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ABSTRACT: Nickel-catalyzed enantioselective cross-cou-
plings between symmetric cyclic sulfates and aromatic
Grignard reagents are described. These reactions are
effective with a broad range of substituted cyclic sulfates
and deliver products with asymmetric tertiary carbon
centers. Mechanistic experiments point to a stereoinvertive
SN2-like oxidative addition of a nickel complex to the
electrophilic substrate.

Kumada coupling1 between Grignard reagents and alkyl
electrophiles has emerged as an important strategy for the

construction of asymmetric carbon centers.2 Noteworthy recent
advances by Fu,3, Zhong and Bian,4 and Nakamura5 have
established enantioconvergent Kumada coupling of secondary
alkyl electrophiles6 (eq 1 in Scheme 1), while Breit,7

Carretero,8 and Jarvo9 have demonstrated that, with appro-
priate catalysts, nonracemic alkyl halides, triflates, and ethers
may be converted into coupling products enantiospecifically
(eq 2 in Scheme 1).10 In the prior studies, a general reactivity
pattern can be discerned where stereoconvergence occurs with
activated racemic secondary alkyl halide electrophiles that
engage in single-electron redox reactions with first-row metals:
the resulting catalytic cycles operate through prochiral carbon-
centered radicals, and this feature provides a mechanism for
enantioconvergence. In contrast, nonracemic chiral C−O-
bonded substrates participate in stereospecific two-electron
reactions such that enantiospecific processes result.11 While
these elegant catalytic coupling methods can address a range of
synthesis problems, in order for reactions to occur with useful
levels of selectivity and reactivity, substrate designs generally
employ activated electrophiles bearing an sp2-hybridized carbon
adjacent to the electrophilic center. In this Communication we
describe a strategy for asymmetric Kumada couplings that
involve nonactivated alkyl electrophiles in enantioselective
coupling reactions. Because of the nature of the reaction design,
this process may be useful for the construction of tertiary,
quaternary, and heteroatom-substituted stereogenic centers.
Recent studies in our laboratory have engaged prochiral

geminal bis(boronates) in enantioselective cross-coupling
reactions.12 Related to this reaction design, we considered
cross-coupling of prochiral bis(electrophiles) as a means to
establish chiral motifs from simple, readily available starting
materials. In this regard, cross-coupling-based enantioselective
desymmetrization has been applied in a range of contexts,13

including Kumada couplings.14 We envisioned that a broadly
useful reaction design might arise from the reaction of prochiral

cyclic sulfates (eq 3 in Scheme 1). These substrates are readily
available from simple 1,3-diols, and they have the following
important features: (a) with a C−O-bonded leaving group,
well-defined stereoelectronic effects should steer the trajectory
of two-electron inner-sphere redox processes involving metal
complexes; (b) rupture of the first C−O bond in the
bis(electrophile) should attenuate the reactivity of the
remaining C−O bond, thereby minimizing competing bis-
(coupling) reaction; (c) the cyclic nature of the electrophile
should minimize the number of competing conformational
isomers that engage in coupling relative to related acyclic 1,3-
bis(electrophiles); and (d) the nature of the prochiral carbon
center is unrelated to the functionality required for the Kumada
coupling, such that a broad range of substituted stereogenic
centers might be established with the same fundamental
reaction design.
Cyclic sulfate 1 (Table 1), a compound that is readily

prepared on large scale from the solvent 2-methyl-1,3-
propanediol ($30/liter), was selected as a probe substrate to
initiate these studies. While cyclic sulfates are rarely used as
electrophiles in catalytic cross-coupling reactions,15 Kumada,
Suzuki, and Negishi couplings of related alkyl sulfonate esters
have received attention and serve as instructional models.16

