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1. Introduction

Asymmetric transformations' and transition metal-catalyzed cross-coupling reactionsi! are
critical components of modern organic synthesis. The impact of these reactions on synthetic
chemistry and related fields can be measured in many ways. For example, in 2001 the Nobel
Prize in chemistry was awarded to Dr. William Knowles, Professor Ryoji Noyori, and
Professor K. Barry Sharpless for their contributions to catalytic asymmetric synthesis. Then,
in 2010, Professors Richard Heck, Ei-ichi Negishi, and Akira Suzuki were awarded the
Nobel Prize for pioneering the development of catalytic cross-coupling reactions. The
intersection of these two areas of research, the development of cross-coupling reactions that
construct stereogenic centers though incorporation and control of secondary sp hybridized
fragments, has emerged as an important frontier in reaction design.""!V The first
stereochemical investigations of such cross-coupling reactions were primarily performed as
part of stoichiometric mechanistic studies. The field has since evolved to encompass target-
oriented endeavors and enable precise formation and manipulations of stereogenic centers.
We now have a growing pool of cross-coupling reactions from which to construct tertiary
stereogenic centers with excellent stereoselectivity.

Stereochemical control in alkyl cross-coupling reactions can be accomplished in several
ways. In a substrate-controlled stereoselective reaction, also referred to as a stereospecific
reaction, stereochemical information is transferred from one of the starting materials to the
product. For example, during a stereospecific cross-coupling reaction an enantioenriched
electrophile will provide enantioenriched product in the presence of an achiral catalyst.
Alternatively, an enantioenriched alkyl metal reagent can also be used to achieve a
stereospecific cross-coupling. These two scenarios are illustrated in Scheme 1a. The success
of the reaction can be determined by measuring enantiospecificity (es), which is calculated
by dividing the enantiomeric excess (ee) of the product by the ee of the starting material.V In
contrast, stereoselectivity can be controlled by chiral ligands on the metal in a catalyst-
controlled stereoselective reaction. These reactions occur through a stereoconvergent
process, utilizing racemic electrophiles or transmetalating agents (Scheme 1b).

This review will focus on the cross-coupling reactions of secondary alkyl reagents that
afford enantioenriched tertiary carbon centers. The main sections will cover the two
approaches outlined above; first, stereospecific reactions will be discussed, then
stereoselective reactions that are controlled by chiral catalysts will be reviewed. Asymmetric
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substitution reactions of cuprates with alkyl halides and tosylates will also be presented to
provide relevant context for subsequent development of catalytic methods. While there are
many excellent diastereoselective cross-coupling reactions, we will focus on
enantioselective variants that cannot be influenced by thermodynamic preference for
formation of one diastereomer. Allylic displacement reactions,"! asymmetric Heck
reactions'"" and cross-coupling reactions that result in products with axial chiralityV""' will
not be discussed in this review. Additionally, desymmetrization reactions of achiral
compounds in cross-coupling reactions to construct tertiary and quaternary stereocenters are
outside the scope of this review.'* We refer the reader to other recent reviews of asymmetric
cross-coupling reactions® and, for general discussions of cross-coupling reactions with alkyl
partners, we refer the reader to recent reviews on cross-coupling reactions with alkyl
halides'i! and alkyl metal complexes.!V

2. Stereospecific Reactions

Stereospecific reactions of enantioenriched electrophiles use the inherent stereochemical
information in the substrate to dictate the configuration of the product. This method can take
advantage of the many excellent asymmetric additions, oxidations, reductions, or resolutions
to construct chiral starting materials with C—X bonds. Asymmetric formation of tertiary
carbon centers is arguably more challenging, particularly when the substituents about the
chiral center are very similar. One advantage of stereospecific reactions is that a chiral
catalyst is not required to differentiate between very similar substituents about the chiral
center. This section will cover reactions of enantioenriched electrophiles and nucleophiles.

2.1 Enantioenriched Alkyl Electrophiles

While historically and pedagogically important, the classical Sy2 reaction has limited
synthetic utility, especially with carbon nucleophiles, due to competing racemization and
elimination pathways. The reactions discussed in this section provide alternative solutions to
this problem. Metal-mediated reactions have emerged to facilitate the formation of C-C
bonds under mild reaction conditions. Despite the challenges of alkyl-alkyl cross-coupling
reactions, such as sluggish oxidative addition and facile p-hydride elimination, significant
progress has been made in this area. In general, examination of copper-, zinc-, palladium-,
and nickel-catalyzed reactions has enabled oxidative addition to otherwise unreactive
substrates. Additionally, bulky ligands on the metal can be used to disfavor interactions with
B-hydrogens that result in elimination. Analogous to Sy2 reactivity, these reactions all
maintain stereochemical information during the coupling process and result in inversion of
configuration. Iron-based catalysts are also known to facilitate robust coupling reactions
with alkyl partners, however these catalysts favor stereorandom processes and thus have not
yet been shown to be viable catalysts for stereospecific reactions.X!

2.1.1. Organocuprates—A synthetically and historically important stereospecific
transformation that predated modern cross-coupling reactions is the displacement of halides
and pseudohalides by organocuprates. While primarily featured in addition reactions to -
systems, the role of cuprates in substitution reactions of enantioenriched alkyl halides is also
well-known. Cuprates are uniquely successful where other organometallic nucleophiles such
as organomagnesium and organolithium reagents fail. In Whitesides’ seminal publication,
the viability of organocuprates to give coupled products in a stereospecific manner was
demonstrated X! Enantioenriched (/)-bromobutane 1, synthesized from the requisite
secondary alcohol, was subjected to standard reaction conditions with Ph,CulL.i to produce
(+)-2in 67-68% ee (eq 1). Comparison to known optical rotations indicated 84-89%
enantiospecificity with inversion of configuration.

Tetrahedron. Author manuscript; available in PMC 2014 July 22.
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) Ph,CuLi Ph
Me — - .- Me_~-
Me  THF,rt, 12h ~"Me
3 (-)-2, 60% yield
Synthesized 3% ee
from 2-butanol 3% es
with 92% ee
)

This demonstration of stereochemical fidelity spurred many other investigations of reactions
of organocuprates. It has since been shown, however, that the outcome is highly substrate-
dependent. For instance, reactions of enantioenriched alkyl iodides result in racemic
products.Xiil Equation 2 illustrates the analogous reaction with enantioenriched iodobutane 3
to produce 2-phenylbutane with only 3% enantiospecificity. Furthermore, the yield of the
reaction can be variable with certain cuprates, including methylcuprate, which typically
provides low yields. Lipshutz and co-workers reported systematic studies that provide a
general rationale to explain these contradictory outcomes. One possibility was that the
method of cuprate preparation could have a strong influence on the reaction. Organocuprates
are classified as “lower order” or “higher order” depending on the number of ligands they
possess. While they often have very different reactivity, in the case of reactions with alkyl
halides, the degree of enantiospecificity was not affected by the cuprate employed in the
reaction (Table 1). For example, both higher and lower order organocuprates gave low es
with an alkyl iodide (entries 1 and 2) and high es with an alkyl bromide (entries 3 and 4).
More highly mixed organocuprates Et(Me)Cu(CN)Li, and Et(Me)CuLi were necessary for
the reactions with alkyl bromides to diminish competing reduction side pathways. The
degree of enantiospecificity, however, generally correlated with the identity of the halide,
irrespective of the cuprate employed.

In the early 1970s Johnson and co-workers reported the first mechanistic studies pertaining
to alkyl fosylate displacement. Analogous studies with (+)-2-butyl tosylate were consistent
with >99% inversion of configuration, however the yield could not be improved above
45% XV To address this limitation, a directing group strategy was employed by Hanessian
and co-workers. They demonstrated that stereospecific reactions of acyclic alkyl tosylates
with lithium dialkyl cuprates proceed in good yields when the strategic placement of a
thioether at a distance of two methylene units from the leaving group is employed.*V
Specifically, thioethers were found to increase reactivity and suppress elimination and
reduction byproducts, as seen with the formation of 4 in 90% yield, compared to 6 in 40%
yield. Furthermore, the preference for sulfur over oxygen is apparent in the enhanced
reactivity of (methylthio)methyl ether 5 as compared to methoxymethyl ether 7.

Gmeiner and co-workers reported a recent example of stereospecific alkyl tosylate
displacement in target-oriented synthesis.XV! All stereoisomers of the dopamine receptor
ligand 10 were prepared; therefore, the flexibility of the route with respect to stereochemical
control was of utmost importance. An example featuring one stereochemical permutation is
shown in Scheme 3. Beginning with readily accessible tosyl pyrrolidine 8, lithium dimethyl
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cuprate was employed to introduce the methyl group in 70% yield and >99% es. The ester
remained intact with no epimerization of the C-2 stereocenter. This compound was carried
forward to prepare dopamine receptor ligand 10.

