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One-Pot Zinc-Promoted Asymmetric Alkynylation/Brook-Type
Rearrangement/Ene—Allene Cyclization: Highly Selective Formation
of Three New Bonds and Two Stereocenters in Acyclic Systems™**

Polina Smirnov, Jomon Mathew, Anne Nijs, Einat Katan, Miriam Karni, Carsten Bolm,

Yitzhak Apeloig, and Ilan Marek*

In memory of Michael Bendikov

Since the pioneering reports in the 1960s! asymmetric
organometallic catalysis has played a crucial and dominant
role in organic chemistry, and has led to the rapid develop-
ment of a myriad of widely used synthetic transformations.?
During the past five decades, great effort has been devoted to
the development of catalytic reactions; however, these highly
valued transformations generally combine only two compo-
nents and thus result in the formation of a single carbon—
carbon bond in the critical step. If one could develop
asymmetric catalytic reactions in which more than one
carbon-carbon bond is created in a single-pot operation, it
would tremendously improve the efficiency of catalytic
processes.’! Thus, the challenging goal of step economy can
be achieved through one-pot operations that combine several
steps that collectively provide a high increase in complexity."!
In this context, wel® and others® have recently developed
different approaches to create several carbon—carbon bonds
in acyclic systems and in single-pot operations with excellent
control of the configuration of all stereogenic centers,
including the challenging all-carbon quaternary stereogenic
centers."l These methodologies produce sophisticated molec-
ular frameworks while complying with synthetic efficiency.!
Nevertheless, in our previously studied cases, selectivity was
controlled by chiral auxiliaries. If one could combine, in
a single pot-operation, asymmetric catalysis with the creation
of several new bonds in acyclic systems, it would be extremely
useful in organic synthesis and would pave the way to new
approaches for synthetic transformations.’! Herein we de-
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scribe the development of reactions that meet these chal-
lenges.

Our hypothesis, shown in Scheme 1, is based on an
asymmetric alkynylation of acyl silanes 1 in the presence of
chiral zinc species derived from Et,Zn and chiral Lewis bases
to give the corresponding enantiomerically enriched zinc o-
hydroxypropargyl silanes 2,,.""! Acyl silanes are powerful
substrates owing to a potential [1,2]-anion transposition,
defined as the Brook rearrangement,'" that leads to new
carbanions which can undergo further synthetic transforma-
tions (anion relay chemistry).'? Therefore, the tetrahedral
intermediate 2,, is expected to undergo a C—O silyl
migration to give the stabilized carbanion 3A,,™ which
can be in metallotropic equilibrium with its allenyl counter-
part 3B,,"" Several important questions arise, such as:
1) Would the zinc-promoted Brook rearrangement proceed in
the presence of a stoichiometric amount of a base?!"
2) Would a complete transfer of chirality occur? 3) Would
the propargyl zinc species 3A4, be configurationally stable
before its transformation into 3B, through metallotropic
equilibration ? 4) What would be the stereochemical outcome
of the Zn-Brook rearrangement of 27, to 3 Az, and how does
this rearrangement proceed? 5) Assuming that this Zn-Brook
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Scheme 1. General scheme describing the proposed combined zinc-
promoted alkynylation/Brook rearrangement followed by a Zn—ene—
allene cyclization.
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rearrangement proceeds with preservation of the stereochem-
ical information, would enantiomerically enriched delocal-
ized organometallic species 3 A, /3B, undergo an enantio-
selective Zn-ene-allene cyclization to the corresponding
methylzinc-substituted cyclic siloxy derivative 4, 21"

The success of this single-pot strategy requires positive
answers to all questions raised in Scheme 1. The addition of
electrophiles to 4,, would then produce functionalized
adducts 5 that could be oxidized™” to acyclic compounds 6
in which three new bonds and two new stereogenic centers have
been created in a one-pot operation through an initial
asymmetric catalytic reaction.

Before performing the entire one-pot transformation of
1into 5, we initially focused on the alkynylation of 1 through
asymmetric catalysis (Scheme 2). The enantiomerically
enriched a-hydroxypropargyl silane 2 was first prepared in

Rl OH
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Scheme 2. Enantioselective zinc-catalyzed alkynylation of acyl silanes
Ta—c.

excellent yield but with modest enantioselectivity by the use
of the tridentate Schiff base ligand L,."% However, with the
ProPhenol-type ligand L, products 2 were obtained with
excellent enantiomeric ratios of 98:2 (Scheme 2; see the
Supporting Information).!'”! The absolute configuration of 2
was established by chemical correlation.”

