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Catalytic asymmetric construction of planarly
and centrally chiral [2.2]paracyclophanes by
combining photochemical and cobalt-catalyzed
desymmetrization†

Lin-Hui Zhou, Yan-Xi Chen, Wei-Wei Chen, Yuan-Mei Feng, Fang Ma * and
Ke-Feng Zhang *

A direct single-step catalytic asymmetric synthesis of [2.2]paracyclo-

phanes (PCPs) bearing both planar and central chirality is reported via

photochemical cobalt-catalyzed desymmetrization. This reaction pro-

ceeds efficiently under mild conditions and exhibits broad functional

group tolerance with high stereoselectivities, thus providing a platform

for the synthesis of valuable multi-chiral PCPs.

The [2.2]paracyclophanes (PCPs), featuring stable planar chir-
ality and a unique, sterically congested and configurationally
distorted structure,1 have found applications in various re-
search fields, ranging from chiral functional materials2 to
ligand and catalyst design3 (Scheme 1(a)). Although a practical
synthetic route was achieved by Cram and Steinberg in 1951,4

the current strategies for introducing such planar chirality
remain limited. Traditional approaches to access optically pure
PCPs mainly rely on time-consuming, small-scale chiral chro-
matography separation or complicated chemical resolution.5

Undoubtedly, the catalytic enantioselective synthesis represents
an ideal method, in which valuable PCPs in their enantiopure
forms can be afforded effectively and straightforwardly.6 In this
regard, structurally diverse enantioenriched PCPs have been
achieved through kinetic resolution (KR) strategy7,8 or catalytic
desymmetrization9,10 (Scheme 1(b)). Very recently, Xu and co-
workers developed an enantioconvergent alkynylation of a strained
dehydro[2,2]paracyclophane intermediate by asymmetric copper(I)
catalysis.11 Despite these elegant advances, the catalytic synthesis
of functionalized PCP derivatives with multiple stereogenic ele-
ments in a single step lags far behind. Conversely, introducing
additional chiral elements into planar chiral PCPs provides an

opportunity to incorporate new properties, thus expanding the
potential utility of PCPs.12 However, the synthesis of multi-
chiral PCPs with excellent diastereo- and enantioselec-
tivities remains unexplored and highly challenging. Current
approaches for constructing such motifs mainly focus on KR
strategy,13 despite its inherent limitation of 50% theoretical
yield as well as limited reaction scope (Scheme 1(c)). Therefore,

Scheme 1 Background and catalytic asymmetric synthesis of planar
chiral PCPs: (a) selected examples of multi-chiral PCPs; (b) current state-
of-the-art: planar chiral PCPs construction via asymmetric catalysis;
(c) previous work: construction of planarly and centrally chiral PCPs
via kinetic resolution; (d) this work: planarly and centrally chiral PCPs
via PC/Co-catalyzed desymmetrization.
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developing novel synthetic protocols for the formation of
structurally diverse enantioenriched PCPs, particularly with
high yield and broad substrate scope, is highly desirable and
significant.

Recently, transition-metal-catalyzed asymmetric reductive
addition has evolved into an efficient protocol for constructing
enantiopure secondary alcohols.14 This reductive protocol
employs aryl halides directly as the coupling partners, thus
avoiding the use of sensitive organometallic nucleophiles.
Different kinds of chiral elements, including both axial and
central chirality, have been achieved. In sharp contrast, asym-
metric reductive addition to synthesize planar chiral PCPs has
not been attempted. Herein, inspired by the pioneering studies,
we report a highly diastereoselective and enantioselective con-
struction of planarly and centrally chiral PCPs via the selective
functionalization of prochiral aldehydes (Scheme 1(d)). It
should be noted that while we were finalizing our study, Xiao’s
group reported a similar photoinduced cobalt-catalyzed desym-
metrization reaction.15

At the outset of our study, the pseudo-para-diformyl PCP 1a
and 4-iodoanisole (2a) were selected as the model substrates in
the presence of CoI2 (10 mol%) and (R,R)-BDPP (12 mol%).
Several metals, such as zinc and manganese powder, were
tested in the preliminary experiments (Scheme 2). The desired
product was obtained in 37% yield with 99% ee and 419/1 d.r.
Pleasingly, switching the classical metal reductive strategy to
photoreduction using Hantzsch ester (HE) as an organic reduc-
tant and 4CzIPN as the photocatalyst greatly improved the
yield to 57% while maintaining the enantioselectivity and
diastereoselectivity.