A general mechanism for cuprate displacement is shown in Scheme 4. The reaction is
thought to begin with oxidative addition to the substrate by the copper center, followed by
reductive elimination of the unstable Cu(lll) species 11 to afford the new C-C bond. For a
more rigorous discussion of the mechanism of the reactions of nucleophilic organocopper
complexes, we refer the reader to a recent review by Nakamura. *"" It is noteworthy that this
redox mechanism is one possible reason why cuprates are uniquely suited for displacement
reactions at saturated centers as compared to organomagnesium or organolithium reagents.

2.1.2. Transition Metal-Catalyzed Reactions

2.1.2.1. Cu-catalyzed: Recent advances in cuprate chemistry have included catalytic
variants. Ready and co-workers reported the stereospecific coupling of a-chloro ketones
with organozinc reagents in the presence of a copper catalyst and stoichiometric magnesium
salts. Vil While most of the reported substrates are racemic, the stereochemical course of the
reaction was investigated by coupling enantioenriched chloro ketone 12 with isopropylzinc
chloride (eq 3). The substitution proceeds in 77% yield to provide 13 with clean inversion of
configuration.

0 (@]
Me Cu(acac); (5 mol %) Me
él Et,O/THF, 25 T, 14 h
Me Me

i-PrZnCl-MgCl,

12 13, 77% yield
95% ee 95% ee
>99% es

©)

Liu and co-workers have recently disclosed the copper-catalyzed cross-coupling of primary
and secondary Grignard reagents with alky! tosylates XX This reaction is facilitated by a
three-component catalyst system consisting of Cul, N,N,N’,/ -tetramethylethylenediamine
(TMEDA), and LiOMe. Enantioenriched secondary tosylates were found to couple with
cyclohexyl and 7~hexyl Grignard reagents with excellent transfer of chirality (Scheme 5).

2.1.2.2. Zn-catalyzed: In 2008, Briet and co-workers demonstrated that a-hydroxy ester
triflates can undergo stereospecific sp3-sp2 cross-coupling reactions with Grignard reagents
in the presence of catalytic zinc chloride.** In this reaction copper salts are less effective
catalysts, producing side reactions such as homocoupling or reduction of the triflate. This
reaction proceeds well with a variety of a-hydroxy ester triflates and Grignard reagents
(Scheme 6). Steric encumbrance is well-tolerated as the coupling proceeds in good yields
with isopropylmagnesium chloride and a y-substituted electrophile to produce 18. Alkenes,
esters, and ethers are all well tolerated in the reaction (19, 20 and 21). Generation of a highly
nucleophilic zincate complex and Lewis acid activation of the triflate leaving group by
magnesium salts are proposed to facilitate this cross-coupling.

Briet and co-workers adapted this method for the interative synthesis of polyketide-derived
(oligo)deoxypropionates. i The first cross-coupling reaction with zerzbutyl ester triflate 23,
prepared from commercially available enantiopure lactic acid, affords the enantioenriched
intermediate ester 24. Reduction, conversion to the chloride, and exposure to Mg yields
Grignard reagent 25 for the next coupling reaction. Proper choice of triflate enantiomer
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allows for synthesis of all possible diastereomers (28-31) in excellent diastereoselectivity
and enantioselectivity without the use of chiral ligands or auxiliaries.

2.1.2.3. Pd-catalyzed: Palladium-catalyzed cross-coupling reactions have become
indispensable methods in organic synthesis, particularly in reactions of aryl and vinyl
halides. The stereochemical outcome of palladium-catalyzed cross-coupling reactions with
sp3 electrophiles was first reported in the 1970s by the Stille lab.**ii Enantioenriched (S)-
phenethyl bromide 32, synthesized from the requisite (~/)-phenethyl alcohol, was treated
with Pd(PPh3)4 under an atmosphere of CO. The resulting palladium complex was indirectly
determined to have approximately 68% ee (eq 4). The reaction proceeds with overall
inversion of configuration, confirmed by comparison to known optical rotations after
derivatization of 33.

Me Me

H Pd(PPhj3),, CO (1at
~g (PPh3), CO (1atm) PdL,Br
r
©/\ benzene, rt o)
32 33, 68% ee
68% ee >99% es

4

In 1995, Legros and co-workers reported the palladium-catalyzed stereospecific substitution
of benzylic carbonates with malonate nucleophiles.**!"! Optimal yields were achieved using
0.5 mol % Pd(dba), and achiral bidentate ligand bis(diphenylphosphino)ethane (dppe), to
furnish substitution product 35 in 80% yield and 97% es (Scheme 8). The reaction is
proposed to proceed through a double-inversion process in analogy to Tsuji—Trost allylic
substitution reactions; first displacement of the leaving group by Pd(0), then nucleophilic
attack of subsequent Pd(1l) intermediate by sodium malonate. Curiously, when the catalyst
loading was increased to 5 mol %, the stereospecificity decreased significantly to 55% es.
Racemization is proposed to occur through attack of an exogenous Pd(0) complex on the -
benzyl Pd(I1) intermediate 36. This mechanism is consistent with the observation that the
rate of racemization is dependent on the catalyst concentration. Indeed, in further studies,
researchers found that a chiral ligand controlled stereoselective reaction could also be
achieved through increasing the catalyst loading to 2 mol % and employing chiral (R,R)-
Me-DuPhos as the ligand.**IV Under these new conditions, racemic mixtures of
naphthylmethanol derivative 38 could be cross-coupled with sodium malonate in up to 64%
ee (Scheme 8).

In 2009, Carretero reported the palladium-catalyzed coupling of aryl Grignard reagents with
secondary alkyl halides.**V The stereochemical course of the reaction was investigated with
(S)-phenethyl bromide 32. Exposure of 32 to p-methoxymagnesium bromide in the presence
of Pd(CH3CN),Cl, and the achiral ligand Xantphos affords the corresponding cross-coupled
adduct 39 in 97% yield and >98% es (eq 5).

Tetrahedron. Author manuscript; available in PMC 2014 July 22.
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85-86% ee Xantphos (3 mol %) Ph
¥
THF, 1t, 14 h OMe
MeO MaB: 39, 97% yield
© < > o= e, Me 84-85% ee
O O >98% es
(o)
PPhg PPh3
Xantphos
®)

Three examples of stereospecific Suzuki-Miyaura reactions with alkyl electrophiles have
been reported. First, Fu and co-workers carried out mechanistic experiments of alkyl-alky!l
cross-couplings that indicated that the palladium-catalyzed cross-coupling reaction of
stereochemically defined alkyl electrophiles proceeds principally with inversion. V! Using a
strategy pioneered by Whitesides,™V!" Fu and co-workers used the anti-diasteromer of
deuterium-labeled primary alkyl tosylate to elucidate the stereochemical outcome of the
reaction. As shown in equation 6, alkyl tosylate 40 was subjected to reaction conditions with
phenyl-9-borabicyclo[3.3.1]nonane (phenyl-9-BBN) in the presence of catalytic Pd(OAc),
to afford 41 in 54% yield and 86% inversion at the carbon bearing the leaving group,
corresponding to a sym.antiratio of 6:1. Since the major product obtained is of the syn
configuration, this experiment is consistent with predominate inversion of configuration
during the reaction.

D
“_ _OTs Pd(OAc), (4 mol %) D
t-Bu P(t-Bu,Me) (16 mol % ‘_Ph
/\D( (tBue) (18 mol %) o A
anti-40 NaOH, dioxane, 70 T D

+ syn-41
54% yield
B—Ph 86% inversion

(6)

Asensio and co-workers reported the first stereospecific Suzuki-Miyaura cross-coupling
reaction of secondary alkyl electrophiles.**V!"" They utilized bromosulfoxides as substrates,
which were synthesized by bromination of enantioenriched ethyl-p-tolyl sulfoxide. During
optimization of the reaction conditions, #amyl alcohol was identified as the optimal solvent
because it efficiently suppressed competing p-H elimination. Bulky #amyl alcohol is
proposed to fill vacant sites on the palladium complex, thus disfavoring agostic interactions
between the palladium and the neighboring C—H bond. The reaction proceeds with inversion
of configuration at the stereogenic carbon, confirmed by X-ray analysis of 43 (Scheme 9a).
In general, the reaction tolerates a variety of aryl boronic acids, however strong electron-
withdrawing groups slow the reaction considerably. Interestingly, no reaction occurs with
the anti diastereomer of 44 (Scheme 9b), postulated to be the result of unfavorable steric
interactions that prohibit oxidative addition.

In 2010, Falck and He reported the stereospecific Suzuki-Miyaura cross-coupling of alkyl a.-
cyanohydrin triflates. X The electron-withdrawing cyano group helps facilitate an oxidative
addition of the alkyl triflate with palladium catalysts. Palladium sources with bulky,
electron-rich phosphine ligands, such as P(#Bu)s, were found to be the best catalysts. The
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sterically-demanding ligands are proposed to facilitate reductive elimination over g-H
elimination. A range of vinyl and aryl boronic acids, including thiophene- and ether-
containing substrates, were shown to undergo cross-coupling in 21-94% yield. To illustrate
the stereospecifity of the reaction three optically active triflates were subjected to standard
reactions conditions to afford 48, 49 and 50 with good translation of stereochemical
information (Scheme 10).

