
Chinese Chemical Letters 34 (2023) 107894

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Phosphine oxide directing-group-enabled atroposelective C–H bond

acyloxylation via an eight-membered palladacycle intermediate

Peng-Bo Baia, Ming-Ying Wua, Xin-Xin Yanga, Gang-Wei Wanga, Shang-Dong Yanga,b,∗

a State Key Laboratory of Applied Organic Chemistry, Lanzhou University, Lanzhou 730000, China
b State Key Laboratory for Oxo Synthesis and Selective Oxidation, Lanzhou Institute of Chemical Physics, Chinese Academy of Sciences, Lanzhou 730000,

China

a r t i c l e i n f o

Article history:

Received 18 July 2022

Revised 5 October 2022

Accepted 7 October 2022

Available online 12 October 2022

Keywords:

Palladiumcatalyst

Axially chiral

Acetylation

Dibenzophosphorus oxide

a b s t r a c t

Herein, we report the first atroposelective C(sp2)–H bond acyloxylation enabled by a phosphine oxide di-

recting group. Uniquely, this transformation is shown to proceed through an eight-membered palladacycle

intermediate, as opposed to the kinetically and thermodynamically favored five-membered palladacycle

intermediate. Additionally, l-pGlu-OH, a cheap and abundant chiral amino acid derivative, was identified

as the best chiral ligand to promote this atroposelective remote C–H functionalization reaction.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Transition-metal-catalyzed direct C–H bond functionalizations

that are enabled by a suitable directing group, permit a step and

atom-economical approach for accessing complex molecular tar-

gets in a regioselective manner [1–14]. Within this area, C(sp2)-

H bond acyloxylation is among the earliest research topics, with

Henry reporting their seminal discovery in 1971 [15–17]. Such

transformations are highly useful, since acetyl groups can be se-

lectively introduced and can serve as useful functional handles

for further diversification, allowing facile access to decorated aro-

matic compounds. The innovation and modification of such trans-

formations has therefore attracted great interest since then, and

huge successes have been achieved. For example, both Yu and

Corey groups independently reported C(sp3)-H bond acyloxylations

in 2006, and the Yu group also completed an elegant enantioselec-

tive C–H bond acyloxylation in 2018 (Scheme 1a) [18–20]. In ad-

dition, the Sahoo, Sanford, and Dong groups have also made sig-

nificant contributions to the area [21–25]. To our surprise, to date

there are scarcely any reports related to atroposelective C(sp2)-H

bond acyloxylation [26], especially given the fact that atroposelec-

tive C(sp2)-H bond functionalization has become a powerful tool

to access axially chiral biaryl skeletons that found broad applica-

tion in natural products, advanced materials, as well as in synthetic

chemistry as privileged chiral ligands and catalysts [27–41].

The value of directing-group-enabled transition-metal-catalyzed

C–H functionalization methodologies is improved when the
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directing-groups itself owns devise important functionalities

[42,43]. Among others, organophosphorus compounds have broad

applicationsin agrochemistry, clinical drugs, and biological sciences

[44–46]. As a result, the study of their construction and transfor-

mations is significantly import for the synthetic community [47–

49]. In 2013, our group initiated a program that utilizes phos-

phine oxide and phosphinate directing group to realize C(sp2)-H

bond functionalizations using palladium catalysis. This method in-

cluded C–H olefination, iodination, hydroxylation, acylation, and

arylation, as well as acetoxylation (Scheme 1b). A variety of impor-

tant phosphorus-containing compounds, including useful biphenyl-

phosphine ligands that contain axial chirality and/or a chirogenic

phosphorus center, were produced efficiently [50–59].

Uniquely, this transformation is shown to proceed via

a kinetically and thermodynamically disfavored seven-

memberedpalladacycle intermediate, thus providing a comple-

mentary pathway to the commonly proposed, more stable, and

more easily formed five- or six-membered metallacycle interme-

diates enabled by C–H bond functionalization [60–64]. To further

broadenthe utility of the above phosphine oxide and phosphinate

directed C–H bond functionalization, we considered its extension

to an eight-membered palladacycle mediated transformation. The

success of such a process would not only lead to a mechanisti-

cally distinguished C–H bond functionalization, but also provide

facile access to a variety of important organophosphorus com-

pounds that would otherwise be difficult to prepare by current

methodologies, for example, the preparation of novel axially chiral

compounds through such a medium ring sized palladacycle in-
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Scheme 1. Palladium-catalyzed C–H bond acetylation.

termediate enabled remote C–H bond functionalization. However,

this proposal is recognizably challenging, as the formation of an

eight-membered palladacycle is even slower and energetically

demanding, as a result of the more significant transannular in-

teractions andentropic factors [65,66]. In addition, the difficulties

with achieving asymmetric induction through the use of chiral

ligands with these less stable metallacycles are also increased [67–

77]. Herein, we have developed the first phosphine-oxide-directed

atroposelective C(sp2)-H bond acyloxylation reaction, which is

achieved via an uncommon eight-membered palladacycle inter-

mediate (Scheme 1c). The cheap and abundant chiral aminoacid

derivative l-pGlu-OH was identified as the optimal chiral lig-

and, delivering generally excellent enantioselective control. The

products of this method can easily be further transformed into a

diverse range of potential chiral ligands.

