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mechanistic studies, there have been no measurements of
secondary KIE for this prototypical five-membered ring
intramolecular elimination reaction. Pyrolysis of trans-
deuterated (2R,3R)-83 (X = D) at 120 °C afforded (+)-
apopinene (2) that had [a]; = +1.343°, and a secondary
KIE of 1.061 may be calculated from the relationship®
ky/kp = ([a]; - [e])/([a]; + [al) where [a]; = ~45.1°
(Table I). No discernable loss of deuterium was observed
by mass spectral analysis confirming the syn elimination
pathway. In a duplicate experiment, the recovered (+)-
(S)-apopinene exhibited a rotation of [a]p = +1.323° and
a secondary KIE of 1.060. Thus, the perturbations of the
bending vibrations of the C-H bonds at C; in the elimi-
nation process are significant at the transition state (TS)
as evidenced by the appreciable secondary KIE.
Pyrolysis of the cis-deuterated amine oxide 3 (Y = D)
afforded apopinene with an optical rotation of +17.1°.
Since the initial rotation of the (-)-(R)-apopinene used in
the synthesis of 3 was —45.1°, the primary syn KIE for the
concerted Cope elimination is found to be 2.22. A tem-
perature correction to 25 °C suggests a primary KIE of
~2.8. An accompanying mass spectral analysis using se-
lective ion monitoring (SIMS) on this same cis-deuterated
amine oxide showed that the recovered alkene contained
69.0% of its original deuterium content and a ky/kp of 2.23
may be calculated from this datum. These combined data,
for a rate-limiting nonlinear hydrogen transfer with dis-
cernible rehybridization at C;, are consistent with a tran-
sition state with extensive double-bond character.
Since the oxygen of an amine oxide is weakly basic and
a relatively late T'S should be anticipated, it is instructive
to use a stronger base in order to assess the relative
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magnitudes of the secondary KIE in a comparable elimi-
nation process. Mass spectral analysis of the apopinene
recovered from the trans-deuterated quaternary ammo-
nium iodide 4 (X = D) showed no detectable loss of deu-
terium upon elimination with potassium tert-butoxide in
DMSO solvent. This process is therefore a 100% syn
1,2-elimination under these reaction conditions reflecting
the association of the alkoxide base with the cationic am-
monium center.? Treatment of trans-deuterated (2R,3R)-4
(X = D) at 26 °C under these conditions afforded (+)-2
that had [a]; 1.54° and a secondary KIE of 1.072. The
magnitude of this KIE is smaller than that of the Cope
elimination when corrected to 25 °C (~1.05). The primary
KIE of 1.27 (Table I) is also very small suggesting a
somewhat earlier transition state when KO-¢t-Bu is em-
ployed in DMSO solvent where the potassium cation is
highly coordinated and the base strength of the oxyanion
is markedly increased.

In summary, we have described a highly sensitive me-
thod for measuring both primary and secondary KIE in
elimination reactions.® These data provide the first ex-
perimental evidence for extensive rehybridization at carbon
in the Cope elimination. Recent ab initio calculations®
(MP2/631G*) of secondary KIE in the Cope elimination
suggests that the rehybridization at C, (secondary KIE =
1.11) is even geater than that at C; (secondary KIE = 1.04).
These combined data provide a unique explanation for the
fact that a Cope elimination in the cyclooctyl system (a
late TS) affords exclusively cis-cyclooctene. However,
much stronger bases that involve an earlier TS with much
less double-bond character give predominantly the highly
strained trans-cyclooctene despite the fact its ground-state
energy is 9 kcal/mol higher in energy.?
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Summary: A new acyl anion equivalent for the prepara-
tion of masked activated esters, the protected hydroxy-
malonitrile 1, readily undergoes conjugate addition to
a,(-unsaturated carbonyl derivatives 2 to give the masked
1,4-dicarbonyl compounds 3 in good to high yields. 1,4-
Dicarbonyl compounds 4, in which one of the two carbonyl
groups has a reactivity different from the other, can be
prepared selectively from 3.

