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Abstract: A general, efficient, highly enantio- and chemo-
selective N-heterocyclic carbene (NHC)/Ni-catalyzed addition
of readily available and stable arylboronic esters to ketones is
reported. This protocol provides unexpectedly fast access
(usually 10 min) to various chiral tertiary alcohols with
exceptionally broad substrate scope and excellent functional
group tolerance (76 examples, up to 98 % ee). This process is
orthogonal to other known Ni-mediated Suzuki-Miyaura
couplings, as it tolerates aryl chlorides, fluorides, ethers,
esters, amides, nitriles, and alkyl chlorides. The reaction is
applied to late-stage modifications of various densely func-
tionalized medicinally relevant molecules. Preliminary mech-
anistic studies suggest that a rare enantioselective n*-coordi-
nating activation of ketone carbonyls is involved. This cross-
coupling-like mechanism is expected to enable other challeng-
ing transformations of ketones.

Optically active tertiary alcohols constitute an important
class of structural units that are commonly found in pharma-
ceuticals, agrochemicals, and bioactive natural products (Fig-
ure 1 A)."! Moreover, they serve as versatile building blocks
for the synthesis of challenging targets, including all-carbon
quaternary stereocenters.”! Consequently, general methods to
construct chiral tertiary alcohols have long been sought after
in the chemical community.®* Since the discovery of the
Grignard reaction, the nucleophilic addition of organometal-
lic reagents to ketones has been recognized as the most
convenient method to synthesize achiral or chiral tertiary
alcohols.®! Although tremendous efforts have been devoted
to carbonyl addition chemistry in the past century, several
longstanding challenges remain (Figure 1B). First, the use of
highly basic and nucleophilic organometallic reagents, such as
organomagnesium, organozinc, or organoaluminium, makes
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A) Examples of drugs containing chiral tertiary alcohol derivatives
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escitalopram
(antidepressant)

clemastine
(antihistamine)

camptothecin
(antitumor)

B) Limitations and challenges in asymmetric ketone addition
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C) Asymmetric addition to ketones with arylboronic esters (this work)
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Ni(0)/NHC (1-5 mol% ‘.
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up to 99% yield ) k
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tertiary alcohols

or heteroaryl
76 examples

heteroaryl or alkyl usually 10 min

Figure 1. Construction of chiral tertiary alcohols via ketone additions.

the reactions less tolerant to functional groups. Moreover, the
moisture- and air-sensitive nature of these organometallics
further complicates their preparation and purification. As
a result, these methods are usually not suitable for the direct
transformation of highly functionalized compounds or late-
stage functionalization of bioactive molecules.

In contrast, the wide availability and stability of organo-
boron nucleophiles have imparted exceptional functional
group tolerance and great operational simplicity to the
Suzuki-Miyaura couplings, making it one of the most
frequently used reactions in organic chemistry.” In this
context, we envisioned that an enantioselective addition
method to ketones using arylboron nucleophiles instead of
difficult-to-handle organometallics would greatly facilitate
the preparation of chiral tertiary alcohols. However, in sharp
contrast to aldehyde additions, the ketone addition generally
suffers from low reactivities due to the increased steric
hindrance and attenuated electrophilicity of the carbonyl
group. Furthermore, the enantiofacial differentiation of
ketones is more challenging.’! Indeed, although there are
various reports on asymmetric arylboration of aldehyde,®
examples of analogous ketone addition are scarce and largely
limited to electronically activated substrates” and intramo-
lecular reactions,'”! or resulted in low enantioselectivity.!"!
The single example of highly enantioselective catalytic
arylboration of simple ketones has recently been reported
by Deng, Tang, and co-workers, although the use of a noble
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metal (rhodium) catalyst, aryl ketones, and arylboroxines
substrates is required.” Therefore, a general, practical, and
enantioselective addition to simple ketones of arylboronic
esters for the synthesis of chiral tertiary alcohols remains to
be established.