2.1.2.4. Ni-catalyzed: Nickel catalysts have been key players in the development of
catalytic cross-coupling reactions.®X Early studies with nickel complexes set the stage for
many modern cross-coupling reactions, however, their use was rapidly eclipsed by more
reliable palladium complexes. Nickel catalysts present several attractive features when
compared to palladium complexes, including lower cost, higher activity toward oxidative
addition of difficult substrates, and lower tendency toward p-hydride elimination. However,
unlike palladium catalysts, nickel catalysts are prone to production of alkyl radicals, which
complicates analysis of reaction mechanisms and can lead to racemization of the stereogenic
center of the electrophilic carbon.**i This proclivity toward radical reactions has enabled
the development of stereoconvergent reactions (vide infra).**Xii For stereospecific reactions,
however, this type of reactivity is undesirable as stereochemical information can be lost with
the formation of an alkyl radical intermediate.

Encouragingly, reactions with allylic alcohols have been shown to be stereospecific in the
presence of nickel catalysts,***!"" indicating that the activation of a C-O bond, rather than a
C-X bond, may effectively disfavor the one-electron pathways that lead to racemization.
Based on these findings, our laboratory has developed nickel-catalyzed stereospecific cross-
coupling reactions of alky! ethers. We have reported that alkyl ethers can be effectively
cross-coupled with methylmagnesium iodide in a stereospecific process***!V to construct a
new tertiary stereogenic center with high stereochemical fidelity (Scheme 11). Catalysts
prepared in situ from Ni(cod), and achiral ligands DPEphos, Xantphos or racemic BINAP
were found to be optimal for this transformation. Reactions are highly stereospecific,
typically proceeding with >95% es. Under our optimized conditions, the reaction tolerates
benzofuran- and benzothiophene-containing substrates. Additionally, the reaction is
chemoselective for benzylic ethers: aryl ethers do not undergo cross-coupling under the
reaction conditions.

The successful transfer of stereochemical information from a secondary alcohol to a tertiary
carbon was applied to the synthesis of enantioenriched diarylethanes, a class of compounds
with diverse biological activity.**V Asymmetric arylation of requisite aldehyde 55**Vi and
subsequent alkylation of the alcohol furnished desired heterocyclic substrate 56 in 90% ee
(Scheme 12). The cross-coupling reaction was found to proceed in good yield and excellent
stereospecificity to give 57, which was further elaborated over 3 steps to produce 58, an Hy
antihistamine shown to have anti-insomnia properties. Vil An enantioenriched anticancer
agent was also synthesized using our cross-coupling method Xxxviii

During our studies we found that these reactions were limited to substrates with extended
aromatic systems due to their ability to stabilize the putative rt-benzylnickel intermediate.
To address this limitation, a traceless directing group was used to promote cross-coupling
reactions with previously poorly performing reagents.3® The directing group was designed to
activate the benzylic C-O bond for oxidative addition through chelation of magnesium salts,
thus accelerating the reaction. We have applied this strategy to reactions with non-extended
aromatic systems and aryl Grignard reagents to access diarylalkanes (e.g., 59 and 60) and
triarylmethanes (e.g., 61). Both of these substructures have demonstrated utility in medicinal
chemistry4041 yet are not easily prepared using existing methods. The optimal phosphine
ligand for coupling of benzhydryl ethers with methyl Grignard reagent is DPEphos; aryl
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Grignard reagents perform best with the diphenylphosphinoalkane class of ligands (e.g.,
DPPO or DPPH). Representative examples of both reactions are shown in Scheme 13.

2.2. Enantioenriched Alkyl Nucleophiles

Stereospecific reactions with configurationally stable, a-chiral alkylmetals have been an
exciting area of research for many years. Development of such reactions has been
demanding because secondary alkylmetal reagents present an interesting combination of
challenges to the synthetic chemist. First, these reagents are traditionally not straightforward
to prepare in an enantioenriched form and subsequent purification is often difficult, although
the number of reported preparations is continually growing. Second, the configurational
stability of the alkylmetal reagent varies depending on the identity of the metal (vide infra).
Third, alkylmetal reagents can be plagued by decomposition through proto-demetalation and
B-hydride elimination during the cross-coupling reaction, which can complicate cross-
coupling reactions of elaborated alkylmetal reagents. Lastly, for alkylmetal reagents with
known toxicity such as alkyltin reagents, a balance of toxicity with ease of synthesis and
handling of the reagent must be achieved, particularly when multiple equivalents of the
alkylmetal reagent are necessary. Advances with a wide variety of organometallic reagents
over the last few decades, however, have indicated that these problems are surmountable and
that reactions with a-chiral alkylmetals can offer unique access to chiral materials for
complex synthesis.

One of the most important factors to consider in reactions of alkylmetal reagents is their
configurational stability under reaction conditions. With the exception of organozincs,
which display unusually high configurational stability, a general trend can be applied across
transmetalating agents that the rate of racemization decreases as the covalent character of the
C—M bond increases (Scheme 14).42 For example, secondary organomagnesium reagents
racemize at —10 °C with a half life of about 5 h.#3 By comparison, enantioenriched
secondary alkylboron reagents are reported to be configurationally stable to reaction
temperatures above 70 °C for over 16 h.** The rate of racemization must be taken into
consideration when synthesizing the reagent as well as when identifying conditions for
cross-coupling reactions.

Among the reported cross-coupling reactions of secondary alkylmetal reagents the
stereochemical outcome is not homogeneous; reactions have been reported with retention or
inversion of configuration depending on several factors. While this variability complicates
prediction of stereochemical outcome, on the other hand, it allows for the possibility of
development of methods to access either enantiomer of product from a single enantiomer of
organometallic reagent, a feature that has only recently been realized for stereospecific
cross-coupling reactions of alkyl electrophiles.> Alkylboron reagents in particular have
garnered much interest recently. In addition to being relatively non-toxic and functional
group tolerant, they are configurationally stable and can be prepared by a number of
asymmetric hydroboration reactions of alkenes.*6 The following section is ordered
approximately by increasing electronegativity of the metal which thereby increases covalent
character of the carbon-metal bond (Mg<Zn<Cu<Si<Sn<B). Synthesis and reactions of
chiral alkyllithium reagents will not be covered here explicitly, but we direct the reader to
recent reviews on this topic.4’

2.2.1. Organomagnesium Reagents—The study of enantioenriched stereogenic
Grignard reagents in cross-coupling reactions is challenging because most routes to access
these reagents involve radical pathways that result in racemic products. Additionally,
Grignard reagents racemize quickly above —10 °C. Interestingly, Hoffmann and co-workers
accomplished the first synthesis of enantioenriched Grignard reagents where the sole chiral
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1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Swift and Jarvo

Page 9

center is at the carbon bearing the magnesium.#3 The reagent was accessed through
sulfoxide/magnesium exchange followed by a carbenoid homologation reaction beginning
from a-haloalky! sulfoxide 62 (eq 7). Reagent 63 was obtained in 90% ee and found to be
configurationally stable when stored at —78 °C.

Cl
cl EtMgCI (5 equiv) MgCl
o X e,

HF, 78 T to —
& 62 MPT8TL30T 6y g0%ee

M

Exposure of the Grignard reaction mixture to cross-coupling reaction conditions at low
temperature with vinyl bromide results in the corresponding cross-coupling adducts in
varying optical purity, depending on the catalyst.*8 Cross-coupling under palladium and
nickel catalysis affords 64 with excellent stereochemical fidelity, while cross-coupling
reactions mediated by iron and cobalt complexes exhibit significant erosion in
enantiospecificity (Table 2). The loss of stereochemical information in entries 3 and 4 is
attributed to single electron transfer processes that occur during the transmetalation step.

2.2.2. Organozinc Reagents—Enantioenriched organozinc reagents have also been
generated in situ and found to be viable reagents for the synthesis of chiral materials. While
studying the a-arylation of A~Boc pyrrolidines, researchers at Merck utilized a sparteine-
mediated asymmetric deprotonation®® to afford the corresponding enantioenriched
organolithium intermediate. In contrast to the work of Dieter and co-workers (Section 2.2.3),
they found that transmetalation to copper gave low enantiospecificity. They discovered,
however that transmetalation to zinc resulted in configurationally stable, enantioenriched
alkylzinc reagent 66 capable of undergoing Negishi cross-coupling reactions.>% Notably, this
zinc reagent could be coupled at temperatures up to 60 °C without loss of stereochemical
integrity. The reaction proceeds smoothly with less than 5 mol % Pd(OAc), and air-stable &
BusP-HBF,. Results obtained when varying the equivalents of ZnCl, indicate that the
reaction is compatible with all types of Negishi reagents (RZnX, R,Zn, and R3ZnL.i),
although 0.6 equivalents of ZnCl5 result in optimal yields. The scope was shown to be quite
broad with respect to the electrophile, with coupling demonstrated for aryl bromides
containing carbonyl, pyridyl, and unprotected indole functionalities (Scheme 15).