To test the feasibility of our proposed eight-membered pal-

ladacycle enabled atroposelective C(sp2)-H bond acyloxylation,

we began our studies by using diphenyl(8-(o-tolyl)naphthalen-1-

yl)phosphine oxide (1a) as the model substrate in a reaction with

commercially available (diacetoxyiodo)benzene, which serves as

both an oxidant and a source of acetate (Table 1). After an ex-

tensive screening of metal catalysts, chiral ligands, reaction sol-

vents, and reaction time, the optimal conditions we obtained were:

Pd(OAc)2 (5 mol%), L1 (40 mol%) in TFE and HFIP (5:1, 0.025mol/L),

at 60 °C for 18h under air (entry 1), which afforded the desired

product 2a in an 82% yield with 95% enantiomeric excess (ee).

The absolute R configuration of 2a was determined by an X-ray

crystallo-graphic analysis (CCDC: 2130450). Apart from l-pGlu-OH,

most other amino acid ligands that were tested proved to be inef-

fective in controlling the reaction enantioselectivity (entries 2–6).

The transformation was completely shut down when Pyox or Box

type ligands were used (entries 7 and 8). Increasing the catalyst

loading from 5 mol% to 10 mol% resulted in a slightly higher final

yield, but with a diminished ee value (entry 9). The loading of the

chiral ligand l-pGlu-OH (L1) was critical, and the ee value obtained

fell dramatically when lower amounts of L1 were used (entries 10

and 11). Finally, the reaction solvent-system appeared to have little

effect on the outcome of the reaction (entries 12–14).

With the optimal reaction conditions in hand, the scope of

substitution on the binaphthene unit was investigated (Scheme

2). Substrates bearing one or two electron-donating groups were

smoothly transformed into the desired atroposelective C–H acy-

Table 1

Optimization of reaction conditions.a

Entry Variation of the standard condition Yield (%)b ee (%)c

1 non 82 95

2 L2 instead of L1 54 16

3 L3 instead of L1 48 12

4 L4 instead of L1 85 6

5 L5 instead of L1 94 0

6 L6 instead of L1 88 0

7 L7 instead of L1 0 –

8 L8 instead of L1 0 –

9 10 mol% of Pd(OAc)2 88 84

10 30 mol% of L1 83 82

11 20 mol% of L1 85 52

12 TFE:HFIP (4:1) instead of 5:1 86 88

13 TFE:HFIP (6:1) instead of 5:1 86 89

14 TFE:HFIP (8:1) instead of 5:1 86 91

a Reaction conditions: 1a (0.1mmol, 1.0 equiv.), PhI(OAc)2 (0.3mmol, 3 equiv.),

Pd(OAc)2 (0.005mmol, 5 mol%), and ligand (0.04mmol, 40 mol%) in TFE and HFIP

(5:1, 4mL, 0.025mol/L) at 60 °C for 18h under air.
b Isolated yield.
c The ee value was determined by chiral HPLC.

loxylation products with good yield and excellent ee values (2a-

2d). We also found that increased steric bulk of the substituent

had a large detrimental impact on the yield of the product, while

the enantioselectivity was not affected at all (2e). Consistent with

the observation we made in our previous phosphine oxide directed

C–H functionalization procedure, the current method also deliv-

ered the products in lower yields when electron-withdrawing sub-

stituents were introduced, however, relatively good enantioselec-

tive control was still achieved (2f-2i). In addition, the endeavor to

extent the scope to heteroaromatic-based substrates was failed.

Next, we turned our attention to substrates bearing different

P-substituents (Scheme 3). This substitution is considered impor-

tant as it allows the preparation of diverse phosphorus-containing

compounds which bear an axial chirality. Indeed, phosphine oxides

with methyl, tert–butyl, methoxy or isopropyl substituents on the

phenyl ring were all able to function as the directing group, and

the desired products were obtained in moderate yields with good

to excellent enantioselective control (4a-4d). As observed previ-

ously, increasing steric bulk led to a negative effect on the out-

come of the reaction, with 3,5-dimethyl-substituted diphenylphos-

phine oxide giving product 4e in a reduced 44% yield, with 82% ee.