Many Kumada couplings involving alkyl sulfonate electrophiles
operate with inexpensive, readily available nickel catalysts, and
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Scheme 1. Strategies in Stereoselective Kumada Coupling
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these were selected for initial study. Preliminary experiments
established the following important features: (1) in THF
solvent at 0 °C, phenylmagnesium bromide does not undergo
uncatalyzed reaction with cyclic sulfate 1; (2) in the absence of
ligand, Ni(cod)2 promotes the coupling of PhMgBr with 1, but
in only 20% conversion after 14 h at 0 °C; (3) reactions with
freshly prepared Grignard reagents give diminished yield and
selectivity, thus for effective reaction Grignard reagents were
stored for 15 h at 4 °C prior to use (we suspect the aging
process allows precipitation of MgBr2; MgBr2 was found to
react directly with cyclic sulfate 1 to furnish a 3-bromopropanol
derivative); and (4) of a number of phosphorus-based and
nitrogen-based ligands, PyBox ligands appeared to be most
effective at providing both increased reaction efficiency and
selectivity in the Kumada coupling of 1 (Table 1). In particular,
phenylglycine-derived pybox ligands appeared most effective,
and a systematic evaluation of substituted versions revealed that
ethyl groups at the meta positions (L5) furnished optimal
selectivity. While the yields in the initial survey were moderate,
further investigation revealed that hydrolysis of the sulfate ester
was incomplete (6 h reaction time), and extending the time for
the deprotection step to 24 h resulted in much higher yields
(88% yield with L5).
While selectivity in the Kumada coupling of 1 with PhMgBr

was very good at 0 °C, it could be improved slightly by
conducting the reaction at −25 °C, and this temperature was
selected for analysis of other substrates. As depicted in Table 2,
reaction of 1 and PhMgBr furnishes 2 in excellent yield (84%)
and enantioselectivity (96:4 er). Notably, this level of selectivity
was maintained with a number of other cyclic sulfate substrates.
Thus, cyclic sulfates with more hindered ethyl and isopropyl
groups (products 3 and 4) at the pro-stereogenic carbon were
also selectively converted to the derived primary alcohol

products with excellent selectivity. In addition to these
substrates, phenyl (5), phenethyl (6), and benzyloxymethyl
groups (7) were also tolerated as substituents on the
electrophile. In addition to PhMgBr, other substituted aryl
Grignard reagents could participate in the reaction. For
example, Grignard reagents bearing meta- and para-alkyl,
alkoxy, silyl, fluorine, and chlorine groups (8−16) engaged in
the Kumada coupling with 1 with similar high levels of
selectivity. Also of note, nitrogen atoms in the form of N-
heterocycles (17, 18) did not appear to prohibit the reaction.
Lastly, it should be noted that ortho-substituted Grignard
reagents, as well as alkyl- and alkenylmagnesium halides,
reacted with lower yield and gave nearly racemic products with
the current catalyst system.
With respect to synthesis utility, substituted chromans are

core components of a number of biologically active natural
products,17 and it was considered that some of the products in
Table 1 might be suitable precursors for their synthesis. To
investigate this feature, primary alcohol 11 was subjected to
oxidation with phenyliodine(III) bistrifluoroacetate.18 As
depicted in eq 4 in Scheme 2, compound 11 was smoothly
converted to chroman 19 in moderate yield and, importantly,
with complete preservation of the substrate’s enantiomeric
purity. Also, in connection to synthesis applications, Kumada
couplings on larger scale were investigated. As depicted in eq 5
in Scheme 2, it was found that the asymmetric coupling
conducted on larger scale occurred efficiently and with only a
slight diminution in enantiomeric excess. Of note, it was also

Table 1. Survey of Ligand Effects in Asymmetric Ni-
Catalyzed Reaction of PhMgBr and Cyclic Sulfate 1a

aYield represents isolated yield after purification by silica gel
chromatography. Enantiomer ratios were determined by supercritical
fluid chromatography (SFC) analysis on chiral stationary phase. bAcid
hydrolysis for 24 h at room temperature.

