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Cobalt/Salox-Catalyzed Enantioselective Dehydrogenative C—H
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He-Lin Zhuang, Yong-Jie Wu, Xu Wu, Qi-Jun Yao,* and Bing-Feng Shi*

Abstract: The past decade has witnessed a rapid
progress in asymmetric C—H activation. However, the
enantioselective C—H alkoxylation and amination with
alcohols and free amines remains elusive. Herein, we
disclose the first enantioselective dehydrogenative C—H
alkoxylation and amination enabled by a simple cobalt/
salicyloxazoline (Salox) catalysis. The use of cheap and
readily available cobalt(II) salts as catalysts and Saloxs
as chiral ligands provides an efficient method to access
P-stereogenic compounds in excellent enantioselectiv-
ities (up to >99 % ee). The practicality of this protocol
is demonstrated by gram-scale preparation and further
derivatizations of the resulting P-stereogenic phosphina-
mides, which offering a flexible asymmetric alternative
to access P-stereogenic mono- and diphosphine chiral
ligands. Preliminary mechanistic studies on the enantio-
selective C—H alkoxylation reaction suggest that a

\cobalt(IH/IV/II) catalytic cycle might be involved. D

Introduction

The development of carbon-heteroatom (C—X) bond-form-
ing reactions involving asymmetric C—H activation is of vital
importance, as heteroatom-containing chiral compounds are
prevalent in natural products, pharmaceuticals, and
agrochemicals."! However, only a few examples of enantio-
selective  C—O/C—N bond-forming reactions have been
reported thus far.”) Previous reports in this field are largely
restricted to  Pd"-catalyzed  intramolecular = C-H
lactonization® and lactamization,?™™ and group 9 chiral
cyclopentadienyl (Cp*)-M"-catalyzed enantioselective C—H
amidation using nitrene precursors (e.g. organic azides,
dioxazolones, or iodonium imides) as amidating agents,” to
avoid the competitive coordination caused by the large
amount of oxygenation or amination agents. The enantiose-
lective dehydrogenative C—H alkoxylation and amination
with alcohols and free amines would be a more appealing
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and atom-economical alternative. Despite the apparent
efficacy, this strategy remains elusive, largely due to the
following inherent hurdles: 1) superstoichiometric amounts
of strongly coordinating amine reactants might outcompete
the catalytic amount of chiral ligand, leading to the erosion
of enantiocontrol or even inhibiting the C—H activation
reaction. 2) alcohols and free amines can undergo oxidation/
decomposition reactions under the oxidative conditions in
the presence of various transition metal catalysts.”! Given
the importance of C—O/C—N bond formation and the
potential efficacy of enantioselective dehydrogenative C—H
alkoxylation and amination, the development of novel chiral
catalytic systems is highly desired.

P-stereogenic molecules are an important class of
compounds that have been widely used as chiral ligands and
organocatalysts in asymmetric synthesis./”! Since the pioneer-
ing work by Knowles on the introduction of DIPAMP as an
efficient chiral ligand for asymmetric hydrogenation,’" a
number of P-stereogenic ligands, such as BRAF,™
MiniPhos," QuinoxP*,"! and BIBOP," have been devel-
oped for various asymmetric reactions (Figure 1a). The
promising applications of P-stereogenic phosphine ligands
have inspired significant efforts to develop efficient methods
to access these chiral compounds. ¥ Recently, group 9
transition metal-catalyzed asymmetric C—H activation has
provided a novel avenue to access P-stereogenic compounds,
as demonstrated by the groups of Cramer, Li, Duan, Phipps,
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Scheme 1. Gram-scale preparation and synthetic transformations.
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Figure 1. The synthesis of P-stereogenic compounds via group 9 transition metal-catalyzed enantioselective C—H activation. DIPAMP=1,2-
ethanediylbis[(o-methoxyphenyl) phenylphosphine]. BPAF =1,1"-bis[phenyl-(2-methoxyphenyl) phosphino]-ferrocene. CAMP = methylcyclohexyl-o-ani-
sylphosphane. BIBOP =bisdihydrobenzooxaphosphole. CBL=chiral bidentate boryl ligand.
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Figure 2. Scope of alcohols. [a] Conditions A: 1 (0.10 mmol), ROH (1.5 mL), Co(ClO,),6 H,0 (10 mol %), L3 (10 mol %), Ag,CO; (2.0 equiv),
NaOPiv (2.0 equiv), 70°C, 24 h. [b] Conditions B: 1b (0.10 mmol), ROH (10 equiv), Co(ClO,),-6 H,O (10 mol %), L6 (10 mol %), Ag,O (1.5 equiv),
CH;CH,CO,Na (2.0 equiv), acetone: DCM =0.5 mL: 0.5 mL, 60°C, 24 h. [c] 96 h. [d] 48 h. [e] 60°C. [f] 1.0 equiv Ag,CO;. [g] Co(ClO,),-6 H,O

