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Abstract: The rearrangement of acetylenic epoxides mediated by
low-valence organotitanium and organozirconium reagents is
reported to give conjugated enynes. Moderate to good yields and
high selectivities are obtained when using the organozirconium(II)
Negishi reagent in toluene at 20 °C; whereas only poor yields and
low selectivities are achieved with the organotitanium(II) Sato re-
agent. The process is stereospecific and involves formation of tita-
na- and zirconacyclopropenes by oxidative insertion of the low-
valence titanium and zirconium reagents into the carbon—carbon tri-
ple bond of the acetylenic epoxides. These metallacyclopropenes
then rearrange to afford stereodefined propargylmetals through the
epoxide ring-opening. Conjugated enynes are finally produced by
B-elimination of metal oxide.
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The conjugated enyne motif is largely widespread in nat-
ural products and has been intensively exploited in syn-
thesis. The methods most commonly used for its synthesis
utilize palladium(0)-catalyzed C(sp?)-C(sp) cross-cou-
plings between vinylic and acetylenic partners (Scheme
1). All these methods generally involve the cross-coupling
of a vinyl halide with a terminal alkyne (Sonogashira cou-
pling),!? an alkynylsilane (Hiyama coupling),® an al-
kynylzinc (Negishi coupling),' or an alkynyl Grignard
reagent (Kumada—Corriu coupling).!* The cross-cou-
plings of a vinylstannane (Stille coupling)® or a vinylbo-
rane (Suzuki coupling)® with an alkynyl halide are also
efficient means to access conjugated enynes. Other less
employed metal-catalyzed cross-coupling reactions are
also described in the literature.” 10

All these metal-catalyzed cross-couplings require the use
of stereomerically pure vinylic precursors, constituting
the main obstacle to their application in the stereoselective
synthesis of Z conjugated enynes. Alternative methods in-
clude the reaction of a Z-alkenylcopper reagent with an al-
kynyl iodide or bromide,!" a sequence that combines the
Wittig olefination reaction using 3,3,3-trichloropropyli-
dene-1-triphenylphosphorane with the Corey—Fuchs rear-
rangement,'? Peterson syn B-elimination of propargylic -
hydoxysilanes,'? and n-BuLi-induced syn B-elimination
of propargylic iodohydrin derivatives.'*
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Scheme 1 Common syntheses of conjugated enynes

During the past decade, we have developed a stereoselec-
tive route to acetylenic epoxides and aziridines by reac-
tion of allenylzinc reagents with carbonyl derivatives and
imines, respectively.!’ Inspired by previous work on the
preparation of conjugated dienes by zirconocene-mediat-
ed deoxygenation of vinyl epoxides,'® we reasoned that
acetylenic epoxides and aziridines could be precursors to
conjugated enynes by reaction with low-valence metals
such as the organotitanium(Il) Sato reagent [formally a
(i-PrO),Ti-propylene complex]!” or the organozirconi-
um(Il) Negishi reagent [formally a Cp,Zr-(1-butene) com-
plex].!® The oxidative insertion of these low-valence
metallic complexes into the carbon—carbon triple bond of
acetylenic epoxides and aziridines was anticipated to give
titana- and zirconacyclopropenes that could undergo het-
erocycle ring-opening.!” This would result in the forma-
tion of allenyltitanium and allenylzirconium species that
are in equilibrium with their respective propargylic
forms.?® Finally, B-elimination of metal oxo or imido
complexes was expected to afford the corresponding con-
jugated enynes (Scheme 2).

We initiated our studies with prototypical trans-acetylenic
epoxide 1a that was reacted with Sato reagent generated
in situ from (i-PrO),Ti (1 equiv) and i-PrMgX (2 equiv)
for 30 minutes at —80 °C. Gratifyingly, regardless of the
reaction conditions employed, conjugated enyne 2a was
formed, albeit in moderate yields with poor E/Z selectivi-
ties (Scheme 3). In all cases, unidentified by-products
were observed. Their formation was explained by the re-
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Scheme 2 Our work

action of enyne 2a with the Sato reagent that is indeed re-
ported to be prone to react with conjugated enynes
through the formation of enyne-titanium complexes.?!

(-PrO)4Ti  + iFPrMgX (X =Cl, Br, )
(1 equiv) (2 equiv)

i Et,O or CH,Cl, or THF or toluene

—80 °C, 30 min
c-Hex Q . (1 equiv)

=TS _45:cor20°C \j\

1a 2a,29-73% 'MS

E/Z=26:74t0 88:12

[0}

Scheme 3 Reaction of 1a with Sato reagent

Although unsatisfactory both in terms of yield and selec-
tivity, the results obtained with the Sato reagent validated
our approach to conjugated enynes based on the rear-
rangement of acetylenic epoxides mediated by low-
valence metal species. The epoxide ring-opening thus
should occur in an anti manner subsequently to oxidative
addition of the organotitanium(II) reagent. This could af-
ford allenyltitanium 3 stereoselectively in equilibrium
with the propargylic isomer 4 (Scheme 4).

