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ABSTRACT: Catalytic asymmetric addition of reactive Grignard reagents to ketimines poses a considerable challenge. Herein, a
PNP-type W-Phos ligand developed recently by our group showed a unique effect toward this end, paving the way to a Cu(I)-
catalyzed asymmetric alkylation reaction of N-sulfonyl ketimines, delivering optically active α-tertiary amines in high
enantioselectivities. This catalytic protocol shows an unprecedented substrate scope with more than 80 examples, not only
compatible with benzo five- and six-membered cyclic N-sulfonyl ketimines but also suitable for geometrically unstable (E or Z)
acyclic N-sulfonyl ketimines. The application potential of the protocol is featured by the extensive presence of α-tertiary amines in
natural products and pharmaceutical compounds and also demonstrated by downstream transformations with maintenance of the
enantioselectivity.
KEYWORDS: asymmetric catalysis, alkylation, copper, Grignard reagents, ketimines

Chiral aza-quaternary stereocenters are known as a class of
essential skeletons in biologically active molecules and

organic synthons (Scheme 1a, top).1 Hence, numerous
endeavors have been made over the years toward asymmetric
synthesis of optically active α-tertiary amines.2 As a topic of
long-standing interest in synthetic chemistry, transition-metal-
catalyzed asymmetric addition of organometallic reagents to
ketimines represents a straightforward and highly efficient
method for constructing optically active aza-quaternary
stereocenters. Generally, most advances employed C(sp2)-
organoboron reagents as nucleophiles, and asymmetric
arylation,3 alkenylation,4 allylation,5 and propargylation6 of
activated ketimines with the N-sulfonyl protecting group have
been well established to forge target compounds (Scheme 1b).
Despite these significant pioneers, enantioselective alkylation
of ketimines using C(sp3)-organometallic reagents remains
hitherto elusive because of the fast β-hydride elimination of
alkyl-metal complexes.7

As another classical C(sp3)-nucleophile, the Grignard
reagent is one of the most commonly used alkylating reagents
both in laboratory and industry due to its low cost and easy
availability.8 In the past few decades, the asymmetric addition
of Grignard reagents to electrophiles such as Michael
acceptors,9 aldehydes,10 and ketones11 has been well explored.
However, enantioselective alkylation of ketimines with
Grignard reagents has rarely been disclosed. The only protocol
from Harutyunyan’s group capitalized on aryl-alkyl imines as

substrates,12 but not well applicable to aryl-methyl imines,
despite the fact that chiral amines bearing methyl groups are
vital molecules due to the magic methyl effect.13 Moreover,
enantioselective alkylation of cyclic N-sulfonyl ketimines with
Grignard reagents are virtually unknown despite the biological
activity of the benzosultams products (Scheme 1a, bottom).14

Therefore, an efficient and general platform for enantiose-
lective alkylation of both cyclic and acyclic N-sulfonyl
ketimines is still highly desirable.
Recently, our group developed a novel type of W-Phos

ligands, which enabled Cu-catalyzed asymmetric synthesis of
tertiary alcohols through the addition of Grignard reagents to
ketones.15 The unique effect of this ligand was postulated to
derive from its conformationally flexible structure, which
would temper the reactivity and selectivity in a distinct
mechanistic manner. Intrigued by this rewarding entity, we
envisioned that the combination of the W-Phos/Cu catalyst
system and Grignard reagents might pave the way to the
enantioselective alkylation of N-sulfonyl ketimines for the
preparation of chiral α-tertiary amines (Scheme 1c). It was
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hypothesized that in situ-generated catalytic active species A by
transmetalation of the Cu precursor with RMgBr would furnish
π-Cu(I)-complex B with ketimines. A subsequent addition step
would thus be facilitated, leading to aza-enolate C, followed by
hydrolysis to release the final product.16 The steric hindrance
between the sulfonyl moiety of the substrates and the aryl
group adjacent to the N-atom of the ligand in complex B might
force the addition step to proceed in a favorable TS to
minimize spatial interaction, creating opportunities to produce
optically pure products. The easy modifiability on the aryl
moiety would provide ample space to achieve high
enantioselectivity. Meanwhile, several intrinsic challenges
must be addressed: (1) the C�N bond of the ketimines can
be easily reduced directly and hydrogenated through
Meerwein−Ponndorf−Verley reduction reaction, (2) the
high reactivity of Grignard reagents may cause uncatalyzed
additions to dominate, and (3) enolization side reaction might
occur due to the basicity of Grignard reagents.