(20 mol %), L6 (20 mol %), Ag,O (2.0 equiv). N.D.=no detected. DCM =dichloromethane.

and Xu (Figure 1b).***'% However, these reports are limited ~ and sophisticated chiral ligands/catalysts prepared in lengthy
to the use of costly noble metal catalysts (e.g. Rh and Ir)  steps. Therefore, the synthesis of acyclic P-stereogenic
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Table 1: Optimization of reaction conditions.”
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QFP cqmotl%fizrgmz/; mol%) Q ,, P a /\'
F’\N/Q Ag,CO3 (2.0 equiv) MeO, :P\NH ‘ A ) v i
C[H H NaOPiv (2.0 equiv) ©\OME @’OMe b-fr\*
MeOH, 60 °C, 24 h, air 3aa’
1a 3aa CCDC 2153447
@Y @Y QY QY wen O NJ @
S V) b b/ b 1
“ipr t-B Ph Ph
L1 L2 L3 L4
Entry Deviation from 3aa’ 3aa
standard conditions Yield [%6]® ee [%]1 Yield [%]"! ee [%]1

1 none trace - 95 >99
2 L1 instead of L3 10 76 77 99
3 L2 instead of L3 8 70 n.d. -
4 L4 instead of L3 trace - 90 >99
5 L5 instead of L3 47 40 16 84
6 L6 instead of L3 trace - 90 >99
7 Co(acac), instead of Co(ClO,),6 H,O 36 95 10 >99
8 Co(OACc),-4 H,0 instead of Co(ClO,),-6 H,O trace - 92 >99
9 CoCl, instead of Co(ClO,),'6 H,0 18 97 80 >99
10 Na,CO; instead of PivONa 20 98 8 99
11 Na,HPO, instead of PivONa 14 99 trace -
12 AgOAc instead of Ag,CO, 48 96 22 99
13 Ag,0 instead of Ag,CO, 20 99 21 >99
14 Mn(OAc),4 H,O instead of Ag,CO; trace - n.d. -
15 Mn(OAc);-2 H,O instead of Ag,CO; 43 95 5 >99
16 1.0 equiv Ag,CO; 40 96 27 >99
17 10 mol % Co(ClO,),6 H,0 40 98 30 >99
189 10 mol % Co(ClO,),-6 H,0 trace - 871 >99

[a] Reaction Conditions: Ta (0.1 mmol), Co(ClO,),-6 H,0 (20 mol %), L3 (20 mol %), Ag,CO; (2.0 equiv), NaOPiv (2.0 equiv) in MeOH at 60°C for
24 h. [b] Determined by 'H NMR using CH,Br, as internal standard. [c] Determined by HPLC. [d] 70°C, L3 (10 mol %). [e] Isolated yield.

compounds by earth-abundant cobalt catalysis with readily
available and tunable chiral ligands is challenging but of
great value.['"1

Very recently, we achieved an enantioselective C—H
annulation of arylphosphinamides with alkynes enabled by a
simple cobalt/salicyloxazoline (Salox) catalysis. A precisely
assembled chiral octahedral cobaltacycle complex was iso-
lated and characterized as the key intermediate and the
annulation reaction was proceeded through a Co™/Co'
catalytic cycle."”! Inspired by this result, we were prompted
to advance our study to the more challenging enantioselec-
tive dehydrogenative C—H alkoxylation and amination.['"
We are aware that the extension of enantioselective C—H
annulation to alkoxylation and amination is not straightfor-
ward, as several challenges need to be tackled: 1) in contrast
to the Co™/Co' catalytic cycle in the annulation reaction, the
dehydrogenative alkoxylation was believed to proceed via a
mechanistically different oxidation-induced reductive elimi-
nation within a Co™™"" pathway, which was experimentally
and computationally supported by Ackermann and Hong.['”!
2) the competitive coordination of free amines might inhibit
the reactivity and enantioselectivity. Described herein is the
first cobalt/Salox-catalyzed enantioselective dehydrogena-
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tive C—H alkoxylation and amination with alcohols and
secondary amines (Figure 1c). A broad range of enantioen-
riched acyclic P-stereogenic phosphinamides were obtained
in excellent enantioselectivities (up to >99 % ee), which
provided an efficient method to the synthesis of meth-
ylphenyl-o-anisylphosphane (PAMP)- and DIPAMP-type P-
stereogenic ligands.