The same group has applied the Negishi cross-coupling of 66 to the kilogram scale synthesis
of 73, a glucokinase activator.? The zinc reagent was generated in situ and then exposed to
aryl bromide 71 under standard reaction conditions. Intermediate 72 was attained in good
yield with 92% ee and carried through subsequent manipulations to produce 1.4 kg of
bioactive benzimidizole 73.

An analogous reaction was reported by Gawley and Beng for the arylation and vinylation of
piperidines.>2 A catalytic dynamic resolution®® of A~Boc-2-lithiopiperidine was used to
generate the necessary enantioenriched organolithium intermediate, requiring only 5 mol %
of chiral ligand 75. Transmetalation to zinc at —78 °C, followed by palladium-catalyzed
cross-coupling at ambient temperature furnished the desired arylated products in 60-75%
yield with 70-94% ee. The reaction was found to be sufficiently general to tolerate ¢-
substitution, anilines, and ketones. Heteroaryl bromides also gave desired products with
heating to 60 °C, although in slightly diminished yields (Scheme 17). Notably, Knochel and
co-workers have recently reported the diastereoselective arylation of substituted piperidines,
an extension of the excellent cross-coupling methods developed by their laboratory for
reactions with diastereomeric alkylzinc reagents.>*
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2.2.3. Organocopper Reagents—Organocopper reagents bearing a stereogenic center
bound to copper have been successfully synthesized in situ by transmetalation from other
alkylmetals. Dieter and co-workers disclosed the first stereospecific substitution reactions of
enantioenriched organocuprates (Scheme 18).5° They demonstrated that the previously
mentioned (-)-sparteine-mediated asymmetric deprotonation®® can be used to form a.-chiral
organocuprates upon treatment of the enantioenriched A-Boc-2-lithiopyrrolidine with
CuCNe2LiCl. The resulting organocopper reagent was found to be configurationally stable
below -50 °C; warming the cuprate reagent above —50 °C for 15 minutes affords only
racemic products. Examination of substitution reactions with various electrophiles revealed
strong dependencies on solvent and substrate. For instance, the reaction of cuprate 80 with
vinyl iodide 81 in THF results in racemic products, while the same reaction in mixed THF/
Et,O affords the desired product in 80-86% ee. These results are consistent with the
configurational stability of the cuprate displaying a solvent dependence. Substitution
reactions with vinyl halides, tosylates, and nonafluorobutanesulfonates (nonaflates) were
realized in good yields and with similar levels of enantioselectivity. Propargylic halides
could also be coupled to give allenyl-substituted pyrrolidines such as 85, although the
enantiospecificity is significantly diminished for these substrates. Derivatization of the
product from reaction with electrophile 81 and comparison to a known proline derivative is
consistent with retention of configuration during cross-coupling. Dieter and co-workers have
applied this methodology to the synthesis of various alkaloids,6 including the indolizidine
alkaloid elagokanine A.%7

2.2.4. Organosilicon Reagents—In 1990, Hiyama reported the interesting
stereochemical outcome of the reaction of (S)-1-phenyl-1-(trifluorosilyl)ethane (86) with an
aryl triflate.58 At temperatures below 75 °C in THF, the reaction proceeds with retention at
the stereogenic center; however, upon heating, the stereochemical outcome of the reaction
changes to give the product that results from inversion of configuration (eq 8). A nearly
linear relationship was found between ee and reaction temperature. At moderate
temperatures, solvent can also affect the stereochemical outcome of this reaction with THF/
DMSO or THF/DMF vyielding retention of configuration, while the addition of HMPA in
THF results in overall inversion.

Me

SiF3
86 Pd(PPh3), (5 mol %) MS
34% ee n-BuyNF (2.0 equiv)
+
TfO THF, temp O O Me
88
\©wMe 0]
87

Experiment 1:
50 C, 32-34% ee, 94-100% es with retention
Experiment 2:
90 T, 20% ee, 60% es with inversion

(o}

®

The stereochemical outcome is thought to be the result of changes in the transition state that
allow for different geometries during the transmetalation step (Scheme 19). Retention of
configuration (via complex 89) can originate from a cyclic four-centered transition state,
Sg2 (cyclic), where the fluoride coordinates to both the silyl group and the organopalladium
species. At higher temperatures or in more polar solvents, disruption of the Si—-F bond
results in an open transition state, Sg2 (open), by which backside attack of the palladium
gives inversion of configuration, leading to complex 90. This is an interesting example
where simple changes in temperature and solvent control the configuration of the resulting
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cross-coupling adduct. This phenomenon has not yet been documented in other
enantioenriched organometallic reagents.

2.2.5. Organotin Reagents—In the early 1980s Stille and Labadie reported the
palladium-catalyzed cross-coupling reactions of acid chlorides with enantioenriched
organostannanes.®® The reaction of (S)-(a-deuteriobenzyl)tributyltin 91 with benzoyl
chloride furnished the corresponding phenyl ketone 93 (eq 9). Subsequent derivatization and
comparison of optical rotation to literature values indicated that 93 had ~ configuration and
thus the cross-coupling must have proceeded with inversion of configuration. Since their lab
had previously demonstrated that reductive elimination occurs with retention,®0 it was
proposed that the transmetalation step in the catalytic cycle occurs with inversion.

D

©/\SnBu3
o PhCH,PdL,CI (4 mol %)

+

HMPA, 65 C, 16 h

o
Cl 93
92 >65% es

In 1990, Liebeskind and co-workers reported that the addition of copper (1) salts to
palladium-catalyzed Stille reactions greatly enhances reactivity.81 Utilizing this strategy,
Falck and co-workers showed that enantioenriched secondary a-alkoxyalkylstannanes could
be cross-coupled with various electrophiles using Pd/Cu co-catalysts to give enantioenriched
a-hetero ketones. In their initial report, they investigated the stereochemical course of this
reaction using enantioenriched stannane 94.62 Surprisingly, in contrast to the previous report
by Stille, retention of configuration was observed for this reaction (eq 10). It was noted that
participation of the neighboring Lewis basic functional group could be responsible for this
difference.

©)

Pd(PPhs),Cl, on
Ph (4 mol %)
Py CuCN (8 mol %) o)\o
o /,\(@
oluene
HaC(H,C
HSC(H2C)5/'\SnBu3 75T, 18h  13C(HL)e T
94, 94% ee 92 95, 74% yield
94% ee
>99% es

(10)

Since Falck's seminal report, cross-coupling reactions of a variety of a.-
alkoxylalkylstannanes have also been found to proceed with retention of configuration at the
stereogenic center. The scope of these reactions has been expanded to replace acyl chlorides
with allylic and propargylic halides,%3 and recently, thioesters (Scheme 20a,b).64
Pyrrolidinylthionocarbamoyl (PTC)-protected a-alkoxyalkylstannanes (e.g. 96 and 99) were
found to exhibit increased reactivity towards cross-coupling with a broader range of
electrophiles, postulated to be the result of special stabilization of the putative Cu
intermediate via coordination shown in complex 98. Reaction conditions for cross-coupling
with aryl iodides have been reported using catalytic palladium and simple a-
(acetyloxy)stannane 102 (Scheme 20c).5° Stoichiometric copper(l) thiophene-2-carboxylate
(CuTC) also effectively promotes cross-coupling of a wide range of vinyl and aryl iodides
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with (PTC)-protected a-alkoxyalkylstannanes, although under these reaction conditions,
additional Newman-Kwart O-to-S rearrangements were found to accompany the desired
cross-coupling reaction.56

Diastereoselective cross-couplings have been reported for stannyl pyranosides®’ and
epoxides.58 In 2008, Hoppe reported the Cu(l)-catalyzed cross-coupling of a-stannylated
benzyl carbamates (e.g. 104) with acid chlorides (eq 11) and allyl bromides.®®

N(-Pr), CuCN N(=Pr)2
A 0 (10 mol %) o)\o Br
g+ L
/'\ Ar” >Cl toluene, 70 T, Ph
Ph”” > SnBus 48 h X
104, 98% ee 105, 50% yield

94% ee, 96% es

(11

The utility of stereospecific Stille cross-coupling to assemble hetereoatom-containing
stereogenic centers has been showcased in the synthesis of biologically relevant molecules
(Scheme 21). For example, this strategy provided a key step in the synthesis of the
anticancer agent (+)-goniofufurone (106).70 Stereospecific Stille cross-coupling with
enantioenriched a-alkoxylalkylstannane 107 in the presence of palladium and copper co-
catalysts was used to set a key stereogenic center in the target structure. Endothelium-
derived vasodilator 11,12,15-THETA (108) was also synthesized via cross-coupling of an
enantioenriched alkylstannane.’?