To validate our hypothesis, we initiated our investigation
with saccharin-derived cyclic N-sulfonyl ketimines 1a as the
pilot substrate and PentMgBr 2a as an alkylating reagent.
Gratifyingly, using CuTc as the precatalyst in an ether solution
at −78 °C, the basic version of W-Phos W1 indeed afforded
the desired alkylated product 3a in 89% yield with 63% ee
(Table 1, entry 1). Notably, the reduction product was not
observed. This result clearly demonstrates the unique efficacy
of W-Phos in the catalytic asymmetric alkylation of N-sulfonyl
ketimines. Encouraged by this outcome, an array of W-Phos
ligands with modified aryl substituents were tested. Employ-
ment of readily obtained ligands W2−W4 markedly improved
the enantioselectivities (Table 1, entries 2−4). Excitingly,
when removing one methyl group inW2, structured asW5, the
enantiopurity could be significantly increased to 95% ee (Table
1, entry 5). Further increasing the steric hindrance of the aryl
substituent at 2-position showed an inferior effect (Table 1,
entries 6 and 7). The introduction of methyl groups on the
benzene ring of the arylphosphine moiety led to lower

Scheme 1. Representative Biologically Active Molecules and Asymmetric Addition of Organometallic Reagents to N-Sulfonyl
Ketimines
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productivity (Table 1, entry 8). Based on our previous
experience in research on Sadphos ligands, the introduction of
substituents on the N-atom might have a dramatic effect on the
reactivity.17 Consequently, ligand N−Me W5 was examined in
the reaction system, and both yield and enantioselectivity
decreased significantly (Table 1, entry 9). Noteworthily, other
commercially available chiral ligands, including the Sadphos
ligand kit developed by our group, such as Ming-Phos, Xu-
Phos, TY-Phos, Xiang-Phos, Xiao-Phos,Wei-Phos, PC-Phos,
and GF-Phos, were also tested, only leading to inferior results
(see Table S1). Subsequent screening of other copper salts as
well as solvents gave no better results (Table 1, entries 10−
20). Higher temperature was detrimental to the enantiose-
lectivity of the reaction (Table 1, entry 21).
With the optimized conditions in hand, we turned to explore

the substrate scope of the reaction. For various 5-membered
cyclic ketimines containing alkyl substituents, the reaction
proceeded smoothly to afford the products in high yield with
excellent enantioselectivities (Scheme 2). When methyl or
longer linear alkyl chains were installed, the corresponding
products (3a−3e) were obtained in moderate to good yields
(63−93%) and 90−96% ees. The mild reaction conditions

tolerated various α- or β-branches as well as cyclic alkyl groups,
affording 3f−3j in 57−86% yield with 84−92% ees. The
enantioselectivities and yields were maintained at a comparable
level with the installation of a methyl group at the 5-position of
the benzene moiety (3k and 3l). Functional groups such as
terminal phenyl, alkene, methoxy, benzyloxy, and acetal motifs
remained intact, withstanding the alkylation system smoothly
to afford the corresponding products (3m−3q: 66−88% yields,
91−97% ees).
Considering the challenges in constructing chiral tertiary α-

diarylmethylamines derived from diarylketimines and Grignard
reagents,18 we turned our attention to aryl-substituted 5-
membered cyclic N-sulfonyl ketimines. Much to our delight,
when simple phenyl-substituted ketimine was used as a
substrate, the reaction provided 3r in synthetically useful
yield and good ee value. Substrates bearing ortho- and para-
tolyl substituents were examined, and both the corresponding
products 3s and 3t were obtained successfully, suggesting the
insensitivity to the steric effect. Further substrate exploration
suggested that methoxy-substituted aryl substrates were
competent ketimines precursors (3u−3v). Electron-deficient
fluorine-substituted aryl substrates provided the desired