Results and Discussion
Optimizing Reaction Conditions

We began our study by investigating the reaction of 8-
aminoquinoline-derived diphenylphosphinamide 1a in
MeOH."! The desired dimethoxylated product 3aa was
obtained in 95% 'H NMR yield with >99 % ee under the
following optimized conditions: 20 mol % Co(ClO,),-6H,0
20 mol % L3, 2.0 equiv of Ag,CO;, 2.0 equiv of NaOPiv in
MeOH at 60°C for 24 h (Table 1, entry 1), and only trace
amount of monomethoxylated product 3aa’ was observed.
The absolute configuration of 3aa’ was unambiguously
assigned to be S by X-ray crystallography analysis and

© 2022 Wiley-VCH GmbH
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Figure 3. Scope of diarylphosphinamides. [a] Conditions A: 1

(0.10 mmol), MeOH (1.5 mL), Co(ClO,),6 H,O (10 mol %), L3

(10 mol %), Ag,CO; (2.0 equiv), NaOPiv (2.0 equiv), 70°C, 24 h. [b]
1.0 equiv Ag,CO;. [c] 48 h.

extrapolated to the other alkoxylaiton products.'”! Control
experiments were conducted to reveal the effect of ligands
first. The use of L1, L4, and L6 as the ligand instead of L3
led to the formation of 3aa in equally excellent enantiose-
lectivity but lower yield (entry2, 77 %, 99 % ee; entry 4,
90 %, >99 % ee; entry 6, 90 %, >99 % ee). Unsatisfactory
results were obtained when L2 and L5 were used as chiral
ligand (entries 3 and 5). These results were consistent with
our previous studies, which could be well explained by the
n-n stacking interactions between phenyl group of L3 and
the quinoline group of 1a, as well as one of the phenyl rings
of 1a and the phenolate group of L3." Other cobalt
catalysts, such as Co(acac),, Co(OAc),4H,O and CoCl,,
maintained the excellent enantioselectivities (>99 % ee),
but deteriorated the yield of 3aa (entries 7-9). Replacing
NaOPiv with Na,CO; or Na,HPO, led to significantly
reduced yield (entries 10 and 11). The use of other oxidants,
such as Ag,O, AgOAc, Mn(OAc)4H,O or Mn-
(OAc);2H,0, instead of Ag,CO; presented inefficient
results (entries 12-15). Reducing the loading of Ag,CO;
resulted in the decreased yield of 3aa along with significant
amount of monomethoxylated product 3aa’ (entry 16). After
increasing the reaction temperature to 70°C, the loading of
Co(Cl0,),-6H,0O could be reduced to 10 mol %, giving a
comparable result (entry 18, 87 % yield, >99% ee, Con-
ditions A).
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Scope of the Enantioselective C—H Alkoxylation

With the established reaction conditions in hand, we
commenced to explore the substrate scope of alcohols. An
array of linear alcohols such as methanol, methanol-d;,
ethanol, n-propanol, 2-fluoroethanol gave the corresponding
dialkoxylated products in good yields with excellent enantio-
selectivities (Figure 2a, 3aa-3ae, >99% ee). Satisfyingly,
secondary alcohol 2g was identified as viable substrate,
affording the diisopropoxylated product 3ag in 51 % yield
with >99 % ee. However, diphenylphosphinamides 1 were
decomposed dramatically under acidic trifluoroethanol
(TFE) or hexafluoroisopropanol (HFIP). Only 25 % yield
di-trifluoroethoxylated product 3af has been isolated when
TFE was used as solvent. To avoid the difficulty of
separation between starting materials and products, we
adopted di(o-tolyl)phosphinamide 1b to investigate the
scope of other alcohols and lowered the loading of Ag,CO;
from 2.0 equivalents to 1.0 equivalent. Both branched and
ether-containing alcohols were well tolerated, giving the
desired alkoxylation products in excellent enantioselectiv-
ities (3bh-3bk, 99% to >99% ee). Unfortunately, this
protocol is not suitable for tertiary alcohols, such as --BuOH
and --AmOH, due to the steric bulkiness.