Having established straightforward access to enantiomer-
ically enriched zinc propargyl silanols 2, we carried out the
whole sequence described in Scheme 3, namely, the prepara-
tion of highly functionalized compounds 7 from acyl silanes
1 through the unique combination of an asymmetric zinc-
promoted alkynylation followed by the Brook rearrangement
and ene-allene cyclization. To perform the desired rearrange-
ment, we simply added THF to 2, and heated the reaction
mixture at 45 °C for 24 h. We were pleased to observe that the
transformation of the zinc alcoholate 2,, under these
conditions yielded 4, presumably through a Zn-Brook
rearrangement and subsequent cyclization to 4, (as initially
suggested in Scheme 1). The addition of electrophiles led to
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Scheme 3. Tandem enantioselective zinc-promoted alkynylation/Brook
rearrangement/ene-allene cyclization and subsequent addition of an
electrophile and oxidation in a single reaction vessel.

cyclic oxysilanes 5, which were found to be relatively unstable
and were directly oxidized to 6. However, under these
conditions, the trimethylsilyl group on the alkyne was
partially cleaved; complete desilylation occurred upon the
treatment of the crude reaction mixture with an aqueous base.

We were delighted to obtain enantiomerically enriched
propargylic alcohols 7a-i directly from 1 in high yield as
single diastereomers through the creation of three new bonds
and two stereogenic centers (Scheme 3). Except for the
conversion of 1¢into 7g-i (R' = (CH,),Ph), the enantiomeric
ratios of which were slightly lower than that of the precursor
2c¢ (e.r. 92:8), the enantiomeric ratios of products 7 were very
similar to those of 2,, resulting from the enantioselective
alkynylation reaction (Scheme 2; 2a: e.r. 98:2, 2b: e.r. 97:3).
The high enantiomeric ratios of compounds 7 suggest that the
Zn-Brook rearrangement and the following reactions
(Scheme 1) proceed with almost complete transfer of chir-
ality. The treatment of ligand-free 2a with Et,Zn in THF at
45°C led to 7a with the same enantiomeric ratio (e.r. 93:7),
which implies that the chiral ligand has no effect on the
stereochemical outcome of the subsequent steps. In the Zn-
ene-allene carbocyclization, the methylzinc-substituted cyclic
siloxy species 4, was formed as a single diastereoisomer.[1* 16!
Further treatment with an electrophile and subsequent
Tamao-Fleming oxidation!"”! under basic aqueous conditions
led to acyclic adducts 7a-i in good yields. The relative
configuration of 7a was determined by X-ray crystal-structure
analysis (see the Supporting Information), and the absolute
configurations of 7a—i were deduced by analogy with previous
studies.”
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Although we had achieved our synthetic objectives, we
were puzzled by the apparent configurational stability at 45°C
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in THF of the propargyl zinc species 3 A, resulting from the ‘%5:4 SiMes

[1,2]-Brook rearrangement. Whereas unstabilized sp® alkyl [1,2] Zn-Brook AaSi 270 Zﬁlkgpgcl)k
lithium and magnesium reagents show moderate configura- rearrangement rearrangement
tional stability,?! sp® alkyl zinc species are usually configura- )

tionally stable only at temperatures up to 25°C.”!! To gain R\ OSiRs RsS[io}-—f:QZHEt

a better understanding of the mechanism of this unusual Etzn* Xy R! SiMe;
Brook rearrangement and of the following cyclization, we 3z SiMes 3Bzn
studied these reactions by the use of density functional theory
(DFT)P with several functionals, which all produced similar

Scheme 4. Allenyl Zn-Brook rearrangement.
results. The calculated free-energy profile obtained with the

hybrid PBEO functional and the 6-311G(d,p) basis set for the
transformation of 2, into 4,, in the solvent THF is shown in
Figure 1 (full details of the calculations are given in the
Supporting Information). A close model system for 2,, with
R'=Et was used for the analysis. The overall reaction from
2,, to the cyclic product 4, was calculated to be highly
exothermic, by 25.9 kcalmol™! (24.6 kcalmol !, gas phase),
which provides the driving force for the reaction. An
important result of the calculations is that the first step of
the reaction is not the expected classical [1,2]-Brook rear-
rangement of 25, to 3Az, (eventually transformed by a metal-
lotropic equilibrium into 3B,) as proposed in Scheme 1 on
the basis of a previous assumption.>!! Instead, the calcu-
lations predict that 2,, rearranges directly to 3B, through an
interesting allenyl Brook rearrangement in which the new C—

Zn bond is formed anti to the C—Si bond that is cleaved
(Scheme 4).