To our delight, diphenylphosphine oxides bearing electron with-

drawing groups were also suitable directing groups for this reac-

tion, demonstrating a clear tendency towardslower yields and ee

values with electron withdrawing substituents (4f-4h). Notably, in

addition to diphenylphosphine oxide derivatives, alkyl-substituted

phosphineoxides were also able to be utilized as directing groups

capable of performing the atroposelective C–H acyloxylation re-
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Scheme 2. Substrate scope of the aromatic ring of binaphthene bearing P(O)Ph2

directing group. Reaction conditions: 1 (0.1mmol, 1.0 equiv.), PhI(OAc)2 (0.3mmol,

3 equiv.), Pd(OAc)2 (0.005mmol, 5 mol%), and L1 (0.04mmol, 40 mol%) in TFE and

HFIP (5:1, 4mL, 0.025mol/L) at 60 °C for 18h under air; Isolated yield. The ee value

was determined by chiral HPLC. a The reaction was conducted at 50 °C. b The reac-

tion was conducted at 40 °C. c Pd(OAc)2 (0.01mmol, 10 mol%), and L1 (0.06mmol,

60 mol%).

Scheme 3. Substrate scope of the P-sources. Reaction conditions: 3 (0.1mmol, 1.0

equiv.), PhI(OAc)2 (0.3mmol, 3 equiv.), Pd(OAc)2 (0.005mmol, 5 mol%), and L1

(0.04mmol, 40 mol%) in TFE and HFIP (5:1, 4mL, 0.025mol/L) at 60 °C for 18h un-

der air; isolated yield. The ee value was determined by chiral HPLC. a The reaction

was conducted at 50 °C.

Scheme 4. Gram-scale reaction and product derivatization.

Scheme 5. Possible mechanism.

action in high yields, albeit with relatively lower enantioselective

control (4i).

To evaluate the practicality of our strategy, a gram-scale ex-

periment was conducted, delivering 2a with a slightly reduced

yield, but without any erosion of enantioselectivity (60%, 95% ee)

(Scheme 4). One of the key features of our directed aromatic C–H

acyloxylation reactions is that they allow the selective introduction

of an acetyl group, which can then serve as a functional handle

for further diversification. Indeed, product 2a could be easily con-

verted into axially chiral biaryl 5, which bears a hydroxyl group,

under mild conditions, with excellent yield and full preservation

of enantiopurity. Further transformations of 5 were also conducted

to showcase its synthetic potential. Again, good to excellent yields

and high enantiopurities for triflation, methylation, and reduction

of phosphine oxide 5 were achieved, generating products 6, 7 and

8. These possess axially chiral phosphorus-oxygen backbones, and

hence can potentially be used as chiral ligands.

In accordance with our previous work and other related litera-

ture [78,79], a possible mechanism for the current process is pro-

posed (Scheme 5). Initially, with the assistance of l-pGlu-OH, the
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phosphine oxide of 1a directs the C–H palladation with Pd(OAc)2
to form a chiral eight-membered palladacycle intermediate I, pre-

sumably going via a concerted-metalation-deprotonation (CMD)

C–H bond activation process. Next, oxidative addition of PhI(OAc)2
to I occurs, generating Pd(IV) intermediate II. After that, reductive

elimination of II takes place to afford the desired chiral phosphate-

acetyl compound 2a, as well as closing the catalytic cycle. It is

worth noting that phosphine oxide in 1a could also direct transi-

tion metaltogo through a C–H palladation with its ortho-C-H bond,

to form a kinetically favored five-membered metallacycle interme-

diate, thus leading to an ortho-C–H bond acyloxylation reaction

[60–64]. However, such a process was completely subdued in our

system, and we did not observe any of the associated products.

We attributed this outcome to the thermodynamically instability

of the five-membered metallacycle intermediate which is resulted

from steric repulsion between substitution on phosphine oxide and

the phenyl group (Scheme 5).

In summary, we have developed the first atroposelective sp2

C–H bond acyloxylation reaction. The transformation was enabled

by a phosphine oxide directing-group, and likely proceeds through

a unique eight-membered palladacycle intermediate, as opposed to

a kinetically and thermodynamically favored five-membered pal-

ladacycle intermediate. Moreover, commercially available and in-

expensive chiral amino acid derivative l-pGlu-OH was used as the

chiral ligand, and this process yielded a variety of axially chi-

ral phosphonoacetyl compounds, which can potentially be used as

novel chiral ligands in asymmetric reactions.
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