Although our current protocol gave the alkoxylated
products in good yields with excellent enantioselectivities,
the use of alcohols as solvents still limited the application in
alcohols with high boiling point or expensive ones. There-
fore, to overcome those drawbacks and broaden the scope
of alcohols, we conducted further investigations to use
superstoichiometric alcohols in other commonly used sol-
vents, which is extremely challenging as demonstrated by
previous reports. To our delight, the alkoxylation
reaction could be conducted in a mixture of acetone and
DCM solvent with 10 equiv of MeOH using L6 as the chiral
ligand (Conditions B, see Supporting Information for de-
tails). p-Anisyl alcohol (20) and 2-phenylethanol (2p) were
compatible with the optimized conditions, affording 3bo and
3bp in moderate yields with high enantioselectivities (Fig-
ure 2b). Nonetheless, solid alcohols 2q and 2t also reacted
smoothly to give 3bq and 3bt in high ee values. Heterocyclic
aromatic alcohols 2r and 2s were also tolerated. Notably, S-
(—)-B-citronellol (2u), a naturally occurring alcohol bearing
extra chiral center and an alkene moiety, was also compat-
ible with the optimized conditions, giving 3bu in 51 % yield
with 99 % de.

We next illustrated the versatility of the enantioselective
C—H alkoxylation by examining a wide variety of functional-
ized diarylphosphinamides under Conditions A in methanol
(Figure 3). The alkoxylation worked well for a variety of
diarylphosphinamides bearing ortho- or para-substituents
(3ba and 3da-3ia). meta-Substituted diarylphosphinamides
1c gave the monoalkoxylated product 3ca in 86 % yield with
99 % ee. Diarylphosphinamides bearing electron-withdraw-
ing groups in para-position, such as fluoro-, chloro-, bromo-
or —CF; were also compatible (3ja-3ma, 52-65 %, >99 %
ee). However, dithienylphosphinamide 1r showed a very
low activity in the reaction, probably due to the coordinating
moiety of thiophene ring.

© 2022 Wiley-VCH GmbH
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Gram-Scale Synthesis and Synthetic Transformations

To demonstrate the application of our protocol, several
transformations were conducted (Scheme 1). The gram-scale

Angew. Chem. Int. Ed. 2022, 61, €202210106 (5 of 8)

synthesis was easily accomplished in 4.0 mmol scale, giving
3aa in 88 % yield and >99 % ee (1.42 g). By treating with
Lawesson’s reagent, 3aa was successfully thiolated, deliver-
ing 4 in 56 % yield with 95 % ee. The aminoquinoline amide
was easily transferred to the corresponding methyl phosphi-
nate 5 in excellent yield with the complete retention of
enantiopurity (98 % yield, >99 % ee). Stereospecific nucleo-
philic substitution of § with CH;MgBr gave phosphine oxide
6 in 75 % yield without any loss of enantioselectivity (>99 %
ee). Subsequently, 6 was readily reduced to the correspond-
ing phosphine as the BH; complex 7, which could be
transformed to DIPAMP analogue according to the previous
report.' Thus, this protocol provided a flexible asymmetric
alternative to access PAMP- and DIPAMP-type P-stereo-
genic chiral ligands analogues.[®!

Mechanism Investigations

The results presented above encouraged us to gain insight
into the reaction mechanism of the C—H alkoxylation
reaction. First, two key intermediates Int-1A and Int-1B
were detected upon mass-spectrometric analysis of the
stoichiometric reaction of 1a at different reaction temper-
ature (Figure 4a). The dissociation of the monodentate
neutral ligand occurred under the electrospray ionization
(ESI) conditions. Unfortunately, all the attempts to isolate
these possible cobaltacycle intermediates failed. However,

© 2022 Wiley-VCH GmbH
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we succeeded in obtaining a chiral octahedral Co™-complex