Table 1. Optimization of the Reaction Conditions

entrya ligand [Cu] solvent yield (%)b ee (%)c

1 W1 CuTc Et2O 89 63
2 W2 CuTc Et2O 72 87
3 W3 CuTc Et2O 95 87
4 W4 CuTc Et2O 88 88
5 W5 CuTc Et2O 90(82)d 95
6 W6 CuTc Et2O 87 68
7 W7 CuTc Et2O 66 56
8 W8 CuTc Et2O 71 91
9 N−Me W5 CuTc Et2O 58 29
10 W5 CuBr Et2O 88 95
11 W5 CuCl Et2O 72 93
12 W5 Cu(CH3CN)4BF4 Et2O 74 91
13 W5 Cu(CH3CN)4PF6 Et2O 84 92
14 W5 CuOAc Et2O 66 90
15 W5 Cu(OAc)2 Et2O 73 64
16 W5 CuTc MTBE 72 61
17 W5 CuTc CPME 92 65
18 W5 CuTc THF n.de 7
19 W5 CuTc Tol n.d 26
20 W5 CuTc DCM n.d 0
21f W5 CuTc Et2O 92 88

aReaction conditions: 1a (0.2 mmol), 2a (0.6 mmol), [Cu] (5.0 mol %), ligand (7.5 mol %), and 3.0 mL of solvent in a Schlenk tube at −78 °C
under N2 for 24 h.

bDetermined by GC using anisole as an internal standard. cDetermined by HPLC on a chiral stationary phase. dIsolated yield in
brackets. en.d.: not determined. fThe reaction was performed at −60 °C.
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product in 89% yield, albeit with a slight loss of
enantioselectivity (3w). Disubstituted substrates equipped
with both electron-withdrawing and electron-donating aryl
groups could be also compatible (3x−3aa: ≥96% ee). The
generality of the reaction was further showcased by the
tolerance of the thiophene moiety, as product 3ab was afforded
smoothly. The structure and absolute configuration of the

product 3s were confirmed unambiguously by X-ray crystallo-
graphic analysis.19

Encouraged by the above results, the asymmetric addition to
more challenging and less reactive six-membered cyclic N-
sulfonyl ketimines was subsequently examined. Gratifyingly,
substrates bearing different alkyl groups were all compatible,
delivering benzosulfamidates (3ac−3ae) with remarkable
results. The effect of substituents on the aromatic ring was

Scheme 2. Substrate Scope of Cyclic Ketiminesa

aGeneral conditions: 1 (0.2 mmol), 2a (0.6 mmol), CuTc (5.0 mol %), W5 (7.5 mol %), and 3.0 mL of Et2O in a Schlenk tube at −78 °C under
N2 for 24 h. Yields of isolated products are given. Enantiomeric excess was determined by HPLC on a chiral stationary phase. bW3 was used as a
chiral ligand. c1.0 mmol of 2a was used.
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further explored. When the electron-donating group (methyl
or methoxy) was introduced at C5−C7 positions, the
corresponding products (3af−3aj) were furnished without a
hitch in good yields with high ees. Electron-withdrawing group
(fluoro, chloro, or bromo)-substituted ketimines were also
competent substrates, smoothly affording the desired alkylated
products 3ak−3aq with 93−97% ees. The bromo- and chloro-
substituents would be useful handles for further manipulations.
Notably, naphtho-fused substrates could also be successfully
utilized to access 3ar with 95% ee. Diaryl six-membered cyclic
N-sulfonyl ketimines were also suitable for the reaction, giving
3as with 70% yield, albeit with decreased enantioselectivity
(71% ee).
Acyclic ketimines are often considered as more challenging

substrates because of the unstable geometry (E or Z) of the
ketimines. Indeed, initial attempts with various benzenesulfo-
namides furnished the desired products in less than 90%
enantioselectivities, and non-sulfonyl protecting groups, such
as phenyl and benzyl, showed low reactivity (see Table S2).
Fortunately, further screening of alkyl sulfonamides led to the
identification of ketimine with the bulky tert-butylsulfonyl
group as an optimal candidate, generating the chiral amine 3at
in 85% yield with 95% ee (Scheme 3). Longer alkyl chains as
well as benzyl substituents were both accommodated, leading

