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Abstract: Arylacetylenes undergo anti-1,2-dizincation to afford trans-
1,2-dizincioalkenes. The process employs sodium dispersion as a
reducing agent and zinc chloride TMEDA complex as a reduction-
resistant zinc electrophile. This reductive anti-dizincation contrasts
with the conventional additive syn-dimetalation like silylzincation. The
resulting dizincated alkenes undergo the cross-coupling to yield multi-
substituted alkenes stereoselectively.

Introduction

Organozinc reagents play an important role in organic synthesis,
exemplified by the widespread application of the Negishi coupling
reaction. Preparation of organozinc reagents has thus been
widely investigated. The preparation typically involves either
metalation of organic halides via a reductive process or
halogen—-metal exchange, or deprotonation of acidic C-H
bonds.['? Besides these practical methods, addition of an
organozinc reagent or a related zinc species onto an unsaturated
C-C bond offers distinct advantages, enabling the synthesis of
organozinc reagents with increased molecular complexity and
synthetic utility (Figure 1A). Carbozincation and hydrozincation
represent notable examples.["® Furthermore, metallozincation
reactions, including silylzincation, provide ways for utilizing both
the organozinc unit and the other organometallic unit for
subsequent functionalizations.) ~ Notably, these “additive”
zincation reactions typically proceed in a syn fashion, with
exceptions observed in special substrates.“9" This inherent syn-
selectivity has rendered the additive zincation reactions®
particularly valuable for the stereocontrolled synthesis of
multisubstituted alkenes. Conversely, anti-addition of a zinc
species across an unsaturated C-C bond has only been
sporadically reported. o€l

Recently we reported the dimagnesiation and dialumination
of alkynes (Figure 1B).l"! These dimetalation reactions proceed
intriguingly in an anti fashion, employing a distinct mechanistic
pathway involving electron injection from sodium dispersion®! into
the alkyne followed by the trapping of the resulting anionic species
with cyclopentylmagnesium bromide and dimethylaluminum
chloride that are resistant to reduction.!’ Notably, magnesium
dichloride and aluminum trichloride were ineffective due to their
rapid reduction into the corresponding Rieke metals!'” under the
reduction conditions, which precludes the electron injection into

the alkyne. The unconventional anti-dimetalation process yields
(E)-vic-dimetalloalkene, which has indeed shown promising
applications in organic synthesis.
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Figure 1. Metalation of C—C multiple bonds.



Considering the importance of organozinc reagents, we
naturally envisioned developing a method for the reductive
generation of anti-dizincated alkenes. Our preliminary attempt by
using ethylzinc chloride was indeed successful to achieve the
reductive anti-dizincation (Figure 1C). However, the subsequent
Negishi coupling reaction failed to efficiently yield diarylated
products, rather providing a complicated mixture containing
several types of ethylated and reduced byproducts, which might
be derived from the ethyl transfer from the zinc center (and
subsequent B-hydride elimination).'! To avoid the unwanted
ethyl transfer, we were compelled to use transmetalation between
dimagnesiated species and zinc chloride (Figure 1D).'"1 This
dimagnesiation/transmetalation approach required the use of
bis(trimethylsilyl)methylmagnesium chloride as an elaborate
magnesium-based trapping agent, which is crucial for preventing
undesired transmetalation of the alkyl group on the magnesium
center and ensuring selective transfer of the vinylene unit to
palladium.

However, the limited accessibility of the Grignard reagent as
well as its precursor, which requires prior preparation,
underscores the need for a more convenient protocol for anti-
dizincation reactions. Ideally, a protocol for reductive anti-
dizincation of alkynes should directly utilize a simple zinc salt
without complicated ligands like the dummy
bis(trimethylsilyl)methyl ligand. Intuitively, the use of simple zinc
halides had been expected to be unsuccessful due to the facile
formation of Rieke zinc.[' Here we report that the intuition is
incorrect and that simple ZnClz(tmeda) (tmeda = N,N,N’,N-
tetramethylethylenediamine) serves as a reduction-resistant
electrophile to achieve the straightforward reductive anti-
dizincation of alkynes (Figure 1E). The present dizincation
method is significantly more efficient than the previous dizincation
via dimagnesiation.