Kells and Chong reported that a-(sulfonamido)benzylstannanes react with benzoyl chloride
under very similar conditions to those reported by Falck and co-workers, with the exception
that electron-rich tris(2,4,6-trimethoxyphenyl)phosphine (TTMPP) was found to be superior
to Ph3P for this transformation (eq 12).72 Interestingly, the reaction proceeds with selective
inversion at the stereogenic center, consistent with Stille's initial report, but in contrast to
previous reports by Falck and Liebeskind with a-alkoxystannanes.

o} 0
HBu. ¢ Pdy(dba)s (5 mol %), tBu g7
o NH CuCN (5-10 mol %), o NH
TTMPP (20 mol %) Ph
SnBuj
R toluengeé70 T R (e]
109 110, 98-78% yield

R = H, Me, OMe, >99% ee
Cl, CF3 >99% es

(12)

An overarching mechanistic rational for the observed stereochemical outcome of cross-
coupling of tin reagents has not yet been disclosed. However, the data in Scheme 20 and
equations 9-12 are consistent with a correlation between the Lewis basicity of the
neighboring functional group and the stereochemical outcome: strong donors result in
retention of configuration at the stereogenic center and weak donors provide inversion.
Interestingly, this trend appears to be the opposite of that observed with alkylboron reagents
(vide infra); continued mechanistic investigation could clarify the differences between these
reagents.
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2.2.6. Organoboron Reagents—The stereochemical outcome of cross-coupling
reactions of a-chiral alkylboron reagents was first elucidated using deuterium-labeled
reagents. The deuterium label was employed to overcome the difficulty of coupling
secondary alkylboron regents, which was not well-established at the time. Incorporation of
deuterium at the a and p position of primary alkylboranes allows for determination of
configuration by analysis of *H NMR coupling constants, while introducing little
thermodynamic preference for formation of one diastereomer over the other. ! The
Soderquist and Woerpel groups independently showed that alkylboron reagents undergo
palladium-catalyzed cross-coupling reactions with aryl and vinyl halides with refention of
configuration (Scheme 22a,b).”3 In a recent report by our laboratory we have demonstrated
that the same holds true for nickel-catalyzed cross-coupling reactions with alkyl halides
(Scheme 22c)."

In the last five years cross-coupling reactions of enantioenriched secondary alkylboron
reagents have emerged. These reactions possess several attractive features. For example,
enantioenriched boron reagents may be prepared directly from styrenes by catalytic
asymmetric hydroboration.#6 Alkylboron reagents are not prone to racemization, even at
elevated temperatures that may be required for certain cross-coupling reactions.
Furthermore, in comparison to alkylstannanes, the byproducts are relatively non-toxic.
Therefore, their participation in stereospecific cross-coupling reactions would be a powerful
strategy for asymmetric synthesis of C—C bonds. However, achieving this goal requires
suppression of B-hydride elimination, which is especially important in these reactions due to
isomerization of secondary organoboron intermediates through reinsertion into the resultant
alkene. Early work towards this end involved the diastereoselective cross-coupling reactions
of cyclopropylboranes.”® These substrates do not undergo B-hydride elimination.
Cyclopentylborane was also successfully applied to cross-coupling reactions shortly
thereafter.’® Cyclopentyl reagents avoid rearrangement to primary linear reagents, another
common side reaction of secondary alkylboranes.

In 2009, Crudden and co-workers reported the first successful example of acyclic secondary
enantioenriched alkylboron reagents undergoing stereospecific Suzuki-Miyaura cross-
coupling reactions.** Rhodium-catalyzed hydroboration was used to generate the requisite
alkylboronate esters in high optical purity from styrene.”” These reagents were found to be
configurationally stable, transferring the chiral alkyl component with excellent
stereospecificity even at elevated temperatures and with minor decomposition to elimination
or rearranged products. Silver oxide was found to be the optimal base and critical in
promoting reactions of secondary alkylboranes. This improvement is postulated to be due to
its ability to promote sluggish transmetalation. Other typical bases such as K3PO,4 and
Cs,COg failed to produce any cross-coupled product. A variety of aryl iodides were
subjected to reaction conditions (Scheme 23). The reactions proceeded with retention of
configuration with moderate to good enantiospecificity.’® Interestingly, primary
alkylboranes were unreactive under the optimized reaction conditions.

Similar to reactions with organostannanes and organosilicon reagents, the stereochemical
course of cross-coupling reactions of alkylboron reagents can be influenced by neighboring
Lewis basic functional groups. In 2010, the first stereospecific Suzuki-Miyaura coupling
with /nversion of configuration was reported by Ohmura and Suginome.’® The cross-
coupling of enantioenriched a-(acylamino)benzylboronic esters was found to proceed with
high enantiospecificity when a sterically demanding pivolyl group was employed. The
reaction proceeds smoothly at 80 °C in toluene with a variety of aryl bromides and aryl
chlorides to furnish diarylmethanamines with high enantiopurity (Scheme 24).
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Participation of the neighboring carbonyl group is proposed to be critical in achieving
inversion of configuration during the transmetalation event. Coordination of the pendant
carbonyl to the empty p-orbital of the boron blocks approach of the palladium catalyst and
results in an open Sg2 transition state (Figure 1). This mechanism is in close analogy to the
mechanism proposed for transmetalation of organosilanes in polar solvents (c.f Scheme 19).

In further studies, Suginome has demonstrated that the stereochemical outcome can be
controlled with Lewis acid additives.8% A variety of Lewis acids were evaluated and it was
found that PhOH was the best acid for achieving high levels of inversion and Zr(OiPr)4e -
PrOH was optimal for providing the arylated product with retention of configuration
(Scheme 25). The acid additive is believed to change the intramolecular coordination mode
at boron. Activation of the pinacol ester by the Brgnsted acid, phenol, removes electron
density from boron, strengthening coordination to the neighboring carbonyl (130) and
favoring inversion. Alternatively, coordination of the Lewis acid, Zr(OF#Pr)y, to the carbonyl
disrupts intramolecular coordination of the carbonyl to boron (131). This favors a traditional
four-centered transition state for transmetalation that results in retention at the stereogenic
center. These reaction conditions allow for access to either enantiomer of product from a
single enantiomer of alkylboron reagent.

Molander and co-workers have recently shown that non-benzylic secondary
alkyltrifluoroborate salts can be effectively coupled with aryl chlorides and bromides (eq
13).81 The optimal reaction conditions were found to be a combination of Pd(OAc), with
Xphos in a mixed solvent system of cyclopentyl methyl ether (CPME) and water. This
reaction proceeds with inversion at the stereogenic center. The authors invoke coordination
of the carbonyl to the empty p-orbital on boron, similar to the Suginome model shown in
Figure 1. Molander has also suggested that restricted rotation of the organopalladium
intermediate as a result of this coordination enhances desired reactivity by disfavoring p-H
elimination. Interestingly, only B-amides such as 132 were found to be effective; ketones
and esters do not produce cross-coupled products under similar conditions.

Pd(OAC), (10 mol %)

O BFsK XPhos (20 mol %) j\j‘
A : A
N Me . N Me
H K,CO3 (3 equiv) H
132 CPME/H,0, 95 C 133
Ar = p-MeOPh Ph—Cl 82% yield
94% ee 90% ee
96% es

(13)

A unique approach to stereospecific Suzuki-Miyaura cross-coupling has been recently
reported by Hall and co-workers in which 1,1-diboron compounds bearing two different
borony! units undergo chemoselective cross-coupling reactions.82 The geminal diboron
reagent 134 was prepared in high optical purity from a copper-catalyzed conjugate addition
of bis(pinacolato)diboron to the requisite a,B-unsaturated ester. Chiral ligand Walphos-1
was found to give the highest level of enantioselectivity for this transformation. Attempts
toward direct cross-coupling of this boronic ester were unsuccessful; however, subsequent
conversion to the trifluoroborate salt resulted in a more active coupling reagent. The reaction
proceeds exclusively with the trifluoroborate salt in the presence of the 1,8-
diaminonaphthalenyl boronyl moiety. A variety of aryl bromides were found to be effective
electrophilic coupling partners for this reaction to furnish the desired product in up to 99%
ee and 92% yield (Scheme 26). Vinyl bromides also undergo cross-coupling, albeit in lower
yields. Comparison to known optical rotations indicates that the reaction proceeds with
overall inversion at the stereogenic center, consistent with previous reports by Molander and
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Suginome (vide supra). In addition to providing the stereogenic center and chemoselective
basis for the coupling reaction, the second boron is proposed to promote transmetalation
during the catalytic cycle by stabilizing the Pd(ll) intermediate.

To establish the reactivity of the cross-coupling adducts, studies were undertaken to cross-
couple the second boronate. Conversion to the trifluoroborate salt and alteration of the
methyl ester to an amide was necessary to allow smooth conversion to the final diarylethane
140. The second cross-coupling also proceeds with inversion.