We sought a chiral ligand for an earth-abundant metal
catalyst to address the abovementioned longstanding unmet
problems. We have recently developed a series of bulky C,-
symmetric chiral NHCs,'® namely ANIPE- and SIPE-type
ligands, and successfully applied them to asymmetric tran-
sition-metal catalysis.'¥ We anticipate the presence of multi-
ple C,-symmetric chiral axes, as well as bulky and tunable N-
substituents on the NHCs, would allow for high levels of
enantiocontrol. Herein, we describe a general and highly
enantioselective addition of arylboronic esters to simple
ketones enabled by a Ni/NHC catalysis, providing exception-
ally efficient and expedient access to a wide variety of chiral
tertiary alcohols (Figure 1C). Importantly, this protocol is
applicable to a series of highly functionalized drugs or
intermediates derived from biologically relevant molecules.

We started the studies by treating the model substrate 2-
acetonaphthone (1a) with phenylboronic acid neopentylgly-
col ester (PhBneo, 2a) in the presence of nickel catalyst and
CsF. At first, a series of commonly used chiral phosphine and
NHC ligands were tested and found to be ineffective for this
arylation reaction (Supporting Information). However, the
use of our ANIPE ligand (L1/HCI, Table 1, entry 1) gave
promising results; the tertiary alcohol product 3a was
obtained in quantitative yield with 80% ee. The use of
a bulkier ligand L2 successfully delivered 3a in improved
enantioselectivity of 86 % ee (entry 2). Saturated SIPE-type
and unsaturated IPE-type ligands all decreased the enantio-
selectivity (entries 3-5). Compared to the arene solvent, ether
and hydrocarbon solvent both afford slightly higher enantio-
selectivity (entries 6-7), and cyclohexane was chosen as the
optimal solvent to give 3ain 90 % ee. Decreasing the reaction
temperature to 50°C could maintain the reactivity and
increase the enantioselectivity to 94 % ee (entry 8). The use
of bulkier phenylboronic acid pinacol ester (PhBpin) could
give similar reaction outcomes (94% ee, entry 9). Impor-
tantly, we found that 2 mol % catalyst loading was enough to
promote this reaction (entry 10). Further screening using
MeONa as the base gave 3a in quantitative yield with 95 % ee
(entry 11). To our surprise, this reaction was extremely fast
and finished in 10 min at 50°C to afford the product in 98 %
isolated yield with 95 % ee (entry 12). Interestingly, we found
the use of a less bulky ligand (L6, with 2,6-diisopropylaniline
fragments) and a more hindered ligand (L7, with 2,6-
dibenzhydrylaniline fragments) both decreased the reactivity
significantly (entries 13-14). As such, we concluded that the
proper steric hindrance of ligands was critical for the arylation
reaction to proceed fast.

With the optimized reaction conditions in hand, we next
investigated the generality of ketone partners for this
arylation reaction. As shown in Figure 2, a wide variety of
commercially available ketones were applicable, furnishing
chiral tertiary alcohols (3a—4s) in good to excellent yield and
enantioselectivity (70-98% ee). The use of aryl methyl
ketones delivered the corresponding products in outstanding
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Table 1: Reaction optimization.
L/HCI (5 mol%)

o Ni(COD), (5 mol%) HO, ,Me
Me _PhBneo (2a, 1.5 equiv)
OO CsF (1.5 equiv)

solvent (0.2 M)

1a (0.2 mmol) Temp., 24 h 3a
Entry Ligand Solvent Temp. Yield ee
ra el e

1 L1/HCI toluene 80 99 80

2 L2/HCI toluene 80 99 86

3 L3/HCI toluene 80 99 67

4 L4/HCI toluene 80 82 69

5 L5/HCI toluene 80 98 67

6 L2/HCI THF 80 99 88

7 L2/HCI cyclohexane 80 99 90

8 L2/HCI cyclohexane 50 99 94
9id L2/HCl cyclohexane 50 95 94
101 L2/HCl cyclohexane 50 99 94
170l L2/HCl cyclohexane 50 99 95
121ef L2/HCl cyclohexane 50 99(98) 95
131 L6/HCI cyclohexane 50 54 -
141ef L7/HCI cyclohexane 50 5 -