Results and Discussion

Table 1 illustrates the optimization of reaction conditions for
the model dizincation of tolane (1a) followed by protonation to
yield stilbene (2a), focusing on zinc electrophiles. Following our
previous dimagnesiation,['? investigations began at 0 °C using
simple zinc chloride. The reaction afforded 2a in 38% yield with
high E selectivity, the remainder being mostly the recovery of 1a
(entry 1). This result is promising, suggesting that a zinc salt can
be used for anti-dizincation. On the other hand, a part of zinc
chloride seemed to undergo reduction to form Rieke zinc, which
is ineffective in reducing 1a, as the color of the reaction mixture
turned black upon the addition of sodium dispersion. To avoid the
formation of Rieke zinc, the reaction was then performed at —20
°C, resulting in a significant improvement in both yield and
selectivity, albeit with the recovery of 1a (entry 2). To address the
consumption of ZnCl., 3 equivalents of ZnCl2 and sodium
dispersion were employed (entry 3). However, the yield and
selectivity were not satisfactory.

Subsequently, other zinc electrophiles were investigated.
Zinc bromide exhibited reactivity similar to zinc chloride yet failed
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to suppress the formation of Rieke zinc (entry 4). Zinc iodide
underwent more facile reduction (entry 5). Assuming that
coordination of amine ligands would make the zinc center more
electron-rich to suppress the reduction, the TMEDA complexes of
these three zinc halides were examined (entries 6-8). While all
of them showed similar behavior, ZnClz(tmeda) encouragingly
demonstrated the best performance in terms of achieving a
balance between yield and stereoselectivity. Deuteration with
DCI/D20, instead of protonation with aqueous HCI, naturally gave
dideuterated stilbene (2a-d2) in 91% yield with 98% deuterium
incorporation and an E:Z ratio of 93:7. This outcome strongly
suggests the intermediacy of anti-dizincated species.

Tetramethylpropylenediamine (entry 9), featuring an
additional methylene unit between the two nitrogens, did not
effectively suppress the formation of Rieke zinc. The additional
methylene unit would allow the complex to be looser and one of
the nitrogen atoms to dissociate more easily from the zinc center.

Other firmly coordinating  ethylenediamines such as
tetraethylethylenediamine (entry 10) and
bis(tetramethylene)ethylenediamine  (entry 11) completely

inhibited the reduction of the zinc complexes, albeit with moderate
stereoselectivity. We suppose these bulkier diamines would
influence the structure of the vicinal sodiozincioalkene that is the
immediate precursor of the dizincated intermediate: the bulkier
diamine unit would push the vicinal phenyl group more to the
opposite side of the double bond and be inclined to accommodate
the smaller sodium atom on the same side, which could lead to
the slightly increased formation of the Z isomer. A zinc alkoxide
bearing an intramolecularly coordinating dimethylamino group!'®!
showed lower stereoselectivity (entry 12).

Table 1. Optimization of the reaction conditions.
2.0 equiv Zn electrophile

2.0 equiv Na dispersion Ph

Zn HCI aq. Ph

Ph——= — R — —
1a THF (0.2 M),-20°C,0.5h z5 Ph H Ph

2a
Entry Zn electrophile yield (%)™ E:.Z!
1 ZnClz, at0 °C 38 90:10
2 ZnCl2 62 99:1
3 3.0 equiv ZnCl™! 77 90:10
4 ZnBr2 64 94:6
5 Znl2 33 78:22
6 ZnCly(tmeda)® 94 93:7
7 ZnBry(tmeda) 80 94:6
8 Znlx(tmeda) 79 90:10
9 ZnCly(tmpda)¥! 47 85:15
10 ZnCly(teeda)® 99 83:17
11 ZnCly(btmeda)™” 99 86:14
12 ZnCI(OCH2CH2NMez2) 87 70:30