Inspired by these promising results, a systematic optimiza-
tion of the photoreductive desymmetrization was further con-
ducted (Table 1. For details, see ESI†). Other chiral ligands,
such as (R)-BINAP and (R,R)-DIOP, were also examined, but
neither of them afforded the expected product (entry 1). It was
shown that solvents have a great impact on the reaction
efficiency. In general, ethereal solvents proved to be effective
in this asymmetric photoreductive addition reaction. Of note,
the optimal yield was obtained when 1,2-dimethyl ether (DME)

was used as the solvent and Ir[dF(CF3)ppy]2(dtbbpy)PF6 as the
photocatalyst, giving the product 3 in 72% isolated yield, 99%
ee, and 419/1 d.r. (entry 5). Control experiments revealed that
the presence of Hantzsch ester, photocatalyst, base, and visible
light was indispensable for this desymmetrization.

Under the established reaction conditions, the scope of various
aryl iodides with 1a was then investigated (Table 2). In general,
aromatic iodides containing electronically diverse substituents
were all well tolerated under the photoreductive conditions, afford-
ing the corresponding enantioenriched products in good yields
and excellent stereoselectivities. Regardless of the substitution
pattern of the aryl ring (ortho, meta, or para) used in the reaction,
the corresponding products (3–18) were obtained in good yields
(41%–82% yield) and high enantioselectivities and diastereoselec-
tivities. Remarkably, the reaction proceeded smoothly with a broad
range of functional groups, including halides (5–6, 14–15), diphe-
nylamine (8), thioether (9), nitrile (11, 17) and ester (12, 16), which
provide attachment sites for further functionalization. The relative
configuration was unambiguously determined by X-ray diffraction
analysis of 15. Disubstituted aryl groups (18–19) as well as a
naphthyl ring (20) were also compatible. Moreover, the reaction
performed satisfactorily with diverse heteroaromatic systems. Of
note, even unprotected heteroaromatic substituents, such as indole
(22) and carbazole (23), bearing free hydrogen in the substrates,
could directly participate in the reaction, thus further demonstrat-
ing the robustness and excellent functional group tolerance of the
developed methodology. In addition, we were delighted to find that
the reaction could also proceed smoothly with an array of optoe-
lectronic material intermediates (25–28), which could have
potential applications in the field of chiral functional materials.

To further evaluate our method, pseudo-gem-diformyl PCP 1b
was next studied, first with 4-iodoanisole (2a) under the opti-
mized reaction conditions (Table 3). However, the desired
product was not observed in this case. Slight modification of

Scheme 2 Preliminary results of cobalt-catalyzed reductive addition.a
aYield and d.r. were determined by 1H NMR analysis of the crude mixture,
employing CH2Br2 as an internal standard; ee was determined by chiral-
phase HPLC analysis.