Ar
wcd A e
Ar 71 - R g R
.
Ar N. N Ar R NN R
-1 @\ Saturated: kv
e L3 (Ar = Ph), (RRR.R)-SIPE R' R

A L4 (Ar = 3,5-Xyl) Rk RR
L1 (Ar= Ph), (R,R,R,R)-ANIPE Unsaturated: L6 (R=Me, R'=H)
L2 (Ar=3,5-Xyl) L5 (Ar = Ph), (R.RR,R)-IPE L7 (R =Ph, R' = Me)

[a] Determined by GC using crude samples, isolated yield shown in
parentheses. [b] Determined by HPLC analysis with a chiral stationary
phase. [c] PhBPin was used. [d] 2 mol % catalyst loading. [e] Using
MeONa instead of CsF. [f] 10 min.

enantioselectivity (3a-3q, 91-97% ee). Both electron-rich
and electron-deficient aromatic ketones with para-, meta-, or
ortho-substitutions served as suitable substrates. Moreover,
substrates bearing medicinally important heterocycles, such
as a morpholine (3e), a benzofuran (3r), a benzothiophene
(3s), furans (3u, 3v), a thiophene (3x), a pyridine (3w), an
indole (3t), a thiazole (3z), a carbazole (3y), and a quinoline
(4a), were all compatible. Chiral heterocyclic tertiary alcohols
(3r—4a) were obtained in good to high yield with remarkable
enantiocontrol (93-97 % ee). In addition to acyclic substrates,
the use of cyclic ketones with different ring sizes (4b—4d) and
heteroaromatic cyclic ketones (4e—4h) all afforded products
in exceptional enantioselectivity (94-98 % ee). For alkyl aryl
ketones with small differences of two substituents on the
prochiral carbon center, good to excellent enantioselectivity
could still be obtained (4i-40). In the case of benzoylpropi-
onate, lactonization product (40) was obtained from the
corresponding tertiary alcohol in a single operation. Interest-
ingly, the use of dialkyl ketones, whose enantiofaces are
challenging to discriminate and can readily undergo enoliza-
tion, also furnished products with synthetically useful out-
comes (4p—4s). It bears mentioning that most reactions were
conducted in 10 min, with several exceptions due to the low
solubility or large steric hindrance of substrates. Notably,
many functional groups, including ethers (3b, 3e, 3k),
a trifluoromethoxyl (3 f), trifluoromethyl groups (3g, 31), an
ester (3h), a nitrile (3i), a sulfuryl (3j), a ferrocenyl (3p), an
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OO ¢ high levels of enantiocontrol
o O—\ Me  Ni(COD), (2 mol%) Ho, R? Q - ’ llent ch ivity
R11LR2 + Ar-B :>< L2/HCI (2 mol%) R1'<Ar o ¢ extremely rapid reactions
o—/ Me . N_N
0.2 mmol MeONa (1.5 equiv) ) ) N/ ¢ broad substrate scope
R R2= 1.5 equiv cyclohexane (0.2 M) chitaltertiaryialcohol Ar P ¢ stable and readily available reactants
(Hetero)aryl, alkyl 50 °C, 10 min L2(Ar=3 Sr-XyI) ¢ late-stage functionalization of drugs
Aryl Methyl Ketones 3b, R = 4-OMe, 82%, 96% ee 3i, R = 4-CN, 64%, 92% eel>d
3¢, R = 4-1Bu, 96%, 97% ee 3j, R = 4-S0,Me, 99%, 95% eel?] @_%*Me
3a. 98%. 95% HO, ,Me  3d,R=4-Ph, 98%, 97% ee 3k, R = 3-OMe, 96%, 94% ee -
HO, Me a, o, b ee ., F Ph
“ 5 mmol scale: B Ph 3e, R = 4-morpholinyl, 95%, 93% ee 3l, R = 3-CF3;, 94%, 94% ee €
O Ph 1 22 g, 98%, 95% ee T 3f, R = 4-OCF;, 86%, 96% ee 3m, R = 3-Cl, 80%, 95% ee
(using 1 mol% cat ) 3g, R = 4-CF3,91%, 95% ee 3n, R = 2-F, 91%, 95% ee 3p, 92%, 97% ee
3h, R = 4-CO,Me, 98%, 96% ee 30, R = 2-Me, 58%, 91% eel’]