3. Catalyst-controlled Stereoselective Reactions

In a catalyst-controlled stereoselective cross-coupling process chiral ligands on the metal
control the stereochemical outcome of the reaction. One advantage of this method is that
only substoichiometric amounts of chiral compounds are necessary. Beginning with racemic
substrates, the success of the reaction is measured by the ee of the product obtained.
Stereoconvergent reactions are the most common method. These reactions convert both
stereoisomers of racemic starting material into a single stereoisomer of product.
Stereoconvergent reactions encompass dynamic kinetic resolutions83 or reactions that
proceed though a common achiral intermediate (Scheme 28a). Dynamic kinetic resolutions
can occur if the rate of isomerization between the enantiomers of starting material is faster
than their respective rates of reaction with the chiral catalyst. Catalyst preference for
reaction with one enantiomer over the other yields enantioenriched products.
Enantioselective cross-coupling reactions that are consistent with a traditional kinetic
resolution are less common (Scheme 28b).

3.1. Racemic Alkyl Electrophiles

Since 2004, Fu and co-workers have pioneered the field of stereoconvergent cross-couplings
of secondary alkyl electrophiles. The cross-coupling reactions proceed using one of three
general nitrogen ligand types (Figure 2). The chelating ability of these ligands is presumed
to help occupy vacant sites on the alkylnickel intermediate, effectively suppressing p-H
elimination. Other types of ligands such as phosphines and N-heterocyclic carbenes fail to
produce the desired reactivity. Notably, most couplings require 10% or less catalyst and
proceed at room temperature with excellent enantioselectivities.

Reactions of a wide array of substrates have been developed; general examples are
summarized in Tables 3 and 4. Table 3 catalogs reactions of a-halo carbonyl compounds. A
range of transmetalating agents have been disclosed including aryl, vinyl, and primary alky!l
reagents. Table 4 features electrophiles without special activation through a neighboring
carbonyl group. Notably, each alkyl halide contains a functional group that serves as a
directing group that allows the catalyst to discriminate between the faces of the putative
alkyl radical and form a single diastereomer of the intermediate organonickel complex (vide
infra). The variety of directing groups that can be used to induce enantioselectivity has
grown rapidly to encompass an impressive array of functional groups, increasing potential
for broad applications in synthesis. These reactions also encompass several sources of aryl,
vinyl, and primary alkyl transmetalating agents as well as the first example of a secondary
alkyl reagent, cyclopropyl-9-BBN (Table 4, entry 6), with a secondary electrophile in a
stereoconvergent cross-coupling reaction.

Work is ongoing to elucidate the mechanism of this transformation. The reaction is proposed
to proceed through a two-step oxidative addition process as shown in the general catalytic
cycle in Scheme 29. The first oxidative addition step generates an achiral radical
intermediate from the racemic alkyl halide. Selective formation of one diastereomer of the
alkylnickel complex sets the configuration at the new stereogenic center (oxidative addition
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step 2). Retention of configuration during reductive elimination affords the enantioenriched
C-C bond formation. Radical intermediates in nickel-catalyzed cross-coupling reactions are
precedented by mechanistic studies performed by Stille,***! Kochi,*™* and Vicic.¢

A few important reactions have been utilized to probe this mechanism. For instance, when
subjecting either enantiomer of electrophile 141 to standard reaction conditions, no loss of
enantiopurity in the recovered starting material is observed (Scheme 30). This result
indicates that the interconversion of starting material enantiomers is not facile and thus rules
out a dynamic kinetic resolution-type mechanism. Through Kkinetic experiments it has been
determined that the reaction is first order with respect to the nucleophile and catalyst, and
zero order with respect to the electrophile, consistent with transmetalation being the rate
determining step.®

Fu and co-workers have demonstrated that oxygen, carbon, or nitrogen functionalities can be
used to direct the facial selectivity on the substrate. In the reaction shown in Scheme 31a,
the aryl ring effectively directs the catalyst to differentiate between benzyl and homobenzyl
moieties on the electrophile to afford the product in 90% ee. Omitting or moving the
directing group results in significantly diminished enantioselectivity (Scheme 31b).
Remarkably, in some recent examples, the directing group can be up to four carbons away
from the reaction center and chiral recognition can still occur, for example in reactions with
&-halocarbonyl compounds (Scheme 31c¢).

Caeiro, Pérez Sestelo, and Sarandeses have reported an additional example of an
enantioselective nickel-catalyzed cross-coupling. Using a ligand of type A (Figure 2), they
have reported the cross-coupling reaction of trialkynylindium reagents with secondary
racemic benzyl bromides.Ci This reaction proceeds in good yields and enantioselectivites for
benzyl bromide and 1-bromoindane with a range of sp-hybridized indium reagents,
affording cross-coupling products in 35-70% yield and 77-87% ee (eq 14).

S
q \
Br NiBry+diglyme (10 mol %)
ligand A (13 mol %) | |
Me
DMA/THF, rt, 140 h
S Me
=X | > .
150
65% yield
87% ee

(14)

Alkyl Nucleophiles

In contrast to stereospecific cross-coupling with Grignard reagents as reported by Hoffman
(Table 2), secondary alkyl Grignard reagents can also be coupled in a catalyst-controlled
stereoconvergent manner. At reaction temperatures above —10 °C, Grignard reagents
racemize, opening the possibility for a dynamic kinetic resolution. A challenging but
interesting goal has been the identification of a chiral catalyst that can select for coupling of
one enantiomer of the Grignard reagent.

The first examples of catalyst-controlled enantioselective cross-coupling reactions of
secondary alkyl Grignard reagents were reported in the early 1970s. Independently, the
groups of Consiglio and Botteghi®"" and KumadaC® reported nickel-catalyzed cross-coupling
of secondary Grignard reagents with vinyl and aryl halides that employed (-)-diop as a
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ligand (eq 15 and 16). Although the stereoselectivity for these reactions was low (up to 17%
ee), these results provided important proof of concept that resolution of the Grignard can be
achieved.

Me Me
}\ 152 (cat.)
Et” "MgBr * Ph—CI H _ph,  FEt” Ph
151 o R 153
Me( Ni®' 52% yield
Me” Yo p Cl  17%ee
H  Phg
Ni[(~)-diop]Cl,, 152
(15)
Me M
. \\—CI 152 (cat.) e
Ph” “MgBr Et,0,0 T, 10-60 min " pp
154 155
81% yield
13% ee
(16)

The basis of stereoselectivity in these reactions is hypothesized to be the relatively fast
racemization of the Grignard reagent, seen in Figure 3 with arbitrary rate A;,c. If the
racemization occurs faster than cross-coupling, i.e. A5 > kpand ks, and the chiral catalyst
can effectively select one enantiomer of the organomagnesium reagent, i.e. kp #Z ks, then
high conversion to the corresponding enantioenriched product can be attained.

Since these early reports, several chiral ligands have been applied to this transformation with
varying success. A representative summary of effective catalysts is shown in Scheme 32.
Vinyl bromide and (£)-bromostyrene® are the most well-studied electrophiles. Structural
alterations to the ligand have provided insight into the geometric requirements of the
enantioselective transformation. Hayashi and co-workers noted that the removal of the
carbon-centered stereogenic center a to the amine in ligand 156, to produce analog 157, did
not impede the effectiveness of the ligand in directing the reaction.®V! This implies that the
planar chirality of these ligands is the most important feature for enantiodiscrimiation.
Removal of the amino group results in significantly diminished stereoselectivity. Alkyl
amino phosphine ligands 159 and 160 have also been shown to serve as competent ligands
for this transformation yielding enantioselectivities up to 85%.cVii.cviii Additionally, Kellogg
and co-workers demonstrated that alkyl sulfide amino ligands (e.g. 161) are effective in
nickel-catalyzed systems.t™* As evidenced by the narrow substrate scope, this area of
investigation remains a challenge.

4. Conclusions

The asymmetric cross-coupling of configurationally stable, enantioenriched electrophiles or
nucleophiles has presented many novel synthetic advantages for the construction of complex
molecules. These reactions have been applied to the synthesis of a wide variety of
biologically relevant molecules. Additionally, catalytic enantioselective reactions of racemic
substrates have expanded the boundaries of known asymmetric induction beyond our usual
toolbox.