Table 2. Substrate Scope in Enantioselective Kumada
Couplings of Prochiral Cyclic Sulfatesa

aReactions employed 0.3 mmol of cyclic sulfate and 1.5 equiv of
ArMgBr in THF. Results are an average of two experiments. Yield
represents isolated yield after purification by silica gel chromatography.
Enantiomer ratios were determined by SFC analysis on chiral
stationary phase. bReaction run with 6.0% Ni(acac)2 and 6.6% L5.
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shown in this experiment that, without the acidic deprotection
step, the sulfate half-ester 20 could be isolated and purified by
chromatography. Considering the ability of alkyl sulfates to
undergo substitution reactions,19 this should be a useful feature.
Lastly, a glycerol derivative was examined in the reaction (eq 6
in Scheme 2). While selectivity is diminished in the Kumada
coupling of 21 relative to the hydrocarbon derivatives in Table
2, this example demonstrates that heteroatom-functionalized
substituted sulfates can also be employed in this class of
asymmetric couplings; however, the current catalyst system is
ineffective at transforming substrates that would deliver tertiary
alcohol derivatives or quaternary centers (inset in Scheme 2).
As mentioned earlier, cyclic sulfates were selected as

substrates for cross-coupling due to the likelihood that they
would participate in stereodefined two-electron redox reactions
with incoming catalysts. To ascertain whether radical-based
processes are indeed avoided under the current reaction
conditions, we examined the Kumada coupling of cyclopropyl-
containing cyclic sulfate 23. It was considered that, if oxidative
addition of a Ni complex to the C−O bond occurs through the
intermediacy of a carbon-centered radical, then the cyclopropyl
carbinyl radical derived from 23 would rupture and ultimately
deliver 25 as the reaction product.20 However, as depicted in eq
7 in Scheme 3, when 23 was subjected to the reaction
conditions, only the usual Kumada coupling product 24 was
detected, thereby suggesting that nonradical processes operate.
To obtain further insight about the stereochemical aspects of
the oxidative addition reaction, isotopically labeled nonracemic
substrate (4S,5S)-26-d1 was prepared and subjected to the
catalytic reaction in the presence of chiral ligand L5. In
comparison to authentic isotopically labeled compounds, it was
determined that reaction of 26 furnishes stereoisomer 27 with a
high level of stereospecificity (90% diastereospecificity).
Assuming that a C−C bond-forming reductive elimination
would occur with retention of configuration at carbon, the
outcome of the reaction in eq 8 in Scheme 3 suggests that

oxidative addition occurs with stereoinversion at carbon,
presumably by an SN2-like reaction path.
In consideration of the above-described mechanistic experi-

ments and observations on the substrate scope, we propose the
following generalized mechanism for the Ni-catalyzed Kumada
coupling of cyclic sulfates (Scheme 4). This proposal rests on

the assumption that the stereochemistry-determining step of
the reaction is ring-opening of the cyclic sulfate by a chiral Ni
complex. Because the enantioselectivity in the reaction is
impacted by the nature of the Grignard reagent employed in
the cross-coupling (compare products 2, 12, and 15), it seems
plausible that a pyboxNi(Ar) complex is a reacting species.
While the low-energy conformation of the cyclic sulfate
substrate is likely one with an equatorially disposed C5
substituent21 (B), considering the similar levels of selectivity
and efficiency observed in formation of products 2, 3, and 4,
even though the substituent size is very different, suggests that
the reactive conformation of the sulfate may be one where the
C5 group is positioned axially (A). By way of backside SN2-like
oxidative addition of nickel complex C to A (via TS), a nickel
complex akin to D might be generated. Reductive elimination
would furnish nickel sulfate E, from which C could be
regenerated by reaction with the Grignard reagent.
In conclusion, Ni-catalyzed Kumada coupling of symmetric

cyclic sulfates is an effective method for establishing asymmetric
carbon centers. With the catalyst system described herein, the
reaction occurs with good selectivity for the construction of
tertiary hydrocarbon centers. It can be anticipated that further
catalyst development will enable reactions that extend to
heteroatom-substituted centers and to the construction of all-

Scheme 2. Synthesis Utility of Asymmetric Kumada
Coupling of Cyclic Sulfates

Scheme 3. Mechanistic Experiments on Ni(pybox)-Catalyzed
Kumada Coupling of Cyclic Sulfates

Scheme 4. Generalized Mechanism for Ni(pybox)-Catalyzed
Kumada Coupling of Cyclic Sulfates
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carbon quaternary centers as well. Studies in this connection
are in progress.
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