3q, R = O(CH,)sOH, 82%, 96% eel®¢ "]
Heteroaryl Ketones "
HO, Me Cyclic Ketones
HO, Me HO, Ph
2 (D/ HO, Me 4b, n =0, X = CH,, 93%, 96% ee 7
Cg/ Ph HO, Ph 4c n=1,X=CH,, 94%, 98% ee “ I
o 4d, n =2, X = CH,, 95%, 94% eel®!
xAh 4en=1,X=0,71%, 94%ecl” 4g, X =0, 93%, 94% eel]
3r, X =0, 99%, 97% ee 3t, 84%, 94% eel®! 3u, 70%, 93% ee . - o, 98% eeldl 4h. X =S, 91%, 97% eel®!
b g g e 4f, n =1, X = NBoc, 99%, 98% e¢
HO, Me HO, Me Aryl Alkyl Ketones
- 4i, R = Et, 97%, 94% ee
7 Ph 3 8 X
Me_{(f /(j/ HO R 4j, R ="Bu, 81%, 87% ee
Me 4k, R = CF3, 85%, 82% ee
2-N = [b.d.f]
3v, X =0, 81%, 94% eel”) 3w, 96%, 97% ee x-ray structure of 3w d A et N p 46, 658%. 70% 2ol
3x X =S, 88%, 05% oe ) 4m, R = Cy, 67%, 74% el , 68%, 70%
- 4n, R = (CH,),Cl, 88%, 88% ee
HO, Me Me
P HO, Me Dialkyl Ketones HO,
NS Ph Ph
\ & HO, ,Me 4p, X = CHj,, 80%, 84% ee
7 4q, X = 0, 92%, 82% ee MeO
Me 4r, X = NBoc, 93%, 77% ee 4s, 93%, 81% ee
3y, 78%, 94% eel®! 32, 52%, 97% eel* 4a, 90%, 95% eel®®!
Drug Ketones Me, Me HO Me HO, Me
HO Me = >
%, O Ph Ph
N ve e HO Me o
i Me Ph 3 )
N HO,’ é MeOZC—(j
Ph X N
FiC o D\ Me Me /
Me Boc
\©/ Me” ™0 ",
o o 9, 97%, 98:2 d.r.2 10, 82%, 98:2 d.r.l2]
6, 75%, 93% eel! 7,77%, 80% eel® 8, 85%, 87% ee 9', 96%, 97:3 d.r.[ad] 10, 77%, 98:2 d.r.[2dl
from Diflufenican from Dyclonine from Celestolide from glucose amino acid derivative
(Hetero)aryl Boronates
HO Me HO, Me HO,/Me
HO, Me 2_Np/ A 2-Np A
5a, Ar = 2-Np, R = OMe, 92%, 94% ee / ) \ | _
HO, Me 5b, Ar = Ph, R = OTBS, 71%, 93% ee Ph N s N”~oMe
A . 5d, Ar = 2-Np, R = 4-morpholinyl, 95%, 91% ee Y 5¢, 95%, 93% ee 5m, 65%, 92% eel>d 50, 92%, 93% eel®)
5e, Ar = Ph, R =F, 84%, 94% ee 5i, X = CH,, Y = O, 98%, 95% ee Me HO, Me
R 5f, Ar = Ph, R = Cl, 85%, 96% ee 5j, X =CH,, Y = S, 99%, 96% ee
5g, Ar = 2-Np, R = CF3, 80%, 96% ee 5k, X = CH,, Y = NMe, 89%, 95% ee
5h, Ar = Ph, R = CO,Et, 95%, 95% ee 5n, X = N, Y = NMe, 59%, 94% ee!®!
51, 96%, 95% ee 5p, 91%, 95% eel®
F
o Me HO,/Me Me
HO, Me N)*o Ph Me
Ph HO,/Me o 9 )Mf N HO, Me wd
' Ph )8\0 Me S Ph .Me
N Me Me s -
2 q F—©—<_ 0" e
= C oTBS e
11, 81%, 93% eel) 12, 85%, 95% eel?! 13, 54%, 937 d.r."! 14, 95%, 98:2 d.r.!? 15, 47%, 92:8 d.r."!
from Loratadine from Fenofibrate 13", 51%, 97:3 d.r.bd 14',91%, 97:3 d.r.Pdl 15", 36%, 96:4 d.r.b9
from Ezetimibe from Estrone from Vitamin E
Figure 2. Substrate scope. Isolated yields are shown; ee and d.r. values were determined by chiral HPLC analysis; 2-naphthyl (2-Np). [a] 1 h;
[b] 24 h; [c] 80°C; [d] using 5 mol % catalyst; [e] toluene as the solvent; [f] L1/HCl was used; [g] using ent-L2/HCl; [h] using 3.0 equiv of PhBneo.
unprotected alcohol (3q), an alkyl chloride (4m), an aryl absolute stereochemistry of 3w was determined by X-ray
chloride(3m) and fluoride (3mn), could be well tolerated. The  crystallography. Finally, we successfully performed a gram-
Angew. Chem. Int. Ed. 2021, 60, 1-7 © 2020 Wiley-VCH GmbH www.angewandte.org 3
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scale reaction (5-mmol scale, 3a) while simultaneously low-
ering the catalyst loading to 1 mol %. The alcohol product was
obtained in undiminished yield and enantioselectivity, high-
lighting the practicality of this method.

