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Since the discovery of organic base-catalyzed isomerization of

y-hydroxy- o, f-acetylenic esters to y-oxo- o, f-trans -alkenyl esters in 1949, the

mechanism has not been elucidated. This study shows that the mechanism involves cumulene formation, protonation with the conjugate acid

of the amine, and protonation of the resulting allenol with water.

y-Oxo-a,5-trans-alkenyl esters (BScheme 1) are substrates
for various types of organic reactidnand part of peptido-

Scheme 1. Redox Isomerization ofA to B
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of such an isomerization was reported by the Raphael group

(Scheme 2¥,wherebyl was subjected to excess;Htat 23

Scheme 2. Redox Isomerization of to E2 andZ2
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mimetic and some natural product€ompounds can be
formed via the redox isomerization of readily accesdible
y-hydroxy-o.,5-alkynyl esterg\. In 1949, the first example
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°C and the subsequent distillation afforde@. The high
E-selectivity is presumably due to the isomerizatiorzaf
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to E2 at an elevated temperature in the presence s\ Bt
suggested in more recent literatdr&@he pathway of the
Raphael reaction was “conjectured” to go through an allenol
intermediate, PhC(OH;C=CHCO,Me (3). Although the

To determine whether this E-selective isomerization is
thermodynamically controlled, compoui#@@ was subjected
to 10 mol % of DABCO in DMSOds at 23°C (Scheme 3).

Raphael reaction has been used for many decades for th_

conversion ofA to B,”® neither the intermediacy & nor
the mechanism have been studied.

We have recently reported a more convenient transforma-
tion of 1to E2 using 1,4-diazabicyclo[2.2.2]octane (DABCO)
as a catalyst (10 mol %) at 2&€° and this method has been
found to be applicable to other substrats® We have
become interested in the mechanism of this DABCO-
catalyzed isomerization because it could also be related to
the mechanism of the Raphael reaction. Herein, we report
our mechanistic studies of the Raphael-like reaction catalyzed
by DABCO.

Scheme 3. DABCO-Catalyzed Isomerization &2 to E2
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By monitoring the DABCO-catalyzed isomerization bf
by 'H NMR spectroscopy, we found that the half-life bf
was approximately 90 min under the reaction conditions (10
mol % of DABCO, initial [1] = 0.25 M, DMSO-g, 23 °C).
The yield ofE2 was approximately 95% based on the internal
standard (BgO) and theE2:Z2 ratio was 33:1. The kinetic
studies of the isomerization of by *H NMR analysis
revealed that the reaction rate was second order overall
(Figure 1a) and first order with respect to DABCO (Figure
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IH NMR analysis showed that the reaction mixture rapidly
(tyz < 5 min) reached nearly the same E:Z ratio (30:1),
indicating that the origin of the high E-selectivity was a
thermodynamic preference. A plausible mechanism for the
isomerization betweeri2 andE2 may involve intermediate
4, which can be formed by the conjugate addition of DABCO
towardZ2 and E2.

At this point, we speculated that the DABCO-catalyzed
isomerization ofl proceeded in two steps (Scheme 4). In

Scheme 4. Two Steps in the Isomerization dfto E2
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Figure 1. Kinetic studies of DABCO-catalyzed isomerization. (a)

Conversion of the isomerization dfto E2 catalyzed by 5.6 mol

% (#), 10 mol % @), and 37 mol % &) of DABCO in DMSO-dg

at 23 °C; (b) initial reaction rate vs DABCO in mol % of the

isomerization ofL to E2 in DMSO-d; at 23°C. R? = 0.999.

1b), indicating that the rate-determining step involves one
molecule of DABCO and one molecule bin the transition
state.
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Step 1,1 is transformed to the mixture &2 andZ2 in an
unknown ratio. In Step 2, the DABCO-catalyzed equilibrium
betweenE2 and Z2 (see Scheme 3) is established to
predominantly yieldE2. Throughout the transformation of
1 to E2, compoundZ2 was hardly detectable by NMR
analysis, which is consistent with the notion that the second
step is much faster than the first step,( ~90 min for
the overall process, wheregg < 5 min for the isomeriza-
tion of Z2 to E2). Even though we cannot exclude the
possibility that the high E-selectivity is due to a kinetic
control, an alternative thermodynamic control is more likely
because the kinetic pathway should involve the protonation
of allenol 3 from the less hindered face to for#2 (see
Scheme 7).

To address this, we hypothesized that the intermediacy of
4 might be supported if the conversion 82 to E2 in the
presence of BD resulted in the deuterat&®. To determine
the position of the deuterium atom B2, we required the
unambiguous assignment of olefinic protons intHENMR
spectrum (Figure 2). Toward this objective, an HMBC
experiment proved to be informative, which revealed a
coupling between the methyl hydrogens and C2 (see the
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Figure 2. Key HMBC signal to assign 2-H and 3-H.