[a] Yields and E/Z ratios were determined by 'H NMR using dibromomethane
as an internal standard. The remainder is the recovery of 1a. [b] 3.0 equiv of
both ZnCl2 and Na dispersion. [c] tmeda = Me2NCH2CH2NMe:. [d] tmpda =
Me2NCH2CH2CH2NMe:.  [e] EtoNCH2CH2NEt.. [f] btmeda =
(CH2)4NCH2CH2N(CH2)a.

teeda =

With the optimized conditions for anti-dizincation in hand
(entry 6), the two-fold Negishi coupling with p-iodoanisole was
explored for the stereocontrolled synthesis of multi-substituted
alkenes of synthetic importance.l'M Unexpectedly, the cross-



coupling reaction did not occur at all (Scheme 1). Instead, 2a was
obtained after aqueous work-up. During the dizincation,
formation of ochre-colored precipitate was always observed.
While the precipitate was initially presumed to be sodium chloride,
we began to suspect that this precipitate could contain insoluble
polymeric dizincated intermediates, rendering them unable to
participate in the cross-coupling. To address this issue, additives
were screened to deaggregate the insoluble intermediates.!"® To
our satisfaction, an addition of zinc chloride (4 equiv) to the
reaction mixture was found to facilitate the conversion of the
dizincated species into the desired cross-coupling product 3a in
72% vyield. Performing the cross-coupling reaction at a higher
temperature of 60 °C enhanced the yield of 3a up to 93%. Notably,
the use of lithium chloride, known to play a special role in
promoting the Negishi coupling,['® instead of zinc chloride, did not
have any influences on the efficiency of the coupling (67% yield
of stilbene).

Notably, after the cross-coupling in Scheme 1, 3a was
obtained with exclusive E selectivity and the recovery of 1a was
observed. These phenomena imply that the minor syn-dizincated
intermediate did not undergo cross-coupling but served as a
reductant during the cross-coupling process to be converted to
the starting material 1a. The syn-dizincated intermediate would
be reactive to reduce divalent palladium intermediates such as
anisylpalladium iodide. The conversions of vic-dimetallated
alkenes back to the starting alkynes were also observed in the
previous dimetalation reactions.[”-12

Scheme 1. Optimization of subsequent two-fold Negishi coupling.

2.0 equiv ZnCly(tmeda)
2.0 equiv Na dispersion

THF (02M),-20°C,05h  z{ 'pn

2 mol% PdCly(PPhs),

2.2 equiv p-iodoanisole Ph Anis Ph H
— + — + 1a
20°C,2h Anig’  Ph H  Ph
additional conditions 3a 2a recovery
for cross-coupling
0,
no additive 0% e, 15%
4.0 equiv ZnCl, 2% 0% 7%
4.0 equiv ZnCl, 93% 0% 5%

60°C,3h

Anis = p-MeOCgHa.

Scheme 2 llustrates the scope of the sequential
dizincation/cross-coupling.[' With 1a as the substrate, a variety
of iodoarenes participated in the cross-coupling to afford 3a—d in
high yields.['® Ethyl bromobenzoate reacted instead of its iodo
analog to yield 3b in 69% yield. On the other hand, the choice of
alkynes is important: Alkynes should be reduced more rapidly
than the zinc electrophile (See Supporting Information for CV data
for alkynes and ZnClz(tmeda)). Di-p-tolylacetylene was converted
to 3e in good yield, while di-p-methoxyphenylacetylene remained
intact due to its more electron-rich nature (not shown). Alkynes
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having a m-extended naphthyl group reacted to yield 3f and 3g.
Electron-withdrawing boryl and cyano groups facilitated the
electron injection into the alkyne to furnish 3h and 3i in moderate
yields.l"® Interestingly, the butyl-substituted alkyne having a
cyano group participated to afford 3j in 30% NMR yield even
though an alkyl group is electron-donating. A pyridyl group is not
an electron-accepting substituent to yield 3k in only 20% NMR
yield. Mono-methoxy- and mono-trimethylsilyl-substituted tolanes
are satisfactorily reactive substrates to afford 31 and 3m in 58%
and 66% NMR yields, respectively. The yields could be enhanced
to 76% and 79% NMR yields, respectively, when larger amounts
of ZnClz(tmeda) and Na dispersion were used to facilitate
smoother electron injection into these alkynes. meta-
Monomethylsulfanyl-substituted tolane reacted smoothly under
the standard conditions to yield 3n. However, ortho-substituents
inhibited the zincation probably due to their steric hindrance,
which led to the formations of complicated mixtures. Not only aryl
iodides but allyl bromide and benzyl bromide served as
electrophiles for the cross-coupling to yield 4 and 5 efficiently.
The reductive dizincation was also applicable to an alkynoate
ester. In the reaction of t-butyl hept-2-ynoate as an electron-
acceptor to yield 3o, zinc chloride without TMEDA ligand was
proved to be the better zinc electrophile and the stereoselectivity
was marginal.