Subsequently, we explored the scope of organoboron
coupling partners. As shown in Figure 2, we found that both
electron-rich and electron-poor arylboronic esters (5a-h), as
well as heteroaryl boronic esters (5i—p), smoothly undergo
arylation to give products in high yield and enantioselectivity
(91-96 % ee, Sa—p). Organoboron and ketone substrates that
possess many sensitive functional groups to nickel catalysts
were all well- tolerated. For example, the competitive Ni-
catalyzed Suzuki reactions of various well-developed electro-
philes™ including aryl chlorides, fluorides, ethers, esters,
nitriles, amides, alkyl chlorides, as well as the undesired
reactivity of benzylic alcohol derivatives, were smoothly
avoided under the current reaction conditions, providing
excellent opportunities for further elaborations.

The excellent functional group compatibility of this
protocol and the wide occurrence of ketone groups encour-
aged us to expand the scope of this arylation method. The
applicability of new methodologies to the late-stage modifi-
cation of complex natural products or highly functionalized
synthetic intermediates is a highly desirable feature, as
analogs of bioactive molecules can be prepared without
laborious de novo synthesis. Accordingly, substrates derived
from diflufenican (6, an herbicide), dyclonine (7, a local
anesthetic), and celestolide (8, a spice) were subjected to our
arylation conditions and were all successfully arylated to give
products with high yield and enantioselectivity (80-93 % ee).
Complex carbohydrate and amino acid derivatives were also
applied to this arylation protocol, providing products (9-10)
in high yields with excellent, catalyst-controlled diastereose-
lectivity (97:3-98:2 d.r.). Moreover, asymmetric arylation
reactions using arylboronates derived from pharmaceuticals,
such as fenofibrate (11) and ezetimibe (12), two widely
prescribed drugs for the treatment of hyperlipidemia, lorata-
dine (13, an antiallergic medication), estrone (14, a hormone),
and O-vitamin E (15, an antioxidant), were successfully
performed. Highly functionalized chiral tertiary alcohols
were generated in excellent enantioselectivity (93-95% ee)
or catalyst-controlled diastereoselectivity (92:8-98:2 d.r.).
Interestingly, aryl methyl ketones could be selectively ary-
lated in the presence of diaryl ketone (12) and bulky dialkyl
ketone (14), probably due to steric reasons.