The organotitanium species so formed should be configu-
rationally stable as previously reported in the analogous
reaction of substrates bearing leaving groups at the
propargylic position.?? At this point, the direct anti B-
elimination of titanium oxide could take place giving con-
jugated enyne (£)-2a. The B-elimination could be favored
in the presence of magnesium salts (MgX,) produced in
situ that could coordinate to the oxygen atom of the alkox-
ide moiety. On the other hand, because of the high oxophi-
licity of the titanium(IV) species, cyclic magnesium
organotitanate 5 may be produced through free rotation
around the ¢ carbon—carbon bond. Intermediate 5 could
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Scheme 4 Mechanism of the reaction of 1a with Sato reagent

thus undergo the syn B-elimination of titanium oxide to af-
ford conjugated enyne (Z)-2a.

Encouraged by the results obtained with the Sato reagent,
we next examined the use of the Negishi reagent. Under
optimized conditions, this reagent is preformed by adding
n-BuLi (2 equiv) at —80 °C to a solution of Cp,ZrCl,
(1 equiv). This first leads to Cp,Zr(n-Bu), then finally
gives the desired organozirconium(Il) reagent after an ad-
ditional one hour stirring at —20 °C (Scheme 5).%

CpoZrCl,  +  n-Buli
(x equiv) (2x equiv)

solvent, =80 °C
then -20°C, 1 h

o CpoZrin ﬁ(equiv) cHex
c-Hex—( 5 —_—
——TMS

solvent, —20 °C N
1a then 20 °C, 1 h (Br2a N\ s
)Oi O—2ZrCpyLiCl
through c-Hex ,’7"' — ™S </ H N
c-Hex
ZrCpoCl 7 \
™S

Scheme 5 Reaction of 1a with Negishi reagent (see Table 1)

Thus, when reacting 1a with the preformed Negishi re-
agent (1 equiv) at 0 °C or below, conjugated enyne 2a was
isolated in very low yields regardless the solvent, even
though excellent stereoselectivities were achieved in fa-
vor of the E-isomer (Table 1, entries 1-3). Under these
conditions, degradation was observed to some extent. By
contrast, carrying out the reaction at 20 °C allowed 2a to
be produced in reasonable yields within one hour (Table
1, entries 4-6). Although in all cases excellent E/Z ratios
were attained, only the use of toluene as solvent afforded
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Table 1 Reaction of 1a with Negishi Reagent (See Scheme 5)

Entry  Solvent Temp (°C) Equiv (x) E/Z* Yield (%)°
1 THF -20 1.0 92:08 9(23)
2 Et,0 0 1.0 - 0(47)
3 toluene -20 1.0 >98:02 6 (16)
4 THF 20 1.0 86:14 55(83)
5 Et,0 20 1.0 89:11 64 (97)
6 toluene 20 1.0 >08:02 48 (96)
7 toluene 20 1.2 >98:02 25 (62)
8 toluene 20 0.8 >08:02 64 (84)°
9 Et,04 20 1.0 87:13 63 (86)

2 Selectivities were determined by 'H NMR analysis at 400 MHz of
the crude materials.

b Isolated yields. In parenthesis are given the conversions into 2a
based upon recovered 1a.

¢ Isolated yield and conversion relative to 0.8 equiv of Negishi re-
agent.

4 Reaction was conducted with Cp,TiCl,.

complete selectivity in favor of the E-isomer. Increasing
the amount of Negishi reagent to 1.2 equivalents relative
to 1a resulted in a significantly lower yield (Table 1, entry
6 vs. entry 7). This result can be explained by the polym-
erization of 2a by the excess organozirconium(II) species
via carbozirconation of the carbon—carbon triple bond of
2a giving zirconacyclopentenes.?* Conversely, employing
only 0.8 equivalent of Negishi reagent furnished £-conju-
gated enyne 2a as the sole product and with an improved
isolated yield of 64% (Table 1, entry 8).

Interestingly, in all cases better selectivities were ob-
served with the Negishi reagent than with the Sato re-
agent. This could be first rationalized by comparing the
hardness of the acidic metallic(IV) centers in 4 and 6. Ti-
tanium(IV) is intrinsically a harder Lewis acid than zirco-
nium(IV).2> Accordingly, zirconium(IV) in 6 could be
less likely to coordinate to the alkoxide (a hard base) as ti-
tanium(IV) in 4. As a consequence 6 should be less prone
to give the Z-isomer through cyclic zirconium intermedi-
ate 7. However, the nature of the ligands on the metals
could also play a role in these reactions.?® To gain insight
on the influence of both the metal and the ligand on the
stereochemical outcome of the rearrangement, the reac-
tion was thus performed with the titanium analogue of the
Negishi reagent [formally the Cp,Ti-(1-butene) complex]
generated from Cp,TiCl,. At 20 °C in Et,O the conjugated
enyne 2a was isolated in 63% yield and with an £/Z ratio
of 87:13 (Table 1, entry 9). This result was significantly
different from the ratio of 67:33 obtained with the Sato re-
agent under the same conditions, but very close to the
89:11 ratio obtained with the Negishi reagent. This result
suggests that it is not the metal as such, but the nature of
the ligand which is important in the stereochemical out-
come of the rearrangement.
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The optimized conditions in Table 1 [i.e., Negishi reagent
(0.8 equiv), toluene, 20 °C, 1 h], were next applied to a va-
riety of readily available trams-acetylenic epoxides 1
(Scheme 6).1