Supporting Information). On the basis of these results, the
chemical shifts of 2-H and 3-H were assigned to be 6.89
and 7.93 ppm, respectively. With the proton assignment, we
proceeded to study the isomerizationZ# to E2 (Scheme

5); however, treatment &2 with 10 mol % of DABCO in
DMSO-dy/D,0 (16:1) afforded=2 and not 3e-E2 after 3 h.
This experiment neither supports nor excludes the interme-
diacy of 4, but indicates that the putative intermedidte
undergoes the bond rotation-E1lcbh reaction (pathway-=;

4") faster than protonation (pathway b). Importantly, this
result suggested that deuterium incorporation in the isomer-
ization of 1 to E2 in DMSO-d¢/D,O would elucidate the
mechanism of Step 1 shown in Scheme 4.

Scheme 5. No Deuterium Incorporation in the Isomerization
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Encouraged by this perspective, we turned our attention
to Step 1. We treatetwith 10 mol % of DABCO in DMSO-
ds/D,0 (16:1), which exclusively generatedd3=2 (Scheme
6a). This result ruled out any mechanisms invoking a 1,2-
hydride shift from C4 to C3 induced by the 4-OH deproto-
nation by DABCO (Scheme 6b). As an alternative mecha-
nism, DABCO could undergo a conjugate addition toward
acetylenic esters to generate intermed&i®cheme 6c¢). This
intermediate would be quenched byM®to form 2d-E2 via
7. However, 2d-E2 was not observed; therefore, although

6 may be formed in a reversible manner, the subsequent

pathway does not proceed in the DABCO-catalyzed isomer-
ization of 1 to E2.

On the basis of the results described thus far, we postulate
the mechanism shown in Scheme 7: the 4-H lofis
abstracted by DABCO to form intermediat& and the
protonated DABCO. The protonated DABCO species is far
more acidic (pik = 9 in DMSO) than HO (or D;O; pK, =
32 for H,O in DMSO), providing the source of the proton
in the next step to form allend. The following tautomer-
ization occurs by abstracting a proton from residugDHbr

Org. Lett, Vol. 8, No. 2, 2006

Scheme 6. Deuterium Incorporation Experiment
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1 (or a deuterium from BD) in the less sterically hindered
facé! to generate 3-Z2. Finally, as described in Scheme
3, this intermediate isomerizes in the presence of DABCO
to form 3-d-E2.

Scheme 7. Proposed Mechanism
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If the above mechanism is correct and the deprotonation
of 4-H is the rate-determining step, the substitution of 4-H

fLf 1 with a deuterium atom should substantially retard the

reaction by virtue of a primary isotope effect. Additionally,
the product formed in DMS©H,O should be 2-E2
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Scheme 8. Deuterium Transfer and Kinetic Isotope Effect Scheme 9. Crossover Experiment
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because th&l-deuterated DABCO would quench cumulene TN CO,Et P (Z_d_)Efé)zEt
7 at the C2 position (Scheme 8). To test this hypothesis, 9 DH=1/2.1
4-d-1, prepared by coupling PhCDO with AG=C—CQ- 4a1/8=721
Me 5> was subjected to 20 mol % of DABCO in DMSQ/d
H,O (16:1) at 23°C to find that 2-d-E2was indeed formed Despite these observations, we cannot entirely exclude an

as the sole product. Furthermore, similarly to the enolization alternative mechanism in which DABCO undergoes a
of 2,4-dimethyl-3-pentanone with NaOH(kp = 6.1) at conjugate addition withl to form intermediates. To be

25 °C*? a large kinetic isotope effeckq/kp = 6.4, was consistent with our results, both the OH deprotonation of
observed at 23C. Thus, the proposed mechanism shown in 7 by an additional DABCO molecule and a disrotatory 1,3-
Scheme 4 is consistent with this experiment and the dramatichydride shift from C4 to C2 occur at the same time. Alter-
reaction-rate acceleration in DMSO (the isomerization does natively, the conjugate addition of DABCO and the hydride
not occur in nonpolar solvents such as Ckl&id benzene),  shift occur simultaneously. Although we do not have any
a solvent that facilitates the formation of charged species evidence to exclude these mechanisms, the stringent require-
such as8 and the protonated DABCO. The results shown in ment for the timing of either of the two processes involving
Schemes 6a and 8 also indicate that the protonated DABCOthe kinetically unfavorable hydride shift would be less likely
does not undergo proton exchange witfOfwhich is not  than the mechanism described above.

surprising because @ is far less acidic than the protonated ~ In conclusion, we have gained significant mechanistic
DABCO in DMSO (Apk, ~ 23). insight into the DABCO-catalyzed isomerization pthy-

An unanswered question at this point was whether droxy-a.5-alkynyl esters tg-oxo-o,f-trans-alkenyl esters. -
intermediate8 formed a tight ion pair with the protonated The order of proton additions and the sources of each olefinic
DABCO. To address this question, a mixture of 4-grid9 proton determined in this study could facilitate the develop-
(7.2:1) in DMSO-@ was treated with 10 mol % of DABCO ~ ment of related synthetic methods with various electrophiles.
at 23°C (Scheme 9). After the reaction, it was found that
12% of the methyl ester product contained H and 32% of
the ethyl ester product contained D at their 2-positions. Due
to the formation of protonateB2 and deuterated 8-E10,
it is deduced that intermedia8&does not form a strong ion
pair with the protonated DABCO.
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