Table 1 Optimization of reaction conditionsa

Entry Variations from the above conditions Yieldb (%) eec (%)

1 (R)-BINAP, or (R,R)-DIOP
instead of (R,R)-BDPP

N.D. —

2 Toluene instead of THF 58% 99%
3 DME instead of THF 72% 99%
4 1,4-dioxane instead of THF 62% 99%
5d Ir[dF(CF3)ppy]2(dtbbpy)PF6

instead of 4CzIPN
76% (72%)e 99%

6d Ir(ppy) instead of 4CzIPN 37% 99%

a Reactions were conducted with 1a (0.1 mmol), 2a (1.5 equiv.), CoI2

(10 mol%), (R,R)-BDPP (12 mol%), 4CzIPN (2 mol%), i-Pr2NEt (2 equiv.),
and Hantzsch ester (1.8 equiv.) in 2 mL THF at room temperature under
the irradiation of 10 W blue LEDs for 12–36 h. In all cases, dr 4 19/1.
N.D.: not detected. b Determined by 1H NMR analysis of the crude
mixture employing CH2Br2 as an internal standard. c ee was deter-
mined by chiral-phase HPLC analysis. d DME was used as solvent.
e Isolated yield.
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the reaction conditions led to the formation of compound 29,
which is characterized by both a hydroxymethyl group and a
carbonyl moiety. The unexpected product presumably arises
from undesired side reactions due to the spatially close pseudo-
gem aldehyde groups.10a,15 It is interesting to find that the
desired reductive addition products could be detected when

electron-withdrawing groups were installed onto the aromatic
iodides. However, lower yields (25%) and lower enantioselec-
tivities (84%) were obtained, together with undesired side
products.

Diverse synthetic transformations were attempted to reveal
the synthetic potential of the obtained products (Scheme 3).
The presence of formyl and hydroxy groups in the products
provides opportunities to expand the molecular diversity. For
instance, the hydroxyl group could be oxidized with Dess–
Martin periodinane (DMP), delivering the planar chiral ketone
32 in 71% yield. Planar chiral alkene 33 and alkyne 34 could be
easily accessed through Wittig reaction and Seyferth-Gilbert
homologation, respectively. In addition, a benzylic amine 35
could be formed via a reductive amination process. Of impor-
tant note, enantioselectivity was essentially maintained in
all cases.

Based on the previous reports,14a,c,d the possible catalytic
cycles were proposed (Scheme 4). First, the reduction of photo-
excited catalyst Ir(III)* [Ered

1/2(*Ir(III)/Ir(II)) = 1.21 V vs. SCE]16 by
Hantzsch ester (HE) [Eox

1/2(HE/HE�+) = 0.51 V vs. Fc]17 gives rise
to the corresponding Ir(II), which then reduces the Co(II)
complex A via a single-electron transfer (SET) process, generat-
ing the Co(I) species B. B undergoes oxidative addition with ArI
to form the aryl Co(III) intermediate C, which could be reduced
via SET to form the Co(II) intermediate D. After coordination
with the aldehyde, a highly stereoselective Grignard-type addi-
tion to the carbonyl carbon might occur, which then is followed

Table 2 Scope of aromatic iodidesa

a Reactions were conducted on a 0.1 mmol scale. Isolated yield; ee
determined by chiral HPLC analysis; d.r. ratio determined by 1H NMR
analysis. In all cases, d.r. 4 19/1. b ee was determined by converting 23
to 25.

Table 3 Attempts with pseudo-gem-diformyl PCP 1ba

a Reactions were conducted with 1a (0.1 mmol), 2 (1.5 equiv.) under the
above conditions.

Scheme 3 Synthetic transformations of 8. For detailed reaction condi-
tions, see (ESI†).

Scheme 4 Proposed reaction mechanism.
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by protonation to deliver the chiral product, while regenerating
the Co(II) complex A to close the cobalt catalytic cycle.

In summary, a single-step synthesis of [2.2]paracyclophane
derivatives with both planar and central chirality was achieved
by photocobalt-catalyzed asymmetric reductive addition reac-
tion using a desymmetrization strategy. This protocol features
mild reaction conditions, good functional group tolerance, and
excellent enantioselectivity and diastereoselectivity. The utility
of this methodology was further demonstrated in different
transformations, leading to a broad range of multi-chiral PCPs.
Further catalytic synthesis of varied planar chiral frameworks
and the exploration of their potential applications in material
science and asymmetric catalysis are currently under way in our
laboratory.
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