(S¢, Sp)-Int-2 stabilized by a 4-acetylpyridine ligand (Fig-
ure 4b). (S¢, Sp)-Int-2 was characterized by NMR, electro-
spray ionization mass spectrometry (ESI-MS), and X-ray
crystallography analysis.'”! Next, we conducted the control
experiments of oxidant. Only trace of monomethoxylated
product 3aa’ was observed after the (S, Sp)-Int-2 was
heated at 120°C in MeOH for 24 h under N, atmosphere
(Figure 4c, entry 1), which might be attributed to the
disproportionation of the Co™ Int-1 to release a small
amount of Co' species. The yield of 3aa’ was slightly
improved to 15 % when the reaction was carried out in air
atmosphere (entry 2). When 1.0 equivalent of Ag,CO; was
added, the yield of both mono- and dimethoxylated products
was significantly improved (entry 3, 3aa’; 29%, 99% ee;
3aa, 22%, 98% ee). Dimethoxylated product 3aa was
isolated in 67 % yield with 94 % ee, when the loading of
Ag,CO; was increased to 2.0 equivalents (entry 4). These
results indicated that oxidants played an important role in
the subsequent reductive elimination step. Based on the
insightfully experimental and computational studies by
Ackermann and Hong, an oxidation-induced reductive
elimination through high-valent Co" might be involved.!"!
Finally, we utilized 10 mol% (S¢, Sp)-Int-2 as the pre-
catalyst to participate in our reaction. Moderate yield of
3aa’ and 3aa were obtained with excellent ee values (Fig-
ure 4d).

Based on the above mechanistic studies and previous
insightful reports,'*'”! a plausible catalytic cycle for the
enantioselective C—H alkoxylation was proposed in Figure 5.
The reaction was initiated by the in situ oxidation of Co"

Angew. Chem. Int. Ed. 2022, 61, €202210106 (6 of 8)

precatalyst to chiral octahedral Co™ complex (S)-Int-3,

which coordinated with diarylphosphinamide 1 to give (S¢)-
Int-4. An enantiodetermining C—H activation occurred to
form Co™ intermediate (S, Sp)-Int-5. Subsequent oxidation
with Ag,CO; in the presence of NaOPiv led to the formation
of a Co" species (S¢, Sp)-Int-6 ligated with an anionic
alkoxy. Reductive elimination of Co" intermediate (S, Sp)-
Int-6 and protodemetallation delivered the alkoxylated
product 3 and Co" species, which was oxidized to Co™
catalyst to close the catalytic cycle. Thus, this enantioselec-
tive C—H alkoxylation via Co™™™ cycle mechanistically
differed from our previous work on enantioselective C—H
annulation."”

Enantioselective C—H Amination with Secondary Amines

Encouragingly, our catalytic system was also applicable to
the enantioselective dehydrogenative C—H amination with
cyclic secondary amines, when Conditions B were adjusted
slightly (see Supporting Information for details). As sum-
marized in Figure 6a, several diarylphosphinamides were
well tolerated, delivering the enantioenriched aminated
products in moderate to good yields with excellent enantio-
selectivities (9ba-9ca and 9na-9ra, 54-93 % yield, 93 % to
>99% ee). The absolute configuration of 9ba was assigned
to be § by X-ray crystallography and the others were
assigned accordingly.'”! Next, various cyclic secondary
amines were tested (Figure 6b). Morpholine (8a), thiomor-
pholine (8b), thiomorpholine-1,1-dioxide (8c¢), and N-Boc-
protected piperazine (8k), were well tolerated, giving the

© 2022 Wiley-VCH GmbH
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desired products 9ba—9bc and 9bk in 52-83 % yield and
9% to >99% ee. In terms of the functional-group
tolerance, piperidine derivatives bearing ester, cyano, meth-
oxy, or ketal at the C4 position all served as suitable
partners to furnish 9bd-9bg (69-85 %, 98 % to >99 % ee).
Notably, cyclic secondary amines containing 4- or 5-mem-
bered rings also participated in the amination reaction to
give the amination products 9bh-9bi in moderate yields
with excellent ee values. Unfortunately, acyclic secondary
amines were not compatible for this reaction, which is
consistent with previous observations.**¢l Finally, a series
of amine-containing active pharmaceutical ingredients
(APIs), such as Paroxetine (81), a part of Haloperidol (8 m),
a part of Perospirone (8n), a part of Risperidone (80) and
Desloratidine (8p) were also compatible, affording the
aminated products 9bl-9bp in gratifying yields with ex-
cellent enantioselectivities.

Conclusion

In conclusion, we developed the first enantioselective
dehydrogenative C-H alkoxylation and amination with
alcohols and free secondary amines. Commercially available
cobalt(II) salts were used as precatalysts and the readily
available Saloxs were used as efficient chiral ligands,
providing a broad range of acyclic P-stereogenic phosphina-
mides in excellent enantioselectivities (93 % to >99 % ee).
Preliminarily mechanistic studies provided support for a
Co™V™M catalytic mode for the alkoxylation reaction.
Further interests concerning the potential utility of these P-
stereogenic compounds in asymmetric synthesis are ongoing
in our laboratory.
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