This growing field will continue to stimulate mechanistic and synthetic experiments for
organic synthesis. In the coming years, applications of known cross-coupling strategies and
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evaluation of reaction conditions are necessary to expand the substrate scope broadly.
Additionally, further mechanistic probes are needed to elucidate the elemental steps of
cross-coupling reactions with alkyl partners, as in many cases it is apparent that these are
quite different from the far more familiar steps in aryl and vinyl cross-couplings. Ultimately,
the utilization and careful manipulation of alkyl electrophilic coupling partners and alkyl
organometallic reagents will continue to expand the limits of efficiency and specificity in
modern organic synthesis.
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a) Substrate-Controlled (Stereospecific)
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nucleophile
% es = SCproduct 400
€€sybstrate
b) Catalyst-Controlled (Stereoconvergent)
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R R 3
racemic R°-M measure ee
electrophile
E/I\ c?iqalt R3
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nucleophile measure ee

Scheme 1.
General types of asymmetric cross-coupling reactions.
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>99% es >99% es
Me Me
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Scheme 2.
Stereospecific reactions of alkyl tosylates with methyl cuprate.
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CO,Et _ CO,Et
y Me,CulLi s
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C Et,0, 0 C )CN &
TSO Me
8 9, 70% yield
>99% ee >99% ee
>99% es
O Bnl\O‘
5 steps Cl . Me
= N/\\‘
H
MeHN OMe

10, sulpiride analog
dopamine receptor ligand

Scheme 3.
Synthesis of dopamine receptor ligand via stereospecific cuprate displacement.
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Scheme 4.
Proposed mechanism for cuprate substitution.
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TMEDA (20 mol %)
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RSR2 - RO7P ﬁg;f o THF RIOR?
o -
>99% ee 0T, 24h
Ts s
N’ N
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Me
14, 71% yield 15, 65% yield 16, 79% yield
99% ee 98% ee 98% ee
99% es 98% es 98% es
Scheme 5.
Cu(l)-catalyzed stereospecific cross-coupling of alkyl Grignard reagents with secondary
tosylates.
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Scheme 6.
Stereospecific displacement of a-hydroxy ester triflates with Grignard reagents.
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Me Me
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- R Ph
R = COOt-Bu, 26
Al R=CHMgCl 27

a) Reagents: i) LAH, ii) CI3CCN, PPhg, iii) Mg, THF.
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Scheme 7.
Iterative synthesis of (oligo)deoxypropionates.
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80% yield, 97% es
Palladium intermediate:
r 1@
1 E E
OR PdL NaCHE, 7
~ - — - B
S sors e
36
“ Pd®
I Il 1®
OR PdL NaCHE, E<_E
L |~ X
Ar” Me 8 A Me
37
Stereoconvergent:
OAc Pd(dba), (2 mol %)

(R,R)-Me-DuPhos (3 mol %) s
Me
DMSO, 70 T, 48 h .
OO - NaCH(CO,Me), 65% yield, 64% ee
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Stereospecific and stereoconvergent reactions of benzylic carbonates and sodium malonate.

Tetrahedron. Author manuscript; available in PMC 2014 July 22.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuey JoyIny vd-HIN

Swift and Jarvo

a) o
v Pd(PPhs), (10 mol %)
_S._ _Me
p-MePh \r
Br CsF, t-amylOH
Ph—B(OH),
42, 99% ee
b) (')
Ph/s\rMe Pd(PPh3)4 (10 mol %)
Br CsF, t-amylOH
(+)-44 Ph—B(OH),
R
same as
Ph/S\;/Me
Br above
(+)-45

Scheme 9.

Suzuki-Miyaura cross-coupling reactions of bromosulfoxides and phenylboronic acid.
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p-MePh”>>"°

Ph
43, 99% ee

n=0

ph~ S Me

Ph
(+)-46, 66% yield

no rxn
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JO\If (BusP),Pd or 47 (5 mol %) r2
R “CN )\*
R' = alkyl, aryl KF, toluene/H,0, 40 C, 20 h R “CN

: R2—B(OH),

R2 = aryl, vinyl

Me OMe
Ph CN Ph” ""CN Ph” > CN
48, 91% yield 49, 93% yield 50, 84% yield

98% ee 94% ee 80% ee
99% es 98% es 92% es

t-BlIJ (IDI F—Bu

Me2N~©7FI>—PId—IID~©fNMe2
t-Bu Cl t-Bu
a7

Scheme 10.
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Stereospecific cross-coupling reactions of a-cyanohydrin triflates with aryl boronic acids.
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Ni(cod), (5 mol %)
rac-BINAP or DPEphos
OMe MeMgl (10 mol %) Me

+ , H
Ar Me (2 equiv) toluene, 24 h, rt A >Me
Me “{'e
Me = Me
@ 5
51, 72% yield 52, 82% yield 53, 87% yield
94% ee 87% ee 95% ee
98% es >98% es >98% es
Me
- Me
M o ©
e
54, 70% yield PPh; PPh;
85% ee
96% os DPEphos
Scheme 11.

Stereospecific Ni-catalyzed cross-coupling reactions of alkyl ethers with MeMgl.
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1. ZnEt,

Ni(cod), (5 mol %)
Xantphos (10 mol %)

1% (HO)ZB—O—F
- Ph
S
55 »—<—Ph

N OH

(10 mol %)
2. NaH, Mel

Scheme 12.

MeMgl (2 equiv.)
toluene, rt, 24 h

NMe2

58, sleep inducing agent
H4-antihistamine

Enantioselective synthesis of sleep inducing agent 58 via stereospecific cross-coupling

reaction.
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OMe

(

*

Ar Ar'

Ni(acac), (10 mol %)
ligand (20 mol %)

toluene, rt, 48 h
R-MgX

R

Ar Ar'

via activation of

— C—O bond -

Me
OMe Ne
J >
Ph L
OMe N

59, 88% yield

8
94% es

ligand = DPEphos

Scheme 13.

0% ee

60, 99% yield

88% ee
>99% es

ligand = DPEphos

@

o

61, 97% yield
92% ee
99% es

ligand = DPPO
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Directing group assisted stereospecific cross-coupling reactions of benzylic ethers with

Grignard reagents.
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1

X X = element N /ilH i_ H,JR\

N | EN = electronegativity | . ~p2 R2" ™M
Mg Zn Cu Si Sn B C

1.31 1.65 1.9 1.9 1.96 || 2.04 || 2.54

MgCl | Bpin
Ph A
\)\ Et increasing electronegativity Ar” Me

50% racemized increasing covalent character tolerates reaction
after5hat-10C temperatures >70 T

Scheme 14.
Configurational stability of alkylmetal reagents.
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3. Pd(OAc,
(4 mol %)
1. s-Buli, t-BuzP-HBF,
0,
D (-)-sparteine < D)IZn (5 mol %) O"'Ar
2. ZnCl, N2 Ar—Br Boc
65 (0.6 equiv) 66, 92% ee r, 16 h
MeO
Boc BOC NH
Boc
67, 81% yield 68, 72% yield 69, 77% yield
92% ee 92% ee 92% ee
>99% es >99% es >99% es

o C@Q
Boc
N

70, 60% yield
92% ee
>99% es (—)-Sparteme

Reaction performed
at60 T

Scheme 15.
Cross-coupling reaction of in situ generated alkylzinc reagents.
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66

Scheme 16.
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Pd(OAc), (4 mol %) R
t-BusP-HBF4 (5 mol %)
- O---l NH2
N
o Boc
72, 92% ee
F NH, >99% es
7 2.13 kg prepared
in 2 batches
MeO
steps
—_—
—_ O

I~
\
O“\\ N N /
H

NAc
73
glucokinase activator
1.4 kg prepared

Application of the stereospecific Negishi cross-coupling reaction to synthesize bioactive

compound 73.
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1. s-BuLi, TMEDA (4 equiv), =78 T
2.75 (5 mol %), 45 <

O 3.ZnCly, =78 T to rt

lE\iloc 74 4. Ar—Br, Pd(OAc),, t-BuzP—HBF, Eoc ad
© Boc ©\[r ':, | A
~
N
76, 63% yield 77,60% yleld 46% yield
84% ee 82% ee 76% ee
89% es 87% es 81% es

O i-Pr
N CFs N LN
Boc N

NH, Me
79, 60% yield 75
86% ee
91% es

Scheme 17.

LiO
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Synthesis of a-arylated A-Boc piperidines via stereospecific Pd-catalyzed cross-coupling

reactions.
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—)-sparteine By ; Rgpo—X

1. s-BuLi, =78 €
2.CuCN-2LiCI Boé 2
(0.5 equiv), 80

THF, =78 to 60 C

60t025C  Boc

representative electrophiles:
TfO NfO
(NN - \( \©
t-Bu
81 82 83

85-98% yield 60% yield 50% yield
80-86% ee 79 % ee 84% ee

Scheme 18.

Propargylic electrophiles:

E 4
Br/\\\ as D Wi

' above N

: 84 Boc

' 85

' 48% yield

' 50% ee
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Alkyl cuprates generated via asymmetric deprotonation and reactions with representative

electrophiles.
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S
F—~PdArL,

A WH
F4S| Me

Ph

l

F- -PdArL,
t__A.wH
F4S| Q‘Me
Ph

+O

Sg2 (cyclic)
©siFs ‘_/1

PaAL,
H
c
Ph” "Me
89

l

Ar

Ph)"'H

Me
retention

Scheme 19.

';' Me N
F4Si—<' PdArL;—F

Ph
H _Me

N4
FaSi=-C™--PdArLy F
Ph

+0

Sg2 (open)

l\lesw5

Ar
7 en

inversion
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Transition state geometries that would result in either retention or inversion of configuration

during transmetalation of chiral alkyl silanes.
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(@)

THF, 45,12 h
H3C(H20)3 SnBu3 H3C(H20

O B~ Q

CUCN (8 mol %)
s)\o s)\o

)8/'\/\

96, 96% ee 97, 95% vyield,
96% ee, 99% es

N

)\ 100, >99% ee
S” O CuTC (5 mol %)

I?n
(b) O O S\n/\ NHBoc
O,N ©

Ph

Ph/\/kSnBu3 dioxane, 100 T,

S)\O B

=]p]

NHBoc
(0]

101, 92% yield, 96% de

99, 96% ee 24 h
(c) Ph
Pd(dppe)Cl,
o~ 0O (10 mol %)

*+ |—Ph
Ph/\/kSnBu3

102, 98% ee

Scheme 20.

