metal. Solutions of alkoxide were obtained by reactions,