Conclusion

A new approach has been developed to achieve anti-dimetalation
of alkynes. Arylacetylenes undergo anti-1,2-dizincation to afford
trans-1,2-dizincioalkenes with high stereoselectivity. The process
is straightforward and utilizes sodium dispersion as a reducing
agent and zinc chloride TMEDA complex as a reduction-resistant
zinc electrophile.  The transformation begins with electron
injection into the alkynes followed by trapping with the zinc
electrophile. This reductive anti-dizincation represents a rare
instance among dimetalation reactions, contrasting with the
conventional additive syn-dimetalation reactions like silylzincation.
The resulting dizincated alkenes undergo the Negishi cross-
coupling, with the aid of additional zinc chloride to enhance the
reactivity of the dizincated species. This reductive anti-dizincation
and following Negishi coupling provide a new entry to anti-
selective diarylation of alkynes.”® Ongoing efforts in our
laboratory are focused on further developing new dimetalation
reactions through reductive pathways.

Supporting Information

The Supporting Information contains all experimental procedures,
characterization data, cyclic voltammograms, and copies of NMR
spectra.
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Scheme 2. anti-Dizincation followed by two-fold Negishi coupling.
2 mol% PdCI,(PPhj),

2.0 equiv ZnCly(tmeda) 2.2 equiv Ar-
] - : 2.0 equiv Na dispersion 4.0 equiv ZnCl, Ar
1 THF, -20°C, 0.5 h 60°C,3h Ar
3
R

3a 93% (61%)
3b 82% (52%)

69% (52%)
3¢ 71% (46%)
3d  72% (60%)!

R=H

3f 66% (36%)
R=1Bu 3g 58% (37%)

NC

Anis

Anis

3j 30% (27%)L)
31 58% (31%)

Me;Si SMe 76% (70%)]

(0]
tBuOAg{.Anis
Anis —\_

30 51% (40%)1
70% (48%)19]

3m 66% (29%)
79% (53%)

Ph Ph Ph
=N =
Ph Ph Ph
4 60% (52%) 5 75% (54%)
with allyl bromide with benzyl bromide

3n 69% (61%)

Anis = p-MeOCsHs. NMR yields are shown because isolation processes were
often troublesome due to contamination with monoarylated trisubstituted
alkenes (typically 5-10%) as inseparable by-products. Isolated yields are in
parentheses. [a] Ethyl bromobenzoate was used instead of its iodo analog. [b]
E:Z = 85:15. [c] E:Z = 95:5. [d] 3.0 equiv ZnClx(tmeda) and 2.2 equiv Na
dispersion. [e] E:Z = 8:92. [f] E:Z = 4:96. [g] 2.0 equiv ZnCl> without TMEDA for
the first step and without additional ZnCl. for the second step. E:Z = 22:78
before isolation.
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Arylacetylenes undergo anti-1,2-dizincation to afford frans-1,2-dizincioalkenes. The process employs sodium dispersion as a
reducing agent and zinc chloride TMEDA complex as a reduction-resistant zinc electrophile. This reductive anti-dizincation contrasts
with the conventional additive syn-dimetalation like silylzincation. The resulting dizincated alkenes undergo the cross-coupling to yield
multi-substituted alkenes stereoselectively.