(Scheme 4), which is more exothermic by 9.2 kcalmol ™! than
the rearrangement 2,,—3 Az, (see the Supporting Informa-
tion). Species 2, exhibits a weak intramolecular chelation of
Zn to the C=C bond [r(Zn-C5)=2.89 A, r(Zn-C6)=
341 A]. This weak chelation directs the reaction via tran-
sition state TS1 through the allenyl Zn-Brook rearrangement
(intermediate 3B,,) rather than the usual [1,2]-rearrange-
ment (Figure 1). This allenyl Zn-Brook reaction is exothermic
by 20.5 kcalmol " in THF (AG = —13.7 kcalmol '), and the
free-energy barrier for the rearrangement of 25, to 3By, is
24.4 kcalmol™ (Figure 1). In TS1 (Figure 1), the C4-Si bond
is stretched from 1.93 to 2.21 A and the new silicon—oxygen
bond is nearly fully made: r(O-Si)=1.73 A (1.68 A in 3B,);
concurrently, the Zn atom approaches the B-propargylic
carbon atom (C6) to a distance of 2.44 A (1.94 A in 3B,,).
Thus, 2,, undergoes a Zn-Brook rearrangement in which the
zinc atom is transferred directly to the f-alkynyl carbon atom
(C6) to give the allenyl zinc intermediate 3B,,, and which
thus bypasses the classical [1,2]-Brook product 3A,,. More-
over, this important finding nicely rationalizes the observa-
tion that the rearrangement proceeds without racemization,
as allenyl zinc species are configurationally stable.”>?* In the

A transition state for the classic [1,2]-Brook rearrange-
ment in which the silyl group in 2, migrates to the oxygen
atom and ZnEt coordinates to the central carbon atom (C4)
to form 3 A, could not be located. The calculations provide
insight into the unexpected rearrangement of 2, to 3B,

AG, TS1 Et 0.z, -Et
,'2-".4" vsl ~ \)
'I' \“ /\ N s”ﬁe3
/ ' TS1
;244
; I“
I‘ ll
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Figure 1. Free-energy profile in THF (at 298 K) and transition-state geometries calculated at the PBEO/SDD-6-311G(d,p) level (AG,,, in kcalmol™
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second step of the reaction, 3By, first rotates via TS2 (with
a barrier of 2.3 kcalmol'; see the Supporting Information
and Figure 1) to 3B’,,, which is 0.1 kcalmol ' lower in energy.
Activation of the terminal double bond of 3B’;, by the
electrophilic zinc atom leads via the cyclic six-membered
transition state TS4, held by zinc chelation (Figure 1), to the
cyclic product 4,,, which is obtained as a single diastereomer.
This Zn—ene-allene carbocyclization is exothermic by 5.3 kcal
mol ! and has an activation free energy of 25.7 kcalmol . In
TS4 (Figure 1), the Zn atom moves towards the [-vinyl
carbon atom (C3) so that it is at an equal distance between C3
and the allenic C6 atom (2.12 A). Concurrently, the a-vinyl
carbon atom (C2) approaches the st-bond of the a-allenylic
carbon atom (C4) to a distance of 2.21 A. The nature of this
cyclic transition state dictates that enantiomerically enriched
3B’,, cyclizes diastereoselectively to give enantiomerically
enriched 4,,.") The cyclization of 3B, to 4,, is an example of
an enantioselective carbometalation reaction of an unacti-
vated alkene.”®! The free-energy barriers for the two critical
steps of the overall reaction, that is, 2,,—3B, and 3B';,—
4,,, are nearly the same (ca. 25 kcalmol™), and therefore
both steps are important in determining the reaction rate.

In summary, we have presented a catalytic enantioselec-
tive alkynylation of acyl silanes 1 that leads in a one-pot
operation to propargylic alcohols 7. The impressive trans-
formation 1—7 in which three new bonds and two new
stereogenic centers are created with excellent diastereo- and
enantioselectivity proceeds through a combined allenyl Zn-
Brook rearrangement/Zn—ene—allene cyclization followed by
the addition of an electrophile and an oxidation reaction.
Quantum-mechanics calculations show that 4,, is obtained
from 2,, via 3B,,, and that transformation bypasses the
intermediate derived from the classic [1,2]-Brook rearrange-
ment (i.e., 3A4,). A remarkable feature of the reaction 2,,—
4,, is the transfer of chirality in both the allenyl Zn-Brook
rearrangement and the highly organized six-membered tran-
sition state of the Zn—ene-allene carbocyclization. We con-
tinue to explore the synthetic potential of this intriguing
transformation.
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