(0] Rl
R R (0.8 equiv) —
_ o e
=——TMS toluene, —20 °C R? AN
1a-h then20°C, 1 h (B-2a-h  “TMS

Scheme 6 Synthesis of (£)-2a—h from 1a—h (see Table 2)

With all disubstituted epoxides, excellent E-selectivities
were observed. Yields of conjugated enynes 2 were good
with epoxides possessing alkyl substituents even though a
low yield was obtained in the case of the terz-butyl group
mainly due to the volatility of the product (Table 2, entries
1-4). Epoxides bearing ethenyl or aromatic substituents
afforded the corresponding conjugated enynes in slightly
lower yields (Table 2, entries 5 and 6). In contrast, when
trisubstituted epoxides were used, significantly lower iso-
lated yields were obtained (Table 2, entries 7 and 8).

Table 2 Synthesis of (£)-2a-h from 1a-h (See Scheme 6)*’

Entry Epoxide R! R? Enyne E/Z° Yield
(%)°

1 la c-Hex H 2a >98:02 62

2 1b°¢ n-Bu H 2b 93:07 67

3 le Ph(CH,), H 2 >9802 68

4 1d t-Bu H 2d >98:02 304

5 e PhCH=CH H 2e >98:02 55

6 1f Ph H 2f >98:02 45

7 1g n-Pent n-Pent 2g - 37

8 1h Ph Ph 2h - 30

 Selectivities were determined by 'H NMR analysis at 400 MHz of
the crude materials.

b Isolated yields relative to 0.8 equiv of Negishi reagent.

¢ Ratio (trans/cis) = 92:08.

4'Volatile product.

In order to gain further insight into the stereochemical
outcome of the rearrangement mediated by the Negishi re-
agent, we carried out the reaction starting from epoxide
cis-1a. Interestingly, under the optimized conditions, con-
jugated enyne (Z)-2a was isolated in good yield and with
a high selectivity of 93:7 perfectly reflecting the initial
92:8 cis/trans ratio of 1a (Scheme 7). All these results
suggest that the zirconium(Il)-mediated rearrangement is
stereospecific, with acetylenic trans- and cis-epoxides
giving E- and Z-isomers, respectively. As in the case of
the Sato reagent, the ring-opening of the epoxide moiety
should thus occur in an anti-fashion affording configura-
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tionally stable propargylzirconiums 6 and 8 that undergo
the anti B-elimination of zirconium oxide.
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Scheme 7 Stereospecificity of the rearrangement

The method was next applied to acetylenic aziridines. Us-
ing N-H or N-Bz aziridines with the Sato or Negishi re-
agents failed to produce conjugated enynes. With N-tert-
butylsulfinyl and N-tert-butylsulfonyl aziridines, the de-
sired products were isolated in moderate 32-39% yields
and with low E-selectivities of <70:30. In fact, only N-Bn
aziridines were found to give E-conjugated enynes with
high selectivities, albeit in very poor isolated yields, as il-
lustrated with 9 that furnished 10 in 20-26% yield and
with a selectivity of >94:6 under optimized conditions
(Scheme 8).

_Bn CpoZr v H Ph .

N i 2
(0.8-1.2 equiv) \
PH 2 X—: TMS  THF or toluene, —20 °C N
9 then20°C, 1 h 10, 20-26% ™S
E/Z =94:6 to >98:2

Scheme 8 Reaction of 9 with Negishi reagent

In conclusion, the synthesis of conjugated enynes by the
reaction of acetylenic epoxides and aziridines with low-
valence organotitanium(Il) and organozirconium(II) re-
agents has been investigated. Only the reaction employing
the Cp,Zr-(1-butene) complex (Negishi reagent) and acet-
ylenic epoxides has been fully satisfactory in producing
di- and trisubstituted aliphatic and aromatic conjugated
enynes, both in terms of reactivity and stereoselectivity.
Using 0.8 equivalent of the Negishi reagent for one hour
in toluene at 20 °C permitted stereospecific access to E- or
Z- conjugated enynes from trans- and cis-acetylenic epox-
ides, respectively, in good yields and with complete selec-
tivities.
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