1,4-Dicarbony! compounds are starting materials and
intermediates in many important natural product
syntheses, and a number of methods for their syntheses

have appeared.! One of the most common approaches is
the conjugate addition of acyl anion 5 or its equivalent to
a,B-unsaturated carbonyl compounds.! Since the sub-
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Table I. Conjugate Addition Reactions of Protected
Hydroxymalonitrile 1 with Electron-Deficient Olefins

isolated
reaction yield

entry substrate condns® time (h) of 3 (%)
1 CH,~CHCOCH; A 9 76
2 CH,~CHCOCH;, B 12 85
3 CH,=CHCOCH; Cc 24 71
4 CH,CH=CHCOCH; A 12 86
5 0o A 12 82
6 CH,=CHCO,CH, A 10 %0
7 CH3;CH=CHCO,CH, A 12 87
8 CHyCH=CHCH=CHCO,CH; A 8 75
9 A\ A? 18 86
CHyCH—CHCH==CHCO,CH,3
10 CH,~CHCN Ab 11 74

Key: A, K,CO, (1.1 equiv), 1 (1.2 equiv), acetone, rt; B, Et;N (10
mol %), 1 (1.2 equiv), benzene, rt; C, Ni(acac), (10 mol %), 1 (1.2
equiv), CH;CN, 10 Kbar. ®1.5 equiv of 1 was used.

stituent R in 5 was hydrogen or carbon in the previous
cases, the reactions which could be utilized for further
manipulation of the vy-carbonyl group of the resulting
1,4-dicarbonyl adduct were limited to those of ketones and
aldehydes. Moreover, the conjugate addition reactions are
sometimes accompanied by 1,2-addition, and thus some
optimization of the reaction conditions is often needed to
minimize this side reaction.? We have recently developed
a new acyl anion equivalent 1 for the preparation of
masked activated esters.® If 1 undergoes efficient conju-
gate addition to 2, 1,4-dicarbonyl derivative 3 would be
formed in which one of the two carbonyl groups can act
as a masked activated ester equivalent, and thus further
manipulation of the ¥ terminus would give 1,4-dicarbonyl
compounds 4 which are not available by the previous

methods.
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The results are summarized in Table I. Three different
types of conditions were examined for the reaction with
methyl vinyl ketone. The use of K,CO; (1.1 equiv) in
acetone at room temperature or catalytic amounts of Et;N
(10 mol %) in benzene at room temperature gave the
1,4-adduct in good yields (entries 1 and 2). The 1,2-adduct
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was not produced at all. In addition to these weakly basic
conditions, we examined the nickel-catalyzed procedure
which was known as a mild and efficient option for car-
rying out Michael additions with 8-dicarbonyl compounds.*
Although the reaction with methyl vinyl ketone was very
sluggish at 1 bar, the conjugate addition proceeded very
smoothly at high pressures (e.g., 10 Kbar) (entry 3)° to give
the same 1,4-adduct along with small amounts of the
starting materials and no side reactions took place. Not
only enones (entries 4 and 5) but also enoates underwent
the conjugate addition (entries 6-9). The regioselectivity
is noteworthy; neither 1,6-conjugate addition to the die-
noate nor epoxide ring opening of the v,-epoxy-a,3-enoate
took place. The conjugate addition to acrylonitrile also
proceeded very smoothly (entry 10).

Next we examined the unmasking conversion of 3 into
4. The ethoxyethyl group of 3a was removed with tri-
fluoroacetic acid (TFA) in dichloromethane at 0 °C. After
evaporation of TFA under reduced pressure at 0 °C,
pyrrolidine was added to a dichloromethane solution of
the resulting crude alcohol. Amide ester 4a was obtained
in 88% yield (eq 1). The addition of benzyl alcohol and
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triethylamine, instead of pyrrolidine, produced mixed ester
4b in 69% yield (eq 2). In conclusion, we are now in a
position to prepare 1,4-dicarbonyl compounds which have
different functional groups or different modifications of
the same functional group via conjugate additions using
1 as a masked acyl anion.

The following procedure for the addition of 1 to methyl
vinyl ketone is representative. To an anhydrous acetone
solution (1.6 mL) of 1 (124 mg, 0.804 mmol) and methyl
vinyl ketone (56 uL, 47 mg, 0.67 mmol) was added an-
hydrous K,CO; (102 mg, 0.738 mmol), and the resulting
heterogeneous mixture was stirred for 9 h at room tem-
perature. Addition of saturated aqueous NH,Cl solution,
extraction with ether (three times), washing with saturated
brine, drying (MgSO,), concentration, and silica gel column
chromatography with hexane—ethyl acetate (15:1) as eluant
gave the adduct (115 mg, 0.513 mmol) in 76% yield.

Supplementary Material Available: Experimental details
for the preparation of 3 and 4 and the spectral and analytical data
of the products (4 pages). Ordering information is given on any
current masthead page.
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