Next, we conducted preliminary mechanistic studies to
probe the plausible mechanism. We prepared complex 16 by
simply mixing NHC/Ni’ complex and ketones (Figure 3A).
Complex 16 with a 14e configuration was unstable. The
addition of secondary ligands like PCy; or a pyridine-
containing ketone could stabilize oxanickelacycle to give 17
or 18 bearing a 16e configuration. The *C NMR chemical
shifts for 16-18 (78.2, 77.9, 73.2 ppm) are shifted dramatically
upfield compared with that of corresponding ketone sub-
strates. The structure of 18, a dimer, was unambiguously
confirmed by X-ray crystal diffraction. These observations
would suggest the n’-coordinating activation of ketone and
the subsequent oxidative cyclization step.'®! We then treated
16 with PhBneo in the absence of base at 50 °C for two hours;
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A) The observation of oxanickelacycles and stoichiometric reactions

O-Ni-IPr HO Me
&: 78.2 ppm
PhBneo (1.5 equiv) Ph
O toluene (0.1 M)
0
50°C,2h 78% yield
16 >
Il?r
O-Ni-pcy
\ /)
&:77.9 ppm MeO
&: 73.2 ppm
17 18 X-ray structure of 18

B) The effect of base amount on the rate of catalytic reactions

1004 o=
|
. 80 ;
Ni(COD), (2 mol%) i
R |
L2HCI (2:mial%) & 604 ll,' / —e—150 mol% MeONa loading
PhBneo (1.5 equiv) ‘5 ]’r / = 50 moi% MeONa loading
/ 10 mol% MeONa loadil
MeONa (2-150 mol%) B | Sevaonsg
cyclohexane (0.2 M) :A —v—2 mol% MeONa loading
50 °C 2011/
0b——77 ; . :
) 0 30 60 90 120
C) Catalytic cycle reaction time/min
OBneo 0
NHC-Ni® J\
Ph—]""R’
R2 R1 RZ
reductive oxidative
elimination cyclization
NHC NH(|) NHC|3
pp— N _OBneo Ni'! Ni°
N 0o e 1 \_0
R1 R2 RrR" Risr—
R R?
PhBneo
MeONa
transmetalation

Figure 3. Proposed mechanism.

alcohol product was obtained in 78 % yield. Remarkably, we
found the addition of MeONa accelerates the catalytic
reaction, which might promote the transmetalation step
(Figure 3B). While almost no conversions were observed in
the absence of excess base (2 mol % of base used for the in
situ generations of the Ni/NHC catalyst), the use of 0.5 equiv
or more MeONa finished the reaction in 10 min. Based on our
observations and previous reports from the groups of Ogoshi,
Itami, and others,'*!” we proposed a catalytic cycle shown in
Figure 3C. An electron-donating NHC chelated Ni® species
facilitates the #7°-activation of ketone carbonyls and oxidative
cyclization to afford an oxanickelacycle. A subsequent base-
promoted transmetalation forms an aryl-alkyl nickel complex,
which undergoes reductive elimination to give alcohol
product and Ni° catalyst for the next catalytic cycle.

In conclusion, we have developed a general, efficient,
highly enantio- and chemoselective NHC/Ni-catalyzed aryl-
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boration of ketones. The key to the fast reaction and excellent
enantiocontrol is the employment of a bulky C,-symmetric
chiral NHC ligand for Ni catalyst. This process tolerates an
exceptionally broad scope of functional groups and hetero-
cycles, providing various chiral tertiary alcohols from readily
available and stable reactants. Beyond the immediate syn-
thetic utility, we anticipate that this rare enantioselective 7’
coordinating activation of ketone would inspire further
development of other challenging yet important asymmetric
transformations of ketones.
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Fast Enantio- and Chemoselective
Arylation of Ketones with Organoboronic A method for general asymmetric addi- tiary alcohols are furnished with high
Esters Enabled by Nickel/N-Heterocyclic  tion of arylborons to simple ketones is efficiency and excellent levels of enantio-
Carbene Catalysis reported, which is enabled by nickel/N- and chemocontrol, and the method offers
heterocyclic carbene catalysis. Chiral ter-  a broad substrate scope.
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