to the formation of 3au and 3av with the same level of
enantiomeric purity. The substrate derived from indanone
afforded the desired product 3aw in moderate yield with
excellent enantioselectivity (98% ee). Substrates equipped with
electron-neutral, -donating, and -withdrawing substituents
could all be transformed smoothly, leading to 3ax−3bn in
90−98% ees. Disubstituted amines 3bo−3bq were also
obtained in moderate to good yields with excellent
enantioselectivities (94−96% ees). Naphthyl and heteroaryl
ketimine substrates could be employed as the addition partners
with alkyl Grignard reagents to deliver the corresponding
products 3br−3bt in good yields and 94−97% ees. Diaryl
acyclic N-sulfonyl ketimines failed to deliver the desired
product under the standard conditions.
The compatibility on Grignard reagents was investigated

using ketimines 1b, 1ac, and 1at as substrates (Scheme 4).
Linear alkyl groups with different chain lengths could be
successfully introduced, furnishing the alkylated α-tertiary
amines in moderate to high yields and good ee values (3bu−
3bx and 3cb−3cj). The absolute configuration of the acyclic
products was confirmed by the known compound 3ch.12 More
sterically hindered β-branched Grignard reagents resulted in
decreased enantioselectivity (3by: 75% ee). Notably, function-
alized Grignard reagents bearing terminal phenyl or alkene

Scheme 3. Substrate Scope of Acyclic Ketiminesa

aGeneral conditions: 1 (0.2 mmol), 2a (0.6 mmol), CuTc (5.0 mol %), W5 (7.5 mol %), and 3.0 mL of Et2O in a Schlenk tube at −78 °C under
N2 for 24 h. Yields of isolated products are given. Enantiomeric excess was determined by HPLC on a chiral stationary phase. b1.0 mmol of 2a was
used.
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moieties reacted smoothly under the standard conditions,
delivering the adducts in 50−72% yields with 82−90% ees
(3bz and 3ca). The asymmetric addition of relatively low
reactive MeMgBr has been a long-standing challenge in this
field,9g,11a,12 and our protocol furnished a promising outcome
(ent-3bu: 47% ee, 51% yield, see the Supporting Information
for more details). Neither allyl nor phenyl-magnesium bromide
was a suitable candidate, and only racemic addition products
were formed.
To demonstrate the potential synthetic utility of this

protocol, the scale-up reaction of cyclic N-sulfonyl ketimines
1p with pentylmagnesium bromide was carried out, and the

product 3p was isolated in 90% yield with 94% ee (Scheme
5a). The benzosultams 3p could be further transferred to
alcohol 4 through Pd/C hydrogenation-mediated debenzyla-
tion. Downstream Mitsunobu cyclization provided the tricyclic
product 5 in good yield with complete preservation of
enantiopurity. In the presence of LiAlH4, chiral benzosulfami-
date 3ac (98% ee) underwent an efficient ring-opening
reaction by the removal of the SO2 group, successfully leading
to the formation of the corresponding 2-hydroxyphenylmethyl-
amine intermediate 6, which was further treated with
triphosgene/Et3N to produce benzoxazinone derivative 7

Scheme 4. Substrate Scope of Grignard Reagentsa

aGeneral conditions: 1 (0.2 mmol), 2 (0.6 mmol), CuTc (5.0 mol %),W5 (7.5 mol %), and 3.0 mL of Et2O in a Schlenk tube at −78 °C under N2
for 24 h. Yields of isolated products are given. Enantiomeric excess was determined by HPLC on a chiral stationary phase.

Scheme 5. Scale-Up Reaction and Further Transformations
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with the maintenance of the high enantioselectivity (Scheme
5b).
In summary, an efficient catalytic asymmetric alkylation of

both cyclic and acyclic N-sulfonyl ketimines with alkyl
Grignard reagents has been successfully developed. The key
to the success was the ancillary of a newly identified PNP-type
ligand W-Phos and copper catalyst. Both five- and six-
membered cyclic and acyclic N-sulfonyl ketimines were
amenable to this alkylation strategy, affording a wide array of
valuable chiral aza-quaternary stereocenters (α-tertiary amines)
in good yields with high enantioselectivities. Gram-scale
reaction and further derivatization showcased the application
potential of this protocol.
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