THF, 45 C, 8-12 h

Ph

Ph

A

o~ O

Ph

103, 97% ee, 99% es

Reactions of a-alkoxylalkylstannanes catalyzed by copper and palladium.
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HO H Ph Bnd “SnBuj
106 107
(+)-goniofufurone >09% ee

anticancer agent

QH ?H —— stereospecific cross-coupling
n-BuWé{/:\/z\/\/COZMe
108
OH  4112,15-THETA
vasodilator

Scheme 21.
Application of stereospecific Stille cross-coupling for the synthesis of (+)-goniofufurone and
11,12,15-THETA.
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a)Woerpel
D (20 mol %)
TBDMSO/\)\(Q-BBN) TBDMSO
. NaOH, THF b
0 112
111 ,
| 51% yield
b) Soderquist
D D
“Bu Pd(PPh), (17 mol %) (g,
(9-BBN)
5 NaOH, THF D

114
113 Br@ 92% yield

¢) Jarvo

D

Ph NiCl,*DME (10 mol %) D
\A/k(g‘BBN) 17 (12mol %) pp
D 115 OTBS
+ KOt¢-Bu, -BuOH D
dioxane, rt, 24 h 118
Br/\/OTBS NHMe 85% yield
o Y
"NHMe
(#)-117

Scheme 22.
Reactions of deuterium labeled primary alkylboranes.
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Pd,(dba)s (8 mol %)
_ PPh; (128-192 mol %) ,
Bpin Ag,0 (1 equiv) Ar

1/\
THF, 70 C, 1624 h Ar Me

WORE GO

©/\Me @Me Cl/gMe

119, 48% vyield 120, 64% yield 121, 64% yield
68% ee 70% ee 54% ee
81% es 83% es 65% es

COMe OMe

122, 63% yield 123, 48% yield
70% ee 67% ee
83% es 80% es

Scheme 23.
Stereospecific cross-coupling of enantioenriched alkylboronate esters.
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Pd(dba), (5 mol %)

O Bpin XPhos (10 mol %) 0O A
1 ANA
t-Bu ﬂ AT K,COg (3 equiv), HO (2 equiv) FBU H Ar
toluene, 80 C
Ar—Br
OMe CF,4 CHO
O z O = O -
t—Bu)J\N t—Bu)J\N t—Bu)J\N
H H H
124, 76% yield 125, 85% yield 126, 84% yield
930A) ee 92% ee 94% ee
97% es 96% es 98% es

® ®
(0] Z PCYZ

t—Bu)J\N i-Pr i-Pr
H

127, 83% yield ,
88% ee i-Pr
92% es XPhos

Scheme 24.

Reactions of aryl bromides and benzylic boronate esters with overall inversion of
configuration.
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HN

H

Figure 1.
Proposed transition state that results in inversion during the reaction of a-aminoboronate

esters.

\
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~0
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Me
O  Bpin Pd(dba), (5 mol %)
XPhos (10 mol %)
Me N)\Ph 0 :
H 119 KoCOj3 (3 equiv), Me)LN/\Ph
+ PhOH (2 equiv) H
H
p-MePh-Br PhMe, 80 T 128,92% A; g’le|d
inversion
Me
O  Bpin Pd(dba), (5 mol %)
XPhos (10 mol %)
Me)J\N/'\Ph o
H o119 KoCOj (3 equiv), Me)J\N Ph
+ Zr(0i-Pr)4+i-PrOH (0.5 equiv) Ho
p-MePh-Br PhMe, 65 T 129&?30/2 g"e'd
retention
Me LA~
HN S0 !
. HN /I\Me
B/ —= '
0 B(pin)
130 I-A' 131 l
E: t

)\ Ph
AN
HN o

Y h —C--- —0
A(L)F‘cll é 30 ; C I?\O:I
r ---C---B Lo

g\ NoJ Ar(L)Pd----Y

o
HN” R HNJJ\R
PR Ph” Ar
inversion retention

Scheme 25.

Role of Lewis acid coordination in cross-coupling adduct geometry.
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Pd(OAc), (10 mol %)
Xphos (20 mol %)
O BF3K K,CO3

MGOM toluene/H,0 MGO)K/\

(1: 0.1), 80°C
hes LS
99% ee

HN
135, 92% yield 136, 71% ylel
99% ee 97% ee

>99% es 98% es
CF,

TMS @
137, 51% ylel\’ 138, 84% ylel\’

91 % ee 98% ee
92% es 99% es

©]

Scheme 26.

Chemoselective reactions of 1,1-diboron compounds with aryl and vinyl bromides.
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Pd(OAc), (10 mol %)
Xphos (20 mol %) O
K>,CO3 (3 equiv) 0]

62% CPME/H,0 R,N

overall ReN BFsK 95 C

yield 139 p-MePh-Br 140 Me
NR; = NC\ 74% yield
>95% ee

3 steps

136 —

0]

Scheme 27.

Transformation of chemoselective cross-coupling product to give diarymethane 140.
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a) Stereoconvergent

i) Dynamic Kinetic Resolution

(R)-enantiomer {;

K Ktast enantioenriched
fast * duct
ML pro
(S)-enantiomer .--- Ksiow

ii) Via common intermediate

(R)-enantiomer

achiral ML* enantioenriched
intermediate product
(S)-enantiomer
b) Kinetic Resolution
(R)-enantiomer ML*
Ktast enantioenriched
ML* product

(S)-enantiomer ..--~-7,_

Scheme 28.

Catalyst-controlled stereoselective reactions. ML* = metal complex with chiral ligand.
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| N Alk  Alk
0 A_0 oj)ﬁ\/o
N N— N N—
R R Ph Ph
A B
Ar Ar

~

MeHN NHMe
C

Figure2.
Typical ligand types for stereoselective cross-coupling reactions.
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R'-M
1
R L,Ni'—Xx '
RZJ\ R3 transmetalation
enantioenriched reductive X-M
elimination
1
LNil-R
"X L Ni—R'
R?" "R3
X
.R!
L,Ni' X sz\ R3
. racemic
RZ/\ R3

Scheme 29.
General catalytic cycle for Ni-catalyzed stereoselective cross-coupling reactions of

secondary alkyl halides.
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o)
Et
R i
Et
.G thNM
Experiment 11 NiBr,+diglyme (10 mol %)

141, >99% ee ligand C (12 mol %) 13 R
— 0, i
i E KOt-Bu, n-hexanol 10 81+/° yield
Ph,N ~Et Et,0/hexane, rt e 12
Cl (9-BBN)—R recovered with >99% ee

Experiment 2:
142, >99% ee

Scheme 30.
Recovery of enantiopure substrates after partial conversion.
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Ph

a)
Br Ni(cod), (10 mol %) )/

ligand C (12 mol %) :

144 KOt-Bu, i-BuOH 145
i-Pr,0,5 C 68% vyield
90% ee

Ph” """ (9-BBN)

b)
Ni(cod), (10 mol %) )/

Br ligand C (12 mol %) :

Ph

LN
Ph/\)\Me KOt-Bu, i-BuOH Ph 147 Me
146 I-Przo, 5C 36% yleld
Ph/\/\(Q-BBN) 14% ee
o) p-anisyl
NiBr,+diglyme (10 mol %) j
0 Cl ligand C (12 mol %) o) z
thNwMe KOt-Bu, n-hexanol PhZNJ\/\/\Me
148 Et,O/hexane, rt 149

64% yield
Q/\A(%BN) 84% ce
MeO
Scheme 31.

Select reactions of alkyl halides.
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R2

Figure 3.

R1

,J\

fast
k rac

MgX

[ML*]
R3-X
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R3—X

Ks
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R1

H,,’,j\

R2" R,
(S)

Relative rates of isomerization versus cross-coupling to yield enantioenriched products.
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)'V'\e cat NiorPd
+ ligand
Ph” >MgCl Br N et
20Tt 0T Ph

X

Me
@NMez =y WMe; & CH;

Fe PPhy Fe PPh; Fe PPhy
: 156 : 157 : 158
>95% vyield >95% vyield 86% vyield
68% ee 65% ee 5% ee

t-Bu

159
>95% yield ~ Ph2P™ 160 161
83% ee 50% yield 50% yield
(ligand ee = 88%) 85% ee 46% ee

Scheme 32.

Catalysts for the stereoselective reaction of phenethyl Grignard with vinyl bromide.
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Table 2

Reactions of enantioenriched Grignard reagents with vinyl bromide.

Catalyst (10 mol %) =
63 + B~
THF,-78C,5d  Ph Me

64
Entry Catalyst Yield (%) es (%)
1 NiCl,dppf 60 98
2 PACLdppf 58 98
3 Fe(acac)s 35 59
4 Co